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Field studies indicate that accumulation of finely divided organic
. debris in th_e channels of mountain streams after_-clearcutting may be .
responsible for subsequent reduction in the _diss,olvéd‘ oxygen concen- .
tration. The purpose of this study was to quantify the biochemical
oxygen demand (BOD) of Douglas-fir needles and twigs, western
hemlock needles and red alder leaves, ascertain the chemical char-
acteristics of the leachate from these materials, and determine if
such materials are toxic to fish.

Long- and short-term BOD and BOD rate constants were deter-
- mined for the different types of vegetation. A standard temperature
BOD test was rﬁn 90 days for the leaf material and 45 days for the
Douglas-fir twigs, Four replications were run for.the leaves and

three run for the twigs. Half the leaf samples were fixed with a



nitrification inhibitor. However, later analyses proved nitrification
did not occur. As a result, all the replications within a species were
combined and one curve was fitted through each group of data. A
BOD curvé was constructed by least squares fit through the 90 days
of leaf data and through 45 days of the twig data and extended to 90

days. The 90 day K, and the BOD_ = were calculated from this curve

90
and were: 0.125 and 110 mg Oz/gm (dry weight) for Douglas-fir

1

needles, 0,056 and 110 mg Ozlgm (dry weight) for Douglas-fir twigs,
0. 064 and 166 mg Oz/gm (dry weight) for western hemlock needles,
and 0. 046 and 286 mg OZ/gm (dry weight) for red alder leaves.
Further tests s_l;_c_:vyed that these 90 day values could be accurately
estimated by te sfs of shor.t‘-e.l.: duration; -26 d;ys for Douglas-fir and
western hemlock, and 60 days for red alder. The 20-day western
hemlock.values may, in fact, yield a m‘ore precise estimate of the

actual 90-day values than the composite fit. The 20-day western

and 200 mg O, /gm (dry

hemlock projections were 0. 049 for Kl

weight) for the BOD90.
Leachates of the test materials were analyzed with respect to
composition, concentration, and rate of nﬁtrient release, This
information was to be used in the explanation of the 90 day BOD
values obtained. Half the sa.mpleé were poisoned with 2. 7 mg/1

mercuric chloride to inhibit microorganism growth while the rest

of the samples remained untreated to show the effect of the



microorganisms. These data were of limited use due to fungal
growths appearing after 20 days and failure of half the twig samples
to be adequately poisoned. The test was terminated after 20 days.

Simple suga.rs and phenolic compounds were found in all the
samples. Simple sugars present were arabinose, xylose, galactose,
mannose, and glucose. Mean maximum sugar concentrations releaged
in poisoned leaf samples varied from 21.5 mg glucose équivalent/gm
(fresh weight) to 15.0 mg/gm (fresh weight) for Douglas-fir and red
alder. The mean maximum sugar concentrations in the non-poisoned
samples were much less: 6.0, 5.0, and 8,0 mg glucose equivalent/
gm (fresh weight) respec_t_i'yfe_]_.y for Doﬁglas-ﬁr, western hemlock, and
red alder.’ “The rate of s'ugar‘release was .rapid for Douglas-fir
needles, slow for red alder, and intermediate for western hemlock.

The different types of lphenolic compounds were not identified.
The mean maximum concentration of phenolics in the poisoned samples
were 0. 72, 0,46, and 0. 55 mg gallic acid/gm (fresh weight) respec-
tively for Douglas-fir, western hemlock, and red alder leaves. There
was little difference between mean concentrations- of the poisoned and
non-poisoned samples until day 10, at which time mean phenolic con-
centrations of the non-poisoned samples began to drop.

The Douglas-fir twigs .had a siow ir;itial sugar release, followed
by an increase in the rate; the maximum concentration reached was

10,0 mg glucose equivalent/gm (fresh weight). The pattern of phenolic



reléase was the same with a maximum concentration of about 1.0
mg gallic acid/gm (fresh weight).

The five-day BOD of leaf material was determined under condi-
tions of fluctuating température (12.8 to 35.0°C) similar to that
‘observed in streams exposed by clearcutting. The BOD5 values were:
202 mg OZ/gm (dry weight) for Douglas-fir, 109 mg OZ/gm (dry
weight) for western hemlock, and 249 mg OZ/gm (dry weight) for red
alder leaves.

The BOD5 of samples incubated at standard temperature was
much lower than those exposed to conditioné of fluctuating tempera-
ture; it was 25, fiZ,a.nd~ 24 percent of the temperature fluctuated
BOD f01; Douglas-fir, w:es-’tern hemlock, aﬁd fed-aldef leave‘s

5

respectively.

The toxicity of leachate extra.cte‘d from 50 grams (fresh weight)
per liter of water of each -sl.)ecies was deterrz;xined on guppies and
steelhead fry. Thé 96-hr. LC50 to guppies from leachate of Douglas-
fir, western hemlock, and red alder was 35, 65, and 18 percent of
the original concentration as opposed to 26, 7.5 and 25 percent of the -
original concentration for the steelhead fry. These are extremely

low levels of toxicity to such a concentrated sample and pose no

threat to the fish.
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THE BIOCHEMICAL OXYGEN DEMAND OF DOUGLAS-FIR
NEEDLES AND TWIGS, WESTERN HEMLOCK NEEDLES
AND RED ALDER LEAVES IN STREAM WATER

INTRODUCTION

The Problem

The economy of the Paciﬁcb Northwest has been built around the
timber and fishery resources of the region. The principal timber
species of the region are Douglas-fir, weétern hemlock and, to a
1es>ser degree, red alder, Harveéting this timber resource is essen-

tial. Although timber is considered the primary economic resource,

The small streams originating in the timbered coastal water-
sheds serve as prime producers of aha‘dromous salmon and trout.
The young of these speciés remain in these mogntain streams at
least one year before they migrate to the ocean. The growth,- devel-
opment, and survival of these young fish are airectly related to the
quality of the aquati.c environment in which they reside. The quality
of this aquatic environment, in turn, is dependent upon the rﬁanage-
ment practices applied to and the- condition of the adjacent terres-
trial environment,

Until recently, there has been little concern by the public of the



effect that forest harvesting practices have on the water quality of
mountain streams in the Pacific Northwest. Consequently, little
research has been done to quantitatively interpret the direct inter-
action between the aquatic ecosystem and timber harvesting practices
applied to the adjacent forest environment. However, in the last
eight to ten years the public has become aware of water pollution

and the potential effect it may have on the fisheries resource. As a
result, forest harvesting practices that were once considered '"good
silvicultural techniques'' are now being questioned.

Because of the recent concefn, forest scientists and fishery
biologists have been examining the effects of various logging prac-
tices on fhe quality of mountam streams. The majority of res ea.fch
to‘ date has dealt with the effect of logging on temperature and sedi-
ment., The result of this work has been the development of guidelines
for stream protection in logging practices along with étrict water
quality standards. However, little attention has been given to the im-
pact of finely divided logging debris on the quality of mountain streams.

West Coast Douglas-fir, because of its regeneration and growth
characteristics, is harvested by clearcutting. Clearcutting is a
harvesting practice in which an area is cut clear of all the trees,
large or small. A by-product of clearcut logging is slash, which is
composed of limbs, branches, and needleé or leaves of trees, Often

this material moves down the slope due to gravity or may be deposited




directly in the stream. In Oregon, it is mandatory by law that the
logging operator remove the larger debris from the stream. Although
most of the logs, large limbs and twigs are removed, finely divided
material, such as splinters from limbs and logs, pieces of bark,
small broken twigs, needles and leaves often remain. Federal tim-
ber harvest contracts, for example, often specify that only mé.ferial
greater than eight feet in length or larger than eight inches at the
small end need be removed.

Finely divided material may cause some very serious water
quality problems in mountain streams if it accumulates in large
q_ua.'ntities_ at the right time of year. The pollutional impact of finely
divided logging material aepeﬁdé on when the material enters the-
stream. Material deposited in an Oregon Coast Range stream be-
tween éarly fall and late winter generally causes only minor quality
problems. During this period the winter freshets generally occur
and the streams have the energy to flush _thé material through the
system. However, if the material is deposited between early spring
and late summer, the probability of the occurrence of serious quality
problems is much greater. During this period the streams are gener-
ally at low flow and do not have sufficient energy to transport the
debris.

| Finely divided logging material may reduce thé quality of

mountain streams during the summer months in many ways. The



most apparent is the reduction in dissolved oxygen levels. When
finely divided logging debris is left in a stream, the sugars and
phenols it contains are readily leached out. This material, being
organic in nature, is subject to biological degradation. The degrada-
tion process is one of simple oxidation by the microorganisms present.
The .growth and metabolism of these organisms is limited only by
their ability to process this material. Since thelsugars are easily
oxidized, the population number and metabolic rate increases rapidly.
Accompanying this increase in population and metabolic rate is an
increased oxygen demand. When the demand for oxygen exceeds the
stream's ability to supply it, oxygen concentration drops to levels
which may effect fish life.

Fish, as all living organisms, require free oxygen to carry on
their life processes. If the dissolved oxygen concentrati'on in the
water is reduced below four to five mg/1 the fish present will be
subject to an oxygen stress. In general, oxygen stress will inhibit
growth and development of the fish. If the dxygen concentration falls
below one mg/1 fof a prolonged period, death will probably result.

A useful fest, if properly interpreted, to determine the amount
of oxygen required in the stabilization of decomposable organic matter
is the biochemical oxygen demand test (BOD). The BOD test is used
extensively by sanitary engineers for the aetermination of the pollu-

tional strength of domestic and industrial waste. However, its



application may be expanded and serve as an indicator of pollutional
strength of any organic material in water, including loggihg debris
in mountain streams. |

In addition to the oxygen problem associated with logging debris,
logging debris may contain organic toxins which could be released
in.to the stream by leaching. Some studies, such é.s Schaumburg and
Atkinson's (1969) work with logs-in log ponds, indicate sugars and
polyphenols are readily leached from logs and that this leachate is
noﬁ-toxic. At the present, however, little i; known about the compo-
sition, or toxicity to salmonids c;f leachates from finely divided
logging debris.

AlthOl-J.gh forest scientist and fishery biologist are aware that
oxygen deficits and possibly direct to:_:icity-.problems nﬁay occur when
logging slash is deposited in small streams, very few quantitative
studies dealing with these problems have been completed. | No studies
have been undertaken which seek té quantify the impact on water
quality of slash from commercially valuable species typi§a1 of the

forests of the Pacific Northwest.

Study Objectives

The specific objectives of this study are to quantify for Douglas-

fir (Pseudotsuga menziesii [Mirb.] Franco) needles, western hemlock

(Tsuga heterophylla [Raf.] Sarg.) needles and red alder (Alnus rubra




Bong. ) leaves in mountain stream water:
1) Short- and long-term (90-day) BOD values. and rate constants,
- 2) the concentration of sugars and polyphenols present in the
leachate over 90 days, |
3) the toxicity of leachate extracted for five days defined by 24-,

48-, and 96-h6ur TL50 to steelhead trout (Salma% gairdneri

gairdneri) fingerlings and guppies (Poccilia reticulata),
and to quantify for Douglas-fir twigs: |
1) Short- and long-term (45-day BOD \?alues and rate conétants,
2) the concentration of sugars and polyphenols present in the

leachate aver 45 days.

Significance of Research

~

The toxicity data will enable the fishery biologists to ﬁredict the
acute toxicity effect of various concentrations of a five day leachate
on steelhead-trout fingerlings under test conditions. The leachate.
composition data will aid the fishery; biologisf in explaining why cer-
tain c0ncentration‘s are lethal to guppies and éteelhead trout over a
given time and aid in the prediction of sublethal effects on the same
fish under similar conditions.

The short- and long-term BOD values and rate constants will
quantify the amount of oxygen needed by.microorganis.ms and the rate

at which they use it in the oxidation of logging debris. These values,



along with previous reaeration and debris accumulation work com-
pleted earlier, will permit the development of an oxygen depletion
model. This model will enable foresters to predict én-site and
downstream dissolved oxygén levels at any fime after the introduc-
tion of a known amount of logging slash. The leachate composition
data will serve as the basis for the explanation of the shape of the

curves and values obtained from the BOD tests.



LITERATURE REVIEW

Oxygen has long been recognized as a critical watelf-quality
parameter. Its concentration plays an important role in the deter--
mination of the life present in an aquatic ecosystem.. Spo-rt and
commercial fish, as well as other aquatic organisms of value to
man, require high levels of oxygen., If, for some reason, all the
free oxygen is extracted from the water, virtuélly n§ aquatic life
survives, only a few species of facultative;anaerobic microorganisms..
A common occurrence in many of our streams and rivers is the addi-
tion of organic matter. This material is subject to biological decom-
position; a p'ro_cess' which serves as a major oxy;gen dra:in on a strearﬁ
or river. If the quantity of organic matter added to the system.is
great enough, the oxygen may be totaily depleted. Because of its
necessity to aquatic life and the susceptibility of organic matter to
oxidation by microorganisms, scientists often use oxygen concentra-
tion as an indicator of water quality.

This literature review will deal with the importance of dis-
solved oxygen to the survival of Pacific Coast salmonids, with spe-
cial emphasis given to the effect of logging on the dissolved oxygen
(DQ) level and the biochemical oxygen demand (BOD) process in a
small mountain stream. A brief review .of the physiochemical char-

acteristics of oxygen and the oxygen balance will proceed the review



of the importance of DO to fish, the effect of logging on DO levels,

and the BOD process of natural organic material,

Physiochemical Characteristics Controlling
Oxygen Solubility

Oxygen is the earth's most abundant element. Elemental oxygen
and its compounds make up 49.2 percent, by weight, of the earth's
crust and as a gas about 20.9 pefcent, by weight, of the atmosphere
(Weast, 1964). Although free oxygen is abundant in the atmosphe-re,
it is relatively.insoluble in water. The equilibrium concentration bf

oxvgexn in fresh water varies between 14.6 mg/l1 at 0°C to 5.6 mg/1

at 50 °¢ under 766 mm Hg presé_ur'e (Amer‘ican PuBlic Health Associa—_r
.tion (A.P.H,A,), 1971),

At pressures less than four atmospheres, and room tempera-
ture, all gases obey the "ideal gas laws" of phyéical chemistry
(Mancy and Jaffe, 1966), Physically, oxygen is a colorless gas and
under natural conditions of the biosphere it obeys the ideal gas laws.
Because oxygen conforms to the ideal gas laws under natural condi-
tions, its solubility in water may be calculated. | Oxygen solubility.
in fresh, salt free, water is a function of the pressure exerted by
the gas above the water and the water temperature.

The oxygen concentration in fresh water at a constant tempera-

ture is a function of the pressure exerted by the oxygen in the
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atmosphere. Application of two fundamental laws of physical chem-
istry, Dalton's Law of Partial Pressures and Henry's Law, allow
the direct calculation of gas solubility in a liquid. Dalton's law of
Partial Pressures and Henry's Law, allow the direct calculation of
gas solubility in a liquid. Dalton's law of partial pressures may be
stated as follows (Sawyer and McCarty, 1967):

In a mixture of gases, such as air, each gas exerts a

pressure independently of the others. The partial pres-

sure of each gas is proportional to the amount (percent

by volume) of that gas in the mixture, or in other words,

it is equal to the pressure which that gas would exert if

it were the sole occupant of the volume available to the

mixture.
Dzlton's concept of partial pre ssures lead to the development of
Henry's law; which allows direct calculation of the weight of a gas
which will dissolve in a liquid. Henry's law may be stated as follows:
"The weight of any gas that will dissolve in a given volume of a liquid,
at constant temperature, is directly proportional to the pressure that

gas exerts above the liquid" (Sawyer and McCarty, 1967). Expressed

mathematically, Henry's law may be written as the following equation:

C (1)

gas N KHpga.s

where Cgas is the equilibrium concentration of the gas in the liquid

in mg/l, K__ is Henry's law constant for the gas at the given temper-

H

ature in mg/l-atm and Pgas is the partial pressure exerted by the gas

in atm.
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The solubility of oxygen in water as a function of temperature
is not as clearly defined as for preésure. In general, oxygen is
more soluble in cold water than in warm water. The effect of tem-

perature may be expressed by an empirical equation developed by

Truesdal et al. (1955):

CS = 14,161 - 0.3943 T + 0.007714 ".I'2 - 0.0000646 T3 (2)

where CS is the concentration of the gas in the liquid in mg/1 at
temperature T in °C. At present, there is éome disagreement
among scientists concerning the exé.ct values of the coefficients in
equation 2). Althpugh these disagreements exist, for the purpose of
this disgussion it is only yi'rhi;drtant that the-g-enera.l rel'a.ti-ons‘hip
between oxygen solubility and water temperature is clear. Within

the limits of the ideal gas laws, the soiubility of oxygen in water

varies inversely with water temperature.

The Oxygen Balance

The oxygeﬁ concentration in a stream at any given time is the
composite effect of addition and depletion of_ oxygen from solution by
biological and physical processes. Under natural conditions, a typi-
cal mountain stream is in a state of oxygen balance. Living aquatic
animals and agents of decomposition contihuously withdraw fr.ee

oxygen while, at the same time, oxygen is supplied intermittently
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by green plants during daylight hours, and continuously by direct
Iabsorption from the atmosphere.

The oxygeﬂ balance may be deécribed using a mass balance
approach., A volume withifx the stream is defingd. The change in
mass of dissolved oxygen within the volume is equated to the inputs
minus the outputs of oxygen. Since an oxygeﬁ balance exists, there
will be no change in the oxygen mass within the volume and the mass
balance may be reduced and stated as: the inputs, or sources, are'
equal to the outputs, or drains. The oxygen bala.nce of a mountain
stream under natural conditions is illustrated diagrammatically in
Figure 1. The size of the arrows between components indicates the
nluag.nitude of c;xygen transfer.

A mountain stream is replenished with oxygen from three
sources: the direct absorption at the water-atmosphere interface,
the photosynthetic process of green aquatic plants and, to a minor
extent, by influent groundwater.

The surface water is supplied primarily by direct absorption
from the atmosphere. The process is one of simple molecular diffu-
sion. In general, the rate of reoxygenation in still water is relatively
slow. However, mountain streams often have steep gradients result-
ing in turbulent flow. Turbulence produces vertical and. horizontal
mixing forces which greatly enhance the rate of reoxygenation.

A second source of oxygen for the surface water is green plant
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Figure 1. Inputs and outputs of dissolved oxygen in a
mountain stream under natural conditions.,
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photosynthesis.- Plankton and algae are often present in qui_escent‘r
pools. During daylight hours these plants photosynthesize and pro-
duce free oxygen as a by-product. In large, low gradient streams,
or lakes, photosynthesis by plants may serve as a major soﬁrce of
oxygen (Camp, 1965). However, in a small upland streém the direct
diffusion of oxygen into the water from the atmosphere serves as the
predominant oxygen source.

The intragravel water is supplied with oxygen primarily by rhass
transfer and diffusion from the overlying surface water. The rate of
this transfer a.nd‘diffusion is relativelf slow. The agents of mixing
present in the surface water are inhibited in t_he intragravel water,
Water veloc'it’y thr'ough the intragravel layer is much less than the
gurface layer; two to five cm/hr as 6pppsed to 500 to 1500 cm/sec
(Narver, 1971).

A secénd, and generally very minor, input of oxygen into the
intragravel water is oxygen carried in by influent groundwater (\}aux,
1962). Sheridan (1962) found in his work with pink salmon streams in
Southeast Alaska that oxygen input by groundwater.was very small and
concluded that the major intragravel oxygen source was direct diffu-
sion from the surface layer.

The predominate dissolved oxygen drains in an unpolluted
mountain stream, both in the surface and intragravel water, are

biOChemiéal oxygen demand (BOD) and respiration by larger aquatic



15

glife. Minor amounts will be lost to plant respiration and to the
atmosphere by direct diffusion if the stream is in a state of oxygen
super-saturation, while a trace quantity may be lost to effluent
groundwater flow.

Biochemical oxygen demand imposes the greatest demand on a
stream's dis.solved oxygen supply. Under natural conditions the
demand for oxygen by the microorganisms is relatively constant and
well within the stream's ability to' supply it. However, if a large
quantity of organic matter is added, serious oxygen deficiency prob--
lems may develop downstream. This can be illustrated with a dis-
solved oxygen sag c&rver'(f'i_gure 2).

The DO sag c.urve is the profile bf dissolved >oxygen -deficit a.]'.ong'
the path of water movement below the point of pollutant entry. Dis-
solved oxygen deficit is defined as the difference between the actual
concentration a.hd the saturation concentration of oxygen in water
of a given temperature. The DO sag éoncept was developed by
Streeter and Phelps (1925) and today is commonly applied by sanitary

engineers in the calculation of permissible organic loading of receiv-

ing water.
The _DO sag curve may be deséribed mathematically as the

interaction of two processes which occur simultanéously in streams:

reaeration and oxygen depletion. Each of these processes, in turn,

may be described by a differential equation. - In the reaeration



10

DEFICIT AND DEPLETION, MG PER LITER

Figure 2. The dissolved oxygen sag and its components:
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equation, it is assumed that the rate of oxygen absorption by water
is proportional to the oxygen deficit. This relation may be expressed

mathematically as:
== =-K,D | (3)

where D is oxygen deficit in mg/l, t is time in days, and K2 is tﬁe
reaeration coefficient (base e) in units of 1/da.y.s.

In the depletion eqﬁation, it is assumed that the rate of BOD
consumption due to biochemical oxidation is proportional to the amount

of BOD present. This may be expressed as:
W EL (4)

where L is the BOD concentration in mg/l, t is time in days, and
Kl is fhe BOD rate coeff_icient (base e) in units of 1/dayé. Equation
{4) may als-o be expressed in terms of oxygen deficit, D. Since BOD
concentration is measured in terms of the qﬁantity of oxygen con-
sumed, it follows that the rate change in BOD concentration is..equal
to the rate of oxygen depletion. The rate of oxygen depletion may,

in turn, be expressed as the rate change in oxygen deficit, as illus-

trated in equation (5).

-dL _dD
T dt  dt (3)

Substituting equation (4) into equation (5) yields equation (6).
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D _ ., -
- = K,L ~(6)

Equations (3) and (6) may be combined and solved for D, as illustrated

in Appendix A, resulting in equation (7):

K. La .
D=—— (e %1t %2b) + pa e 7K2E (7)
K, K

where La and Da are respectively th;.e initial BOD and initial oxygen
deficits in units of mg/1 at time equai to 0, e is the base of natural
logarithms (2. 71828), and the remaining terms. are as previously
defined.. Equation (7) is commonly referred to as the Streetelf-Phelpé
equation and may be used t§ ;efermine_any paint on the oxygen sag |
curve.

The BOD process is discussed in ‘detail in the section on ”B(jD
of Natural Vegetative Material. "

A relatively cohstant drain is the oxygen required by larger
aquatic life present. Although a mountain st'ream may appear to be
relatively free of larger aquatic life, it generally supports a multi-
tude of organisms, such as snails, insect nymphs, crayfish and fish,
All these organisms require oxygen to produce the energy needed for
growth, reproduction, and motion. The rate of oxygen removal by
these organisms is é.function of the species present and their envi-

ronmental conditions. Under natural conditions, the rate of oxygen
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supply by the stream is much greater than the demand exerted by
these larger organisms.

The oxygen balance is a very important water quality concept.
Alteration of any of the sources or drains may, in turn, have a pro-

nounced effect on the aquatic life present.

Importance of Dissolved Oxygen to Fish

Adequate levels of dissolved oxygen (DO) are essential for the
well being and survival of fish. Fish -require oxygen to metabolically
produce energy required for growth, reproduction, and motion. The
amount of oxygen required by fish varies with the environmental |
co?iditions and the species. Beamish (1964), .from his work with fish
respiration, reported that under standard pressure (O2 partial pres-
sure of 160 mm of Hg) standard oxygen consumption of brook t-rout
at 15°C was 90 mg/kg-hour, carp at 20°C was 50 mg/kg-hour and
goldfish at 20° C was 42. 5 mg/kg-hour. As the partial pressure of
oxygen was reduced from saturation, the oxygen consumption rate
remained constant until the partial pressure of oxygen drc->pped below
105 mm Hg for all three species. This raises the question: what is
~ an adequate dissolved oxygen level?

Prese;xtly fishery biologists feel the only adequate level, or
standard, which would a.ffo_rd ""complete prote;:tion" to ;:he fishery

resources under all conditions is no reduction in the natural level



20
(Doudoroff and Shumway, 1967). However a standard such as this,
especially where the multiple use concept for water is being applied,
is both unrealistic and unnecessary, A '"rule of thumb'' standard
which has been widely accepted by fishery biologists for a long time
ana is often recommended is tha;t DO levels should at no time drop
below 5 mg/l for fish in warm water habitats or below 6 mg/l for
fish in cold water habitats.

Often fish are exposed to DO concentrations well belowl 5 mg/1
for prolonged periods of time. DO concentrations between 5 and 2.5
' mlg/I are generally considered -sublethal to fish. When exposed to
such conditions fish experience an oxygen stress, and if the exposure
is for a prolonged périod of time their activity, growth, and repro-
duction may be reduced.

Sever#l responses td oxygen deficiencies by fish within the
surface water and by fish eggs and embryos in the intragravel water
have been reported. Shellford and Allee (1913) studied the avoidance
reaction of 16 species of fish common to America to different concen-
trations of oxygen, nitrogen, ammonia, and carbon dioxide. They
reported that there was a definite effort by the fish to avoid water
deficient in oxygen. Jones (1951) ran a similar experiment with
stickleback, minnows, and trout fry. At fempératures near 20°C
all three species reacted violently and retreated rapidly when they

swam into water containing 0.5 to 1.0 mg 02/1. At a concentration
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of 3.5 mg O2 /1 the reaction was again one of rejection, but occurred
at a much slower rate. Avoidance tests with juvenile chinook and
coho salmon, large mouth bass, and bluegill were carried out by
Whitmore, Warren, and Doudoroff (1960). The test was performed
in a channeled avoidance tank. In general, the results supported those
of earlier studies. They found marked avoidance bsf the chinook and
coho to water containing less than 4,5 mg 02/1, apd some avoidance
by coho to concentrations of 6 mg 02/1. The bass and bluegill re-
sponded similar to the chinook salmon.

Davison et al. (1959), working with dissolved oxygen require-
ments of cold water fishes,. 're_portgd that at a temp'ez.'atu.re of 18°C
young coho salmon survived for a period of 30 da.ys at ;. DO level éf
2.0 mg/l. During this period they observed that the fish took in little
food and lost weight. At a higher DO level, near 3.0 mg/l, the
fish took in more food and had a po.sitive weight gain. However,
this gain was much less than that of similar fish in oxygen saturated
water. The influence of oxygen concentration on growth and food
consumption of juvenile coho salmon was further examined by
Herrmann, Warren, and Doudoroff (1962). They found at 20°C that
both growth and food consumption 6ver a prolonged period of time
declined gradually as the oxygen level dropped from 8. 3 to about
5.5 mg/l. The declil;le was rapid as the oxygen level dropped from

about 5 to 1.8 mg/l, and death often occurred at levels below 1.0 mg/1.
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The fish consumed very little food and lost Qeight at oxygen 1e§eis
of 2 - mg/l and less.
| It is evident from these studies that, in general, fish in the
surface water attempt to avoid areas significantly defi;:ient in oxygen
and when exposed to such water for a prolonged period of time, their
growth and food consumption rates decrease. The a.v.oi‘dance reaction
increases as the oxygen level approaches the lethal lifnit,' while the
food consumption and growth rates decrease.

The valuerof high oxygen levels in the intragravel water is often
overlooked. However, for Pacific Coast salmonoids it is critical.
The female salmonoid dig.s a hole 10 to 12 inches in the gravel and
deposits her eggs; The male fertilizes the eggs and they are cov-
ered with gravel. The eggs hatch and.the embryos develop for
approximately three months before the fry emerge into the surface
water (Lantz, 1971). Continuously high oxygen levels during the
period of embryo development are very important. If oxygenbe-
comes deficient, the percent egg survival, rate of embryo develop-
ment, and quality of fish produced may be reduced significantly.

Shumway, Warren, and Doudoroff (1964) examined the influence
of oxygen concentration and water movement on the growth of steel-
head trout and coho salmon embryos. In their experiment, embryos
raised ffom feftilization to hatching were exposed to different concen-

trations of DO ranging from 2.5 to 11. 5 mg/1 and water velocities
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ranging from 3 to 350 cm/hour under a near constant tempe'rature of
10° C. They found that fry produced from embryos raised at oxygen
levels less than 4. 0 mg/l hatched later and were smaller in size.at
hatching than fry frolm embryos raised at oxygen levels near satura-
tion. They aléo reported that reduced water velocities affected the
fry in much the same manner as reduced oxygen levels, although the
effect was not as pronounced.

Garside (1966) did a similar experiment in which he examined
the effects of oxygen and temperature on brook and rainbow trout
embryo development. The embryos of each species were exposed to
- oxygen concentrations of 2. _5, 3.5, and 10 mg/l at each of four tem-
pera{:ures, 2.5, 5.0, 7. 5,' and 10.0°C, from the tiin;e of‘ fertilization
to late development., The rate of development became slower and the
length of hatching period increased for both species of fish as temper-
ature and oxygen levels declined.

In view of this evidence, it is apparent that adequate oxygen
levels in the surface and intragravel water are necessary for the
survival and well beix;xg of fish and embryos present in a stream,

'~ Under natural conditions a stream maintains an oxygen balance which
supplies the fish with an adequate supply. This balance may be intgr-
rupted by man's activity and the fishery resource may suffer as a
result, There has been recent evidence that logging practices may,

in fact, affect the DO balance.
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Dissolved Oxygen and Logging

Clearcut logging, typical of Pacific Northwest forests, affects
DO levels in tw-o ways; indirectly by increasing temperature and
directly Ey supplying organic materiai for biochemical oxidation.
The adverse effects .of clearcutting on stream temperature have been
known for a long time. Clearcutting, when done up to the stream
channel, rerﬁoves all the shade protection and exposes the stream to
direct solar radiation. Recently, a study evaluating the effects of
two different methods -of clearcutting on stream temperature was
carried out by Brown and Krygier (19 70) in Oregon's Coast Range,
Two watérsheds-, .on_e con.'1-p1;1.:é1y clearcut and one pa:tc1.1-cut in three
small clearcuts (about 25 percent of the area cut) with buffer strips
50 to 100 feet wide left adjacent to the ‘stream, were compared to
each other and to a third unlogged control watershed. Summer.ﬂow
from the streams draining these watersheds was quite low, ranging
from 0.01 to 0 2 cubic feet per second (cfs). The results of this
study were that average monthly maximum témperatures increased
by 14°F (7.8°C) and annual maximum temperatures increased from
57 to 85°F (13.9 to 29.4°C) on the completely clearcut watershed one
year after cutting. In terms of oxygen decrease, due only to tempera-

ture fluctuation, the saturation concentration would have decreased

from about 10.4 mg/1 at 57°F to 7.8 mg/l at 85°F, or a twenty-five
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percent reduction. Temperature levels in the stream draining the
watershed which was patch-cut with vegetation left along the stream
showed no significant changes due to clearcutting and maintained
dissolved oxygen levels riear those of the controi watershed.

A second problem, and one of major coricern in this study,r is
the effect of logging slash on DO levels. This residue from clearcut
harvesting often moves down the slope by gravity or is deposited
directly in the stream. Since it is organic, it is subject to biolégical
oxidation. The problem of BOD caused by logging debris }ias_received
little attention and to date there have only been a few related studies
examining this problem.” This problem and the previous work are

discussed in detail in the following section.

BOD of Natural Vegetative Materials

The BOD test is widely used by scientists to determine the bio-
oxidizable content of organic material placed in surface waters. r.I'he
BOD test may be defined as a test which measures the amount of
oxygen required by microorganisms for the oxidative decomposition
of organic material in water (Warren, 197_1). Under natural condi-
tions the BOD process is beneficial to the stream. lThe' decomposers
recycle nutrients by extracting elements contained in dead organic
matter and dissolved nutrients. They break down complex compounds

into substances required for growth and reproduction and CO_ used by

2
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green plants.‘ These organisms and plants may in turn serve as food
for srﬁall animals.

The BOD process in a mountain stream is illustrated diagram-
matically in Figure 3. The agents of decomposition may be separated
into two classes: the disperséd or attached organisms.  The dis-
persed organisms flow freely within the stream while the attached
organisms remain stationary, attached to rocks and other fixed
objects. Both groups of organisms exert an oxygen demand. In a
mountain stream, where the gradient is high and the flow turbulent,
the dispersed organisms generally predominate. In streams where
the gradient is not as great.and there are a number of qui_eé cent
pools present, the attached 6rganisms may exert a significant de-
mand. In general, the decomposers are comprised primarily of
bacteria, protozoa, fungi, and, to a lesser extent, aquatic insects.

The substrate, or fc;od spurce, is suspended material, dis-

- solved material, and benthic deposits. ‘The'mode of substrate intake
by the microbes is, in general, direct absorption of dissolved mater-
ials, while the insects may obtain the material by ingestion. The
-dissolved material predominates in upland streams under natural
unpolluted conditions.

The assimilative pro'cess is one of wet 6xidation within the
decomposers (Sawyer and McCarty, 1967). This process may be

expressed by the following reaction:



27

AGENTS OF DECOMPOSITION
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Figure 3. The biochemical oxygen demand process in a
mountain stream, '
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Organism
—_——

Substrate + O2 CQ +H_O

2 2
+ Other By-Prodﬁcts + Energy (8)

In this process, the decomposlt.ers utilize oxygen to break dowﬁ the
substrate to produce carbon dioxide, water, other by-products which
depend on the composition of the substrate, and energy for growth and
reproduction.,

Problems arise when large quantities of organic matter are
placed in the stream. The decomposers pbssess the Capac{ty-to

rapidly increase in number when material containing their basic nutri-

tioné.l neeéé 1s #ddéd m excesswe a.mount's-'. Coi-responding_ to an
increase in decémposers is an increased demand on the stream's
oxygen supply. A serious problem results when the oxygen demand
is greater than the stream's capacity to replenish it. Recent studies
indicate that natural vegetative material may be directly responsible
for serious dissolved oxygen deficiencies in small streams.

Chase and Ferfullo (1957) studied the effect of autumn leaf
fall on the oxygen concentration in lakes and streams. They examined
the quantity of oxygen demand exerted by maple, oak, and pine leaves
é.nd ne-edl.es stored under water in carboys for 386 days under aerobic
conditions. Althoﬁgh their methods are opén to question, their results

indicate the magnitude of oxygen demand exerted by natural vegetative
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material. They reported that after one year maple leaves demanded
about 750 mg Oz/gm of initial dry weight or 75 percent of their initial
dry weight, while oak leaves and pine needles required about 500

mg OZ/gm of initial dry weight or 50 percent of their initial dry
weight. The oxygen uptake was relatively rapid; by day 100 maple "

. had achieved about 70 percent, while oak and pine had achieved about
56 percent of the demand exerted by‘ 386th day.

McHugh, Miller, and Olsen (1964), in their studies of the ecology
and naturalistic c§ntrol of log pond mosquitoes in the Pacific North-
west, examined the éhemical composition of water in 80 log ponds.
Log ponds are a common means of log storage in the Northwest. '
During the storage period many substances leach out- of the logé.
Although DO results were not reported because the workers felt the
readings were inaccurate due to interferences present in the water,

a number of other chemical test results were reported. Of particular '
interest are the soluble carbohydrate (CHO) results. The log pond
waters sampled ranged from slightly to highl‘y polluted and the amount
of soluble sugars reported varied from 2.0 to 10.5 mg/l. Tests run
on source waters for the ponds resulted in no soluble carbohydrates
present, verifyil_'xg the source as log leachate. The p-resence of simple
sugars has a significant influence on the 'rate.of BOD becaﬁse they are
readily oxidized by the aecomposers commonly present in streams.

Slack (1964) reported changes in water quality resulting from
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natural addition of organic mafter during autumn leaf fall on the
Cacapon River, West Virginia. Three different environments were
studied: a riffle within a river, a slightly colored backwater ch’annel,
and an isolated highly colored pool. Many diffe.rent species of decidu-
ous trees bordered the stream. Discharge during October, well after
leaf fall héd begun, averaged about 60 cfs. On October 30, dissolved
oxygen-concentrations were determined by the Alsterburg (Azide)
modification of the Winkler titration method. The highly colored
pool averaged 0.09 mg/l DO, the slightly colored pbol average-d
1.9 mg/1 while the main stream averaged 10.3 mg/l. The oxygen
conc‘:entrati_on reported in the.high}y colored pool may be too low
.becau.se of ferrous iron interferen;:e, but these values do indicate
the ability of n;tural organié material to extract DO.

Slack and Feltz (1968) further examined the effect of ieaf- fall
on éuality changes in small streams. During the autumn, when the_
stream flow is generally low in the East and l_eaf fall high, they
measured several water quality parameters on a small Virginia
stream. They reported a decrease -in dissolved oxygen and pH, and
an increase in water color, specific conductance, iron, maiganése,
and bicarbonate concentrations as the rate of leaf fall incfeased.
- The relation between leaf fall rate and DO -concen-tration was very
apparent. There was no significant change in oxygen clonsumption

due to leaf fall as the rate increased from 0 to 2 gm/mz/day.
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However, as the rate increased from 2 to 12 gm/mz/day the_re was
a corrésponding drop in oxygen concentration from eight to less than
one mg/A. During the period mid-September to‘la.te October, the
stream flow remained relatively constant, va.rying between 0,3-0.5
liters per second (lps). Early in November the stream flon increased
to 280 1ps, flushing the strearh, The dissolved oxy-fgen responded by
climbing to a level greater than 11 mg/l1.

Graham and Schaumburg (1969), examining pollutants leached
from selected species of wood in log storage water, further support
the presence of oxidizable organic matter from na.tu.ra.l. materials.
They submerged cross-cut sections of Douglas-fir and pc_>n_derosa.
pine logs for 40 days in water poisoned with mer;uric chloride to
inhibit microbial action. They reported chemical oxygen demands
(COD) of the 40 day fir and pine leachates of about 6000 and 7000 mg
per square foot of exposed surface area respectively.

Hall and Lantz (1969) reported the effects of logginé on the
habitat of coho salmon and cutthroat trout in coastal streams. Two
small watersheds were treated in the following manner: one was
completely clearcut and one was patch-cut with three small clearcuts
that covered about 25 percent of the #rea. Buifer strips 50 to 100
feet wide were left along the stream in the patch-cut watershed. A
third watershed having similar physica;l and hydrologic characteristics

as the two treated watersheds was left untreated and served as a
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control. Felling on the clearcut watershed began in mid-March 1966
and continued until mid-July. Timber was felled along the stream
and logs Yarded uphill by cable across the stream to landings. Thi_s
practice resulted in the accumulation of a consiaeré.ble quantity of
debris, limbs, twigs, needles, and bark in the channel whi.ch re-
stricted flow and was responsible for the formation of pools. The
lafger material was cleared from the stream channel, per.mi.tting
free flow, in eé.rly September 1966. In OctoSer 1966, the entire
Watershed was burned to prepare it f.or reseet_iing. _

A substantial reduction in the DO concentration was observed

in the surface and intragravel-waters of the clearcut watershed. The

DO concentrations from late June 1966 through most of July 1966

were too low to support salmon and trout. -Concentra.tions as low

as 0.6 mg/l were reported, which produced co'mplete mortaiity in

less than 40 minutes to samples of juvenile coho salmon contained in
live-boxes placed within the stream. During this period, the oxygen
concentra.tionr of the control stream and the stream draining the patch
cut watershed remained at oxygen levels near saturation. Upon re- |
moval of the larger debris from the channel and establishment of free-
flowing conditions the dissolved oxygen level rapidly responded to near
pre-logging concentrations in the surface water, Howeyer, intragravel
oxygen concentrations remained about three mg/llower than .the pre-

logging concentrations for the next two years and continued to decline
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over the next four years to levels less than two m'g/l at some perma-

-nent stations.

- It is apparent from the preceding discussion that finely divided
logging material may be responsible for éevere oxygen deficits within
a émall streamrs-ystem. It is also evide.nt that while such changes
have been observed, no quantitative information describing the poten-
tial for oxygen extraction through decomposition of logging §1ash has

been reported.
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METHODS

Sampling Methods

Stream Water

The stream water used in this. study was obtained from Oak
Creek in McDonald Forest. The _sampling site was located about one
mile up-stream from the Pacific Cooperative Water Pollution Laiaora- |
tory. Water samples were collected in carboys and used in-an experi-
ment the same day they were collected.

This water was considered to be typical Oregon Coast Raﬁge
étream water, It drained from a watershed supporting pr'ifnarily‘ |
Douglas-fir and, to a lesser exfent, red alder trees. It was assumed
this water supported established micro‘organism_populat.ions that would

consume the test material.
Vegetation

Douglas-fir (Pseudotsuga menziesii [Mirb.] Franco) needles

and twigé, western hemlock (Tsuga heterophylla [Raf. ] Sarg. ) needles

and red alder (Alnus rubra Bong. ) leaves were used in this study. .

Consultations with plant physiologists at the Oregon State Uni-
versity Forest Research Laboratory and a review of the literature

(Lavender and Carmichael, 1966) indicated that the chemical
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composition of needles and leaves within a species may vary. It
was therefore necessary to determine whether or not BOD varied
among different groups of needles and leaves in order to avoid samp-
ling bias.

Variance in oxygen depletion by Douglas-fir and western hemlock
needles was examined with respéct to vertical crown position, crown
aspecf, and age and by red alder with respect to verti;:al crown posi-
tion and crown asp.ect. Current and third yearl Douglas-fir and western
hemlock needies and current year red aldef léaves were collected
from the north and south crown aspects of the top aqd .lower one-third
of the crown fror—n thro.;.e_ mature. trees of ;ach species. One-half gram
of.vege-tation from each age; crown _a.spéct-a.nd vertical crown position
was placed in separate onefgallon,‘ dark brown glass jugs contaiﬁing
3.‘5 liters of water. The water used in this experiment was composed
of a mixture of 14,3 percent stream water and 85; 7 percent dilutior;

water prepared according to Standard Methods (A. P.H, A,, 1971).

Three replications of each age, aspect, and elevation were run for
each species along with four controls. Oxygen depletion' in each jug
was measured daily for two weeks with a polargraphic oxygen sensor
c#librated in fresh air and checked periodically by the Azide mo-difica.-
tion of the Winkler titration method. When the oxygen concentration
in a jug approached 1.5 mg/l, the jug was reaerated with compressed

air for 30 minutes. After reaeration the jug was allowed to stand for
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20 minutes to obtain an oxygen equilibrium before a new initial oxygen

concentration was measured.

Variance in oxygen depletion within Douglas-fir and western

hemlock vegetation was analyzed by a three factor analysis of variance

while variance within red alder vegetation was analyzed by a two factor

analysis of variance, all at the 0.05 level of significance.

Results of

this test are presented in Tables 1, 2, and 3. These results may be

summarized as follows:

1) The variation in oxygen uptake with respect to vertical

crown position was not significant for all species.

Table 1. Douglas-fir positiéh x crown aspect x é.ge

analysis of

variance.

Source D.F. S.S. M. S, F.
Position 1 1. 40 1.40 3.39
Crown Aspect 1 2.28 2.28 5.53%*
Age 1 25,63 25.63 62, 06%%
Position x Crown Aspect 1 0.01 0.01 0.04 -~
Position x Age 1 0.00 0.00 0.00
Crown Aspect x Age 1 0.11 0.11 0.26
Position x Crown Aspect 1 0.17 0. 17 0.40

x Age
Error 16 6.61 .41
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Table 2. Western hemlock position x crown aspect x age analysis

of variance.

Source D.F. S. S. M. S. F,
Position 1 0.00 0.00 0.00
Crown Aspect 1 3.52 3.52 8.38:%
Age 1 15. 36 15,36 36, 50%=*
Position x Crown Aspect 1 0. 33 0.33 0. 76
Position x Age 1 0.24. '0.24 0.57
Crown Aspect x Age 1 1. 50 1.50 3.56
Position x Crown Aspect 1 0.17 0.17 0.39

x Age
Error 16 6. 73 0. 42

1

Table 3. Red alder posiﬁion X age analysisrof variance.
Source D.F. S. S. - M.S. F.
Position 1 1.61 1.61 7.42
Age 1 3.63 3.63 16. 70
Error 1 0.03 0.03 . 14
Total 11 7.20

2) The variation in oxygen uptake with respect to crown aspect

and age was significant for Douglas-fir and western hemlock needles,

while not significant for red alder. As a result of this test, the

A

following needle and leaf sampling procedures were developed.

All vegetation was taken from the lower one-third of the crown.

The Douglas-fir and western hemlock needle samples were each
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-

composed of a mixture containing an equal number of needles from
the north and south crown aspects of three different trees in propor-
tion to their average number in each age class ( Table 4). The red
alder leaves were taken at random from three different trees. These
leaves were cut into two centimeter squares in. order to fit the experi-

mental instruments used later.

Table 4. Average percentage of needles retained by Douglas-fir and
' western hemlock (Smith, 1970).

Species | Needle Age in Years
Current 1 2 3 4 5
Douglas-fir - 30 26 20 13 8 _ 3
Western hemlock - 46 = 41 17 0 0

Although no experiment was run to measure the variance in
oxygen depletion rate between age, crown aspect, and vertical crown
position of Douglas-fir twigs, they were also taken from the north and
south crown aspect of the lower 'one-third of the crown from three
different trees. Twigs of different ages 'were not mixed, but instead
first, third, and fifth year age classes were formed. However, twigs
within each age class from different trees were mixed. In other
words, twigs of different age classes were not mixed, but twigs from
different trees in the same age class were mixed. - The twigs within

" these sample groups were cut into segments two centimeters long
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and quartered longitudinally..

The Douglas-fir and red alder vegetation was taken fz;om trees
located in McDonald Forgst, while the western hemlock vegetatioﬁ
was taken from trees on Marys Peak. The form of vegetation used
in the f-ollowing experiments was the same as that used in Vthe above
preliminary vegetation experiment, i.e., whole Dodglas -fir and
western hemlock needles, red alder leaves cut into two centimeter
squares, and Douglas-fir twigs cut into two-centimeter segments and

quartered longitudinally..

Analytical Methods

The COD Test

5 - A

The purpose of this test was to determine the chemical oxygen
démand of Douglas-fir needles and twigs, western hemlock needles,
and red alder leaves.‘ The COD test determines the total quantity of
oxygen required for the complete oxidation of organic rﬁatter by strbng
oxidizing agents under acid conditions.

Three replications each were run of 10 mg samples, fresh

weight, of Douglas-fir and western hemlock needles, red alder leaves,
and Douglas-fir first, third, and fifth year 'twigs. The '"rapid COD
method" was used to determine the COD values. The analytical

procedures for this method are described in detail by Jeris (1967).
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Dry weight values of the sample vegetation were determined by
placing three one-gram, fresh weight, samples of each material

into a 70° C oven for three dayé.

Biochemical Oxygen Demand Tests

Two methods of BOD determination were used in this study:
the Hach manometric technique and .the standard dilution technique.
The Hach manometric technique ;nas used to determine all.the short-
and long-term stanéard temperature BODs while the standa;rd dil;l-
tion techniqﬁe was only used to éetermine the ﬂuctuatix;g temperature
BODs.

A Hach manometric BOD unit a.nf] a singl? cell are illustrated
in Figures 4 and 5. The principle of operatioﬁ ié\quite simple. ’.fhe
brown glass mixing bottle is pa.rtially filled with é. measured volume
of water containing the pollutant. The bottle is then connected to the
closed-end mercury manometer and placed on the magnetic stirring
plate. The stirring plate agitates the magnetic stirring bar contained
in the bottle which, in turn, results in continuous mixing of the
sample. As the microorganisms oxidize the organic matter, they
remove dissolved oxygen from the water. Above the water is a
volume of air containix;g about 21 percent, by volume, oxygen. Thus,
the water is rapidly replenished with oxygen by diffusion from the air

above it in the closed sample bottle due to the continuous mixing
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A single cell of the Hach manometric unit
(After Hach Chemical Company, 1971).

Figure 5.
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given the sample. This results in an air pressure drop within the
bottle which is registered on the mercury manometer and may be
read directly as mg/l of BOD. During the oxidation process CO2
gas is given off.” To prevent a positive pressure build;up, two or
three drops of 45 percent potassium hydroxide solution is placed in
the seal cup in the bottle to absorb this gas.

There were three major advantages in using the Hach mano-
metric te;:hnique to determine short- and long-term standard temper-
ature BOD's in this study.

1) It simulated actual stream conditions more closely than any
other standard temperature BOD test available; the solution is con-
tinu.ouély in contacf with o#ygen and the CO2 given off is removed..

2) The material could be handled without dilution of the stream

water. I}
A

3) It was excelient for determining long~term BODs; periodic
oxygen replacement is performed merely by breaking the seal between
the manometer and bottle.

The standard dilution technique is explainéd in detail .in Standard
Methods (A. P, H. A., 1971). This method has one serious limitation.
Due. to the relatively low solubility of oxygen in water, £he waste water
samples must often be diluted. In accordance with standard proced-
ure, the sample must deplete at least 2.0 mg/1 of O2 during the

ipcubation period and leave at least 0.5 mg/l of O2 at the end of this
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period (Sawyer and McCarty, | 1967). Conéequently, waste with a
high oxygen demand must be highly diluted. Sefious errors in the
calculated BOD of these types of waste may result due to a slight
_error in a DO reading, No matter how much analytical care is taken,
the accuracy of this BOD test is no greater than thé accuracy of the
DO test used.

Five- and ninety-day standard temperature BOD test. The

purpose of this test was to determine the five- and ninety-day BOD

(BOD, and BOD,

9

and red alder leaves at standard temperature. Three Hach mano-

5 0_) of Douglas-fir needles, western hemlock needles
metric u.nité,_ one for eac-:_i_;SPecies, were used. All the bottles were
partially filled with 244 ml of stream water., One-gram, ffesh weight,
of each species was added to each of the first four' bottles of 'each

- unit, while the fifth bottle ser\.red as a control, Into two \of th; bottles
containing vegetat{on on each unit and ir;to one of the three control
bottles an equivalent of 10 mg/l of N-Serve,- 2-Chloro-6-(Trichloro-
methyl)pyridine, was added to inhibit nitrification. Three additional
one-gram, fresh weight, samples were taken from each species
sample and oven dried at 70°C for.three days to determine dry weight
values. The manometric units were placed in a 20°C incubator,
allowed to set for 15 minutes in order to reach the standard tempera-
ture, and then sealed. Readings were recorded daily for the first

five days and at least once every three days during the following
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85 days.

Periodically the oxygen in.the bottles required replenishment.
The following procedure $.avas used to replenish the oxygen supply.
The bottle was carefully opened and the seal cup ;:ontaining the 45
percent KOH removed. The bottle was allowed to stand open to the
atmosphere for about five minutes, The spent KOH solution -was
removed from the seal cup and replaced with two or three drops of
fresh 45 percent KOH. The seal cup was carefully replaced, the
bottle placed in the incubator and allowed to standardize for 15 min-
utes, and then sealed. The manometer scale was then readjusted

to zero.

F;ive-dal fluctuating temperature BOD test. The purpose of
this test was to determine the five-day BOD (BODS) of bouglas-fir
needles, western hemlock needles, and red alder leave\s under the
condition of fluctuating temperature, The extreme temperature
fluctuations often observed in small streams during the mid-summer
months following clearcutting was simulated. The temperature range
selected was 12.8 to 35.0° C over an eight hour period, followed by
a drop from 35.0° to 12, 8° C over the next 16 hours, The te;rzgé‘ra-
ture range and cycle were determined from values reporteci by Brown
and Krygier (1970) following clearcutting in a small stream in the
Oregon Coast Range.

Standard 300 ml glass BOD bottles with ground glass stoppers
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- were used in this experiment. There were three replications plus
two controls for each species for each of the five days the experiment
was run. Each bottle, except the controls, contained 20 mg, fresh
wo._eight, of the respective vegetation sample. Three additiénal one-
gram, fresh weight, samples were taken from each spécies sample
and oven dried at 70° C for three days to determine dry weight values.
All the bottles were completely .filled with a water mixture containing

five percent stream water and 95 percént dilution water prepared

according to Standard Methods (A. P.H. A., 1971).

A water bath, 122 x 61 x 46 cm, was used to fluctuate the
sample te@p eratures Beg;eén 12.8 and 35.0°C. The bath was
equipped only with a variable temperature cooling unit and cont#ined
no means of heating the water above ambient air temperature. The
heating problem was resolved by discharging hot water at 38.5°C,
into the bath at a constant rate of one liter per minute. Two electric
submérsible pumps were placed in the bath to assure complete mixing
at all times. Water was continually removed from the mixed bath at
a rate equal to the input of hot water. As a result, the volume of
the bath remained constant and the overall water temperature gradu-
ally rose from 12,8 to 35.0°C in eight hours. At the end of.this
eighi.:-hour period, the hot water input and mixed water output were
shut off and the cooling unit turned on. The water cooled fr01;n 35.0

to 12,8° C in about four hours and remained there until the start of
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the eight hour heating period. The mathefnatical solution of the
heating problem is given in Appendix B.

The inii:ial oxygen concentration of the water mixture placed in
the bottles was determined by the Azide modification of the Winkler
titration method. The bottles were water sealed and submerged to
their necks in the bath, The bath was covered with a blaék plastic
tarp to exclude light. Each day three bottles from each spe.cies and
two controls were remo.ved from the bath #nd their respective DO
concentrations determined by the Azide modification of the Winkler

technique and recorded.

Douglas-fir twig BOD test. The purpose of this experiment

was to determine the five- and forty-five day BOD (BOD'5 and BOD )

45
of first, third, and fifth year Douglas-fir twigs. The first three .
bottles of a Hach m?.nometric unit contained one-gram, fresh v?reight,
of first, third and fifth year twig samples respectivel.y, while the
fourth bottle contained two-grams of the-thi.rd‘ year twig sample and
the fifth bottle served as a control. This test was replicated three
times. Dry weight values were determined for the twig samples by
“placing three one-gram samples from each age class into a 70°C
oven for three days.

Periodically, the air in the sample bottles required changing.

The same procedure described in the five- and ninety-day standard

temperature BOD test was used. Results were recorded daily the
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first five days and at least once every three days thereafter.

Con centration Dependency Test

The purpose of this test was to determine if the BOD tests run
at standard temperature using one-gram samples were mass-concen-
tration dependent. The determination was made using Douglas-fir
needle.s and twigs. The effect of increasing concentrations of needles
was determined using three Hach manometric units, The first four
bottles of each unit cqntained 0.5, 1.0, 2.0, and 4.0 gms, fresh
weight, of Doﬂuglas-fir needles, while the fifth bottle served as a
.control; Dry 'w':ei;hf values were determined by oven-drying one-
gfa.m samples. in the manner previously described. The linits were
placed in a 20° C incubator and the test run for 10 days.

The effect of the twigs was determined using data obtained
from the Douglas-fir twig BOD test described earlier. In the Douglas-
fir twig BOD test, bottles two and four on éach of three Hach units
contained one and two grams of third year twigs. The BOD results
of these .bottles were compared over the first ten days the experi-

ment was run.

Ultimate BOD Exerted, Le(u)’ and BOD

Rate Constant, Kl’ Determination

The BOD of any organic material can be described as a first
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order decay process. This can be expressed mathematically as:

- = -K.L (4)

where L is the BOD concentration in mg/l, t is time in days, and

K1 is the BOD rate constant (base e) in units 1/days. Equation (4)

may be solved for K1 as follows::

- _K_at (9)

T 1
AL t _
S‘ t gL _ x S' at (10)
L, L 1%
jln"'Lt - lnLa = =K 11: _ (11)
In La - In Lt
K1 = . | (12)

or k., = (13)

where La. is the initial BOD concentration at t = 0, Lt is the BOD

concentration at time t, t is time in days, K1 is the BOD rate

constant (base e) in units of 1/days, and kl is the BOD rate constant
(base 10) in units of 1/days. Since BOD is measured as the amount
of oxygen used in the oxidation process, La may be redefined as the

ultimate BOD exerted, Le This is illustrated by Figure 6.

(a)’

Equation (12) may then be restated as:
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Figure 6. BOD concentration and BOD exerted curves over time.
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1In Le(u) - 1n Lt

(14)

The 90-day BOD value, BOD90, was chosen as the ultimate

BOD exerted value, because it is representative of the aver-

I"e( u)’

age time interval between spring runoff and the fall freshets. This
~ is the pefiod when logging debris accumulation is most likely to
occur in small streams of loggea watersheds in the Pacific North-

west., The BODt and BOD90 values used in the calculation of K1

f_or each species were obtained from a first order curve of best fit

through the replications for that species. These values were then

used to calculate the 90-day 'K1

‘values using equation (15).

In L -ln L
K. = " Te90) 1M T (15)
1 90

BOD rate constants were also determined for shorter time
periods: 5, 20, 45, a.nd 60 days for the needles é.nd leaves; and 5,
- 20, aﬁd 45 days for the twigs. The same basic procedure as above
was used to calculate each KI; however, the first order curve of
best fit was determined using only data for the time interval being
considered. The ultimate BOD was obtained by projecting the curve
to 90 aays.

All the first order curves of best fit and the K1 values for.

these curves were determined using a least squares fit program
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for the CDC 3300 computer at Oregon State University.

Teét for Nitrate-Nitrogen

The i:urpose of this test was to determine if nitrification
occurred in any of the standard temperature BOD experiments.,
- Nitrificafion is considered to be a BOD test interference and can
be responsible for erroneously-high results. Nitrifying bacteria
oxidize nitrogenous substances in the form of ammonia to nitrites
and nitrates. . The nitrification process is illustrated by the following

relations:

NH3 + 1% 02 Nxtrosomonasf HNOZ + U

2O + Energy (16)

- L1
. NO, +}0,

Nitrobacter

> N0; + Energy (17)

It is evident from these relations that if nitrification occurred, nitrate
(NO;) would be present in the closed BOD bottle.

The Brucine method was used to determine the nitrate-nitrogén.
concentration in all the standard temperature test samples. This

method is explained in detail in Standard Methods (A.P.H. A., 1971).

The nitrate-nitrogen concentration of the bottles containing vegeta-
tion were compared to those of the controls and hypothetical concen-
trations calculated from the nitrogen content of the vegetation used

in the test.
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lLeachate Composition Test

The purpose of this. test was to ascertain under aerobic condi-
tions the quantity and type of sugars and the quantity of p'henolics
released into the stream through microorganism activity and leach;
ing by a specified mass of Douglas-fir needles and twigs, western
hemlock needles, and red alder leaves and torelate this to time. The
information obtained from this experiment will aid in the interpreta-
tion of the BOD and toxicity results.

The experiment utilized both poisoned stream water and non-
poisoned stream water in order to sepaz_‘a—te leaching from micro-~
organism activit);. The poisoned stream water cohtainé.d an equivé.-
lent of 2. 706 mg/1 of I-IgCl2 to prevent biological decomposition of
leached substances (Schaumburg and Atkinson, 1970). Using this
procedure, the amount of sugars and .phenolics. available to organ-
isms and the amount they used could be quantified.

The leachate wa.s prepared by the following procedure. Into
a clean 300 ml glass BOD bottle, 100 ml of poisoned or non-poisoned
water was added. Then one-gram, fresh.weight, of material, either
needles or leaves, was added to each of three bottles of each water
treatment for each species. All the .samples were placed in a stand-
ard temperature (20° C) room and covered with a black plastic tarp

to exclude light. The bottles were left uncapped so oxygen could
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enter freely. The same general procedure was followed with the
Douglas-fir twi-gs except one-gram of first, third, or fifth year twigs
was put into 125 ml glass botties.

Dry weight equivalents of the material used were determined
by placing three on;e-gram samples from each material sample into
a 70° C oven for three days.

On days o;'xe fhrough five, ten, 15, and 20 following the begin-
ning of the leachiﬁg process, three poisoned and three non-poisoned
samples of each speéies were removed from the standard room and
prepared for sugar and phenolic analysis. The pon-poisoned samples
were handl_ed_ in f_;-h.e following manner. About 50 ml Qas decanted
into a plastic vial for sugar analysis and about 50 ml decanted into a
glass bottle for phenolic analysis. The poisoned samples were
handled differently. All the leachate was decanted into a clean 250 ml
flask. An equivalent of 5 gm/1 of Chelex 100 reagent (Schaumburg
and Atkinson, 1970), a chelating agent, was added to each flask to
remove the HgCl from solution. The fl;sks were placed 01;1 an
Eberback shaking machine and shaken for 30 minutes. They were
removed and allowed to stand five minutes so that the chelating com-
pound could settle to the bottom. About 50 ml of the supernatant was
decanted i;'xto a plastic vial for sugar analysis and 35 ml into a glass
bottle for phenolic analysis. The prepared samples, both poisoned

and non-poisoned, were frozen until the sugar and phenolic analysis
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could be performed.

The analysis for sugar and phenolic content was contracted
to the Forest Products Department of the School of Forestry at
Oregon State University. Total sugar concentration was determined
by the Somog.y Micfo-Copper method for reducing sugars (Hodge and
Hofreiter, 1962: Somogyi, 1945).- The types of sugars comprising
this quantitative estimate of total sugar were identified by paper
chromatography using the solvents and proceduré outlined by Zerrudo
(1973). Total phenolic concentration was determined with the Folin-

Ciocatteu reagent as deséribed by Singleton and Rossi (1965).

Leachate Toxicity Test

The purpose of this test was to determine the acute toxicity of
five-day Douglas-fir, western hemlock, and red alder leachates to

guppies (Poccilia reticulata) and steelhead trout fry (Salma gairdneri

gairdneri). The leachate of each species was prepared in the follow-
ing manne’r. Two stainless steel baking pﬁns( 60 x 45 x 12 cm, were
used as leaching containers. Into each pan about 20 liters of stream
water treated with an equivalent of 2.706 mg/1 of HgCl, (Schaumburg
and Atkinson, 1970) and an equivalent of 50 gm/l of vegetative mater-
ial was added. The pans were placed in a standard temperature room
at 20° C for five days. The pans were covered with a black plastic

tarp to exclude light during the leaching process. After five days the
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leachzte was decanted into a carboy and the HgCl2 removed with
Chelex 100 (Schaumburg and Atkinson, 1970). The chelated leachate
was decani:ed into a second carboy and transported to the toxicity test
site. In order to check the possibility of rﬂercury poisoning, a
Doﬁglas-fir and western hemlock leachate using 50 gm/1 of vegeta-
tion was also prepared with non-poisoned water and its toxicity tested
in the same z;nanner as the treated water gamples.

Thé toxicity test was contracted to the Pacific Cooperative
Water Pollution Laboratory. They determined 24-, 48-, 72-, and
96 -hour median lethal concentration (LC 50) of the leachate on guppies °
and stee_l_.‘:-.ead fry by the ''Static Bioassay Method" described in Stand-

ard Methods (A. P.H.A., 1971). The guppies weighed about 0.01 gm

each while the steelhead fry weighed about 2.0 gms each. The pH
was adjusted from reiatively acidic to hormal with NaOH and, due to
the high oxygen demand _of the leachate, oxygen was bubbled in the
chambers to insure adequate oxygen concentrations at all times. The
toxicity tests were begun the same day the leachate was removed from

the leaching container.
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RESULTS

COD Test Results

"The chemical oxygen demand (COD) test provides a quantitative
estimate of the oxygen equi\}alent required fér the complete oxidation
of an organic sample by a strong oxidizing agent. The results of the
COD test are summarized in Table 5. The table presents the COD
values of the three replications followed by the mean for each vege-

tation type.

v =

Table 5. COD of Douglas-fir needles and twigs, western hemlock

needles, and red alder leaves in mg.Oz/gm (dry weight)

vegetation. '
Vegetation Replication Number Mean
Type 1 2 3 COD
P mg Oz/gm -----------
Douglas-fir 460 415 487 . 454
needles
Western hemlock 635 478 596 570
needles
Red alder ' 835 935 876 882
leaves '
Douglas-fir twig: 759 999 677 812
first year
Douglas-fir twig: 888 742 917 849
third year
Douglas-fir twig: 1117 1196 1227 1180

fifth year
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The red alder leaves have a significantly greater mean COD
than the other leaves tested. The range is from 0. 45 gm Oz/gm of
Douglas-fir to 0. 88 gm Qzlgm of red alder. The fifth year Douglas-
fir twigs have a significantly greater rﬁean COD than the other twigs
tested. The twig COD mean range for 1.18 gm Oz/gm of fifth year
twigs to 0. 81 gm Ozlgm of first year twig._s.

The average COD for first,- third, and fifth year twigs is 0.95
gm of Ozlgm (dry weight) of twig. This value is about twice as large

as the mean value for Douglas-fir needles.

BOD Test Results

Five- and ninety-day Standard
Temperature BOD Test

The results of the BOD5 and BOD90 standard t.emperature BOD
test for selected days are summarized in Tables 6 and 7. The com-
plete set of results are given in Table 20 of Appendix D.

Table 6 summarizes the results of the samples not treated with
N-Serve. Several trends are apparent upon examination of the mean
values of the two replications. The Douglas-fir and western hemlock
n.eedles exert a 90-day oxygen demand 39 and 71 percent less than
the red alder leaves over the same period. Within each species, the
BOD, values represent only 59, 18, and 28 percent of BOD_ . values

5 90

for Douglas-fir, western hemlock, and red alder respectively.
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Table 6. Cumulative standard temperature BOD exerted in mg O_/gm (dry weight) by Douglas-fir,
western hemlock, and red alder leaves in untreated stream water.

Vegetation Bottle . Time in Days

Type No. 5 10 20 45 60 90
L L mg Ozlgm ememeecev——— -
Douglas-fir 1 71 74 74" 80 82 82
needles 2 59 81 1202 128 133 145
mean - 65 78 97 104 108 110
b

needles 7 40 124 175 194 197 197
mean - 36 100 154 193 197 200
Red alder 11 77 108 148 220 266 282
leaves : 12 81 152 216 278 278 278
‘mean - 79 130 182 249 272 280
Controls 5-- -0 0 S 8 10 10

15 0 5 8 10 22 22

*Value interpolated between day 19 and 22 values

b
Value interpolated between day 44 and 46 values

Table 7. Cumulative standard temperature BOD exerted in mg 02/ gm (dry weight) by Douglas-fir,
western hemlock, and red alder leaves in stream water treated with N-Serve.

Vegetation Bottle Time in Days

Type No. 5 10 20 45 60 " 90
- -— ————————— mg OZ/gm -------------------- -————

Douglas-fir 3 71 106 1342 140 144 150
needles 4 50 51 782 82 82 82
mean - 60 78 106 111 113 116
Western hemlock 8 40 70 99 170: 176 178
needles 9 30 68 68 79 79 79
mean - 39 69 83 125 128 128
Red alder 13 79 121 156 216 262 278
leaves 14 79 123 = 178 278 289 309
mean - 79 122 167 247 276 293
Control i0 0 5 'S 10 10 10

®Value interpolated between day 19 and 22 values

b
Value interpolated between day 44 and 46 values
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However, the BOD, _within each species represents about 90 percent

45
of BOD90 value.

Table 7 summarizes the results of the samples treated with
N-Serve to inhibit nitrification. In general, the relations between
mean values of the treated samples are the same as those for the

untreated samples. Douglas-fir and western hemlock needles exert

a BOD90 40 and 44 percent of the red alder BOD

each species, the BOD

value, while within

90

5 represents only 52, 30, and 27 percent respec-

tively of the Douglas-fir, western hemlock, and red alder BOD90

values. The BOD45 of Douglas-fir and western hemlock .represents

about 90 percent of their BOD_  values, while the red alder BOD

90 45

is only about 85 percent of its BOD90 value.

By comparing the mean BOD__. values among species in Tables

90

6 and 7, the effect of nitrification may be examined. There is little

difference among the Douglas-fir and red alder BOD_ _ values. Al-

90

though the differences are small,. it is important to note that the
samples treated with the inhibitor have higher mean values than the
untreated samples indicating that nitrification did not occur. There
is a significant difference, 72 mg Oz/gm, between treatments of the
western hemlock mean BOD90 values. This diffefence fna.y be

attributed to the effect of nitrification. However, upon examination

of the samples involved, bottle 9 seems to be atypical. The BOD10

and BOD_ . values are the same, as well as the BOD

45’



60

and BOD90 value;. Comparing the means of bottles 6, 7, and 8 only,
the difference between treated and untreated samples is much less,
and may in fact, be _due to natural variation, not nitrification. Al-
though there is evidence that nitrification may have occurred in one

of the test bottles, analyses described in a later section show that

nitrification did not, in fact, occur.

Five-Day Fluctuating Temperature BOD Test

The results of the five-day BOD experiment in which the tem-
perature fluctuated between 12. 8 and 35.0°C daily are given in Tva.ble.
8. The red alder leaves- again exerted the greatest demand for oxygen
over five days, followed closely by the Douglas-fir néedlés. In five
days, the red alder leaves exerted an oxygen demand equivalent to
23.17 percentv of their initial dry weight, while the Douglas-fir needles
éxerted a demand equivalent to 19,0 percent of their initial dry weight.
Over the same time period, western hemlock needles required a

quantity of oxygen equivalent to 9. 7 percent of their initial dry weight.
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Table 8. Mean cumulative BOD exerted in mg O_/gm (dry weight)
by Douglas-fir, western hemlock and red alder under
conditions of temperature fluctuation.

Vegetation Time in Dayé
Type 1 2 3 4 5
---------------- mg Oz/gm e

Douglas-fir ‘ 51 67 131 187 202
needles

Western hemlock 29 60 88 104 109
needles

Red alder 77 136 191 219 249
leaves

Controls 5 5 7 12 12

. Douglas-fir Twig BOD Results

The Douglas-fir twig BOD test results for selected time periods
are presented in Table 9. The complete set of results is given in
Table 21 in Appendix D,

The first year twigs exerted the greatest mean BOD over 45
days, slightly more than 13 percent of their dry weight. Third and

fifth year twigs followed with a BOD, _ equal to 9.3 percent and 7.8

45

percent of their initial dry weight. The BOD5 was equivalent to

about 25 percent of the BOD4 for all age classes, while the BOD

5 20

value was equivalent to about 65 percent for third and fifth year twigs,

and about 90 percent for first year twigs.
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Table 9. Cumulative standard temperature BOD exerted in mg Oz/gm
(dry weight) by first, third, and fifth year Douglas-fir twigs
in stream water.

Twig Age Bottle | Time in Days

No. 5 102 15b 20 30 45
------------------ mg OZ/gm--------------—-

First year 1 26 44 47 61 72 78
2 47 97 | 128 170 175 180
3 42 80 92 118 134 139
Mean - 39 74 89 116 127 132
Third year 4 9 22 34 50 65 73
: 5 37 55 68 - 82 98 108
6 18 33 42 54 80 97
Mean - 21 37 48 62 81 93
Fifth vear 7 11 25 34 42 © 55 66
8 17 32 40 - 48 55 69
9 26 36 40 53 78 100
Mean - 18 31 39 48 63 78
Controls 13 0 0 0 0 0 0
14 0 0 0 0 0 0
15 2 2 2 2 2 2

%A1 day 10 values were interpolated between day 9 and 11 values

bAll day 15 values were interpolated between day 13 and 16
values |

Mass-~-Concentration Results

This experiment was performed to determine if the BOD exerted
by Douglas-fir needles and twigs were directly related to the concen-
tration of vegetation in the sample water. High concentrations of

material may inhibit the rate of nutrient transfer by diffusion or may
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be toxic to the aquatic microorganisms and thus yield erroneous BOD

values. The one gram, fresh weight, per liter of water concentration
used in the standard temperature experiments was compared with
solutions containing more and less vegetation per unit volume.

The mean BOD of Douglas-fir needles in percent relative to the
one gram per liter conc.:entratior; are summarized in Table 10.
Table 10. Mean BOD of different concentrations of Douglas-fir

needles as a percent of the one gram per liter concen-
tration mean BOD, '

Conc. 7 Time in Days
| | 2 4 6 8 10
gm/1 [ ---'--é'percent of the 1.0 gm/1 BOD-==-~--- -
0.5 113 48 52 54 54
1.0 100 100 100 - 100 100
2.0 275 148 163 129 118
4.0 413 164 133 110 104

The 0. 5 gm/1 concentration showed a proportionate drop in BOD.
It was about one-half of the 1.0 gm/1 BOD from day four to day ten.
On the other hand, higher concentrations did not produce a propor-
tionate increase in BOD. Initially, the 2.0 and 4.0 gm/1 BOD's were
significantly greater than the 1.0 gm/l BOD but, as time progre_ssed,
the BOD exerted by the higher concentrations approached the 1.0

gm/1 values.
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Although the BOD of 2.0 and 4.0 gram samples did not remain
two and four times higher than the 1.0 gm/1 sar;qple, the BOD exerted
by the 1. 0 gm/1 sample probably was not mass-concentration

dependent. If the large sample sizes (2.0 and 4.0 gm/1) were toxic

‘to the aquatic organisms, the BOD probably would have terminated

abhruptly rather than increasing‘ slowly after initially high rates.

The results of the mass-éoncentration dependency test for third
year Douglas-fir twigs are summarized in Table 11. | This table
represents only a portion of the data collected in the full e#periment

(Table 21, Appendix D). Bottles 4, 5, 10, and 12 of this original

. data set were selected because bottles 6 and 11 were considered to

have trends atypical to those of the other two réplications.

Table 11. Mean BOD of different concentrations of third year
Douglas-fir twigs from selected bottles as a percent
of the mean BOD of the 1,0 gm/1 concentration.

Conc. : Time in Days !
(gm/1 of

water) 2 4 6 8 10
1.0 100 100 100 100 - 100
2.0 62 224 222 197 184

During the first two days of the test, the BOD was not propor-
tional to the concentration of material. This may be attributed to

the fact the microorganisms were probably still adapting to their
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environment. However, for the remainder of the test period, the
BOD exerted by the 2.0 gm/1 sample was about twice as much as.

the 1.0 gm/1 BOD.

Ultimate BOD, L and Rate Constant, K,, Results

e(90)’ I’
The following terminology for the rate cohstant, Kl’ and BOD,
Le(90)’ will be used for the balance of the discussion. The K1 and
Le(90) values determined from the curve fit through 90 days of data

will be referred to as the "ultimate”. rate constant and BOD of the

material. The K1 and Le values determined from curves fit

| (90) |
through the data for time periods less than 90 days but extended to _

90 days, will be referred to as ""projected'' rate constants and BODs

of the material.

e(90)

ature results of th_e leaf and needle tissue BOD test in untreated

The K1 and L values calculated from the standard temper-~
stream water are given in Table 12,
The five-day projected K1 values for Douglas-fir and western

hemlock are.all very small, while their projected L values are

e(90)
quife large, indicating a near straight line relation. As a result, the
five-day values for both these species are very poor indicators of
the ultimate values. However, the 45-day projected values of the

Douglas-fir and the 60-day projected values of the western hemlock

serve as excellent indicators of their respective ultimate K| and
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Le(90) values.

In contrast to the Douglas-fir and western hemlock, the pro-

jected Kl and L from one sample of the red alder tissue after

e(90) |
five days provided a relatively precise prediction of the ultimate
values. The other sample, however, had a projected K1 much too
high and a projected Le(90) too low. Reliable predictions of ultimate

90-day values are not obtained again until day 60.

_Thé following relations can be drawn about the ultimate K

1'
. and Le(90) values in Table 12, " Variation in the ultimate K1 values
among and between species is high. A given magnitude of K1 can not

- be easily associated with a specific specieé: the.range is too great.

However, a relation between the ultimate Le values and species

(90)

types does exist. The ultimate L values for Douglas-fir is less

e(90)

than the western hemlock values, which in turn is less than the red
alder values.

The projected and ultimate Kl and Le(90) values calculated

from the results of the BOD test run on needle and leaf tissues at

the standard temperature but treated with a nitrification inhibitor are

—_—_

given in Table 13. Again, the five-day projected K  values are very

1

small and the projected L values quite large for the western

e(90)

hemlock and Douglas-fir needles. In contrast to the results obtained

using untreated stream water, the red alder five-day projected K1

values from samples treated with N-Serve are generally higher and



68

1X23 ay uf JOJ IBWIM 3y3 se 0} vw.:o«ozn

3X23 21 Ul JULISUOD 23BI JOU IBWNIN I SE 0 PAUANY

€ mmo . - - - - - - - - O.n m.—O.UﬂOU

STE %0 ° 01¢ €vo* SL2 €50° 261 o1’ 4] ose"’ . 148 S3AEa|

08¢ 6€0° g¥e  ¥S0° L61 880 ° 191 r4 4 201 062" " €1 1apre pay

8L 144% 8L 8F1° 9L ¥s1° LL ¥S1° voﬁxm ‘€ vuoﬁxm 1 6 . Safpaau

161 L£0° A £ 0€0° 8LT 0v0 ° €cl 080° _voﬁxw ‘1 v..oﬁxc ‘S 8 }oo[ual uraysa M

€8 1499 ¥8 (395 S8 Lot1° 8. ver® _voﬁxv 4 w..oﬁxm 1 14 safpaau

144 ver’ ov1 SET* 6¢T ov1*® 144 ver® _voﬁxﬁ L wuoﬁxm ‘1 € ayy-se3noq

Ew\NO Sur sAep/1 Ew\NO Bur sAep/1 Ew\NO Bux  sdep/g &w\NO 3w skep/g Ew\NO Smr sAep/1
(06)2 3 (06)2 1 (06)2 (06)2 . los? |
q 1 v A 06 1 A 06 1 ﬁx 06 1 ﬁx . 06 1 ﬁx
06 09 Sy 02 S *oN S

sAEq Ul awuLy, amog uoneladap

-5k195-N YIM Pajean 1ajem WEANS Puk armetadwal

prepuels Suisn s3[nsal GOg Y Jo sisA[eue saxenbs 3seay B Aq m_.uom._om oE.E IUaI31p 10J payndurod S[EHIAIBWL JEI[ 10] SAIN[EA (06) o.._ pue Iy °€T 9qeL



69

the projected L values are low. Relatively precise predictions

e(90)

of the ultimate K. and L values are obtained in 20 days for

1 €(90)
Douglas-fir, 45 days for western hemlock, ard 60 days for red alder.

The range observed in the ultimate K1 and Le(90) values for western
h emlock encompasses the range of values observed for Douglas-fir.
Comparing Tables 12 and 13 it is apparent that variation is

high between ultimate K. values of a given species, while the ultimate

1
Le(90)— values, on the other. hand, are similar. Exceptions are the

ultimate K1 values of red alder and the ultimate Le(90) values of

western hemlock; in each instance three values are relatively close
with a fourth outlier.

The projected K1 and Le(90) values of the Douglas-fir twigs

are given in Table 14, For the remainder of this discussion it will

be assumed that the 45-day K1 and Le(90) of the Douglas-fir twigs

accurately predict the ultimate values of these tissues. This assump-
tion defines a reference for the comparison of values determined from
curves fit to the data over different time intervals.

- The five-day projected values for K

_— 1

are very small and the

projected L values are very large for all three age classes

e(90)

tested and thus all serve as a very poor indicator of the projected

45-day L In general, the 20-day projected values offer a

e(90)".

much better approximation, but still lack in precision. The 45-day

projected K. values of the first year twigs are closely grouped,

1
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while there is a moderate variance among the projected K1 values

of the third and fifth year twigs for the same period. Although there

is little deviation among projected K, values of first year twigs at

1

day 45, the deviation between projected L values is the greatest

e(90)
of the three age classes tested. In general at day 45, the first year
twigs have the highest projected K1 and Le(90) values, followed by

third and fifth year twigs.

Nitrate-Nitrogen Results

This experiment was performed to quantitatively determine if

" nitrification took place in'the leaf and Douglas-fir twig tests run at
standard temperature. Nitrification is often responsible for errone-
ously high results in long-term BOD studies. The the.oretical oxygen
demand due to nitrification by one-gram, dry wefght, of Douglas-fir
needles and twigs is detérmined in Appendix C. The result of this
calculation is that 56 fng of O, is needed to convert 8.82x10”4 moles

2

NH,-N to 8. 82x10~% moles No; - N. In this calculation, it was
assumed all the nitrogen present in fir needles, about 1.5 percent
by dry weight (Smith, 1970), waé in the form of NH3-N.

If nitrification took place, then higher NO;-N céncentrations
should be detected iﬁ the leachate of :mtr eated s#mples than in those

treated with N-Serve. If all the NH3-_N was oxidized, a concentration

of approximately 61. 5 mg NO; /1 plus the amount in the controls would
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be found in the leachate of untreated samples. The results of the

NO3

N analysis performed on treated and untreated samples are
presented in Table 15. In all cases, mean NO;-N concentrations in
the control bottle was greater than the concéntration observed in any
of the samples whether treated with N-Serve or not. There is also
very little variatién between values of different treatments within a
species.

Table 15, Nitrate-Nitrogen concentrations in the leachate from BOD
tests on leaves using standard temperatures.

Vegetation Untreated Water Treated with N-Serve
Type Bottle NOz Conc. Bottle NOZ Conc.
3 3
No. : No.
_ - mg/l ' ‘mg/1
Douglas-fir 1 .32 3 .29
needles 2 .25 4 .29
Mean -~ : .30 -~ .29
Western hemlock 6 .43 8 .42
needles 7 .45 9 .40
Mean -- .44 - .41
Red alder 11 .24 13 .21
leaves - 12 21 14 .27
Mean - .22 -- .22
Control 14 .44 10 .45
15 .47 --
Mean -- .46 -- .45

A test for NO;-N in the leachate of the Douglas-fir twig samples

was also performed. No NO;-N was found in either the control or

sample solutions.
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It may be assumed from these results that nitrification did not

occur in any of the samples run at standard temperature.

Results of the Leachate Analyses

These tests were performed to determine the amount of simple
sugar and polyphenolic compounds that 1eached from leaves and
twigs sﬁbmerged in water and to i;dentify some of the .simple sugars
present, The needle and leaf samples leached for 20- days while the
twig sarﬁples leached oniy for 15 days. After these time periods,
fungal growths appeared in the poisoned samples forcing the experi-
ment to be discontinued.

The leachate results are presented in Figures 7 through 18.
These figures include the concentration of leachate observéd in indi-
vidual samples together with curves showing the variation in the rﬁean
concentration over time. Hal-f the samples were poisoned with mer-
curic chloride to inhibit biological decomposition of the leachate, while

the other half remained untreated, allowing microorganisms to grow.

The Leaf Leachate Results

The sugar concentrations in the leachate of leaves are shown
in Figures 7, 8, and 9. The highest mean concentration of sugar
was observed in the poisoned samples of western hemlock (Figure 8).

Mean sugar concentrati.on peaks at 21.5 mg glucose equivalent/gm,
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dry weight, pf material at day 10, and remains above 15 mg/gm
throug-h day 20, The mean sugar .concentration in the poisoned
Douglas-fir samples (Figure 7) peaks at day 5 and 15, while the
mean concentration in the poisoned red alder samples (Figure 9)
peaks at day 10. The highest mean sugar concentration for both
species is about 11,5 mg/gm. | As expected, the mean concentration
of sugar is lower in non-poisoﬁed samples for all species. The mean
concentration of sugar in poisoned and non-poisoned samples remain
about the same during the first day. During this period, leaching is
occurring rapidly and the microorganism populations .have not begun
to utilize the sugar. After fw6 days, the differeﬁces between the
curves become apparent, .This difference can be attributed to micro-
organism uﬁtake. The greatest difference between mean iré.lue_s of
poisoned and non-poisoned samples is in the western hemlock leach-
ate, followed by the Douglas-fir and red alder samples respectively.
Mean sugar concentrations in non-poisoned Douglas-fir and western
hemlock samples remain relafivel'y constant after five days. After
five days, the mean sugar concentration in non-poisoned red alder
samples rem;ined parallel to, and about 3.5 mg/gfn below the
mean sugar concentr;tion in the poisoned samples.

The results of the analyses of phénolic concentration in the
leachate of leaves are given in Figures 10, 11 and 12. The mean

phenolic concentrations are much less than the mean sugar
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concentrations and are less than 0.'8 mg gallic acid equivalent/gm
material, This is probably due to the greater complexity of the
compounds classed as phenolics, which in turn, inhibit their rate
of leaching.

I.n general, there is little differenge between the mean concen-
tration of phenols in poisoned or non-poisoned samples until day 10,
At day 10 the mean concentration of phenols in the non-poisoned
samples begins to decrease in all species; There are two possible
explanations for this delayed reduction of the phenoli-c compounds.

First, as stated earlier, the phenolic compounds are more complex

' ‘chemically. As a result, it may take the microorganiéms longer to

oxidize them. Secondly, as was shown in Figures 7, 8, and 9, there

is a large quantity of sugar available to the organisms. Since the

sugars are readily oxidized they may be preferred by the micro-
organisms. In the presence of an unlimited food and oxygen supply, -
the growth of thé microorganism population is limited only by its
ability to reproduce. By the seventh day the population ma;y have
reached the point at which food becomes limiting. The organisms
may now be forced to utilize other available substrates, such as the
phenolics.

Itlshould be noted that in Figure 12, the phenolic concentration
of the -red alder leachate does not respond in the same manner as

for Douglas-fir and western hemlock shown in Figures 11 and 12.



82
Although the mean phenol concentration in the non-poisoned samples
declines at day 10, the mean concentration of phenolics in the pqisoned
samples also drops at this time. This indicates that the poison had
no efféct on the organisms present. This point is further substantiated
by the fact the mean concentration of phenolics is about the same in
both poisoned and non-poisoned samples, Re-examination of the sugar
concentration results of the sarﬁe sample (Figure 9) also shows a
drop in the mean concentration of sugar in the poisoned samples after
day 10 and closely parallél the mean concentration in the non-pois..oned

sampies.

Douglas-fir Twig Results

The Douglas-fir twig results are shown in Figures 13 through
18. The results of these tests were not as expected. A very thorough
check was made of all the analytical procedures involved in the experi-
ment. Samplés were reanalyzed to- examine the accuracy of the results
initially reported. No errors were found.

Selected poisoned and non-poisoned samples from each age
. class were analyzed for mercury to check the possibility that poisoned
and non-poisoned samples were mislabeled. The results of this test
showed less than 0. 002 mg Hg++/1 in the non-pc;isoned samples and a
range of 0. 052 to 0. 335 mg Hg++/1 i;l the poisoned samples. It was

concluded from these results that although the HgCl, was in solution,
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it was not foxic to the microorganisms. This conclusion is fu;l'ther
supported by the data. There are no pronounced breaks in mean
coﬁcentrations of sugars in the twig leachate as were present in the
leaf leachates. As a result, the results of the twig leachate test
will be discussed in very general terms with respect to the release
trends of.the leacha;tes.

The sugar concentration results are shown in Figures 13, 14,
and 15. _In general, the change in mean conéentration with time is
the same for all three age classes, i.e., a relativeiy slow initial
release, followed by a steady increase f:o near 10 mg glucose -
equivalent/gm, ar_y_-weight, material é.t day 15. This
concentration is about the same as observed for the leachate from
Douglas-fir needles over the same time period.

The phenolic results are shown in Figures 16, 17, and 18. The
release trend is basically the same as the sugars, i.e., slow at first
followed by a gradual increase. In general, the quality of phenolics
released by the twigs is about 1. 0 mg gallic acid eqﬁivalent/gm,
dry weight, material, or about 0.2 mg/gm greater than the

needles.

Types of Sugars Present in the Leachate

The simple sugars present in a Douglas-fir needle leachate.

sample were identified by paper chromatography. Two pentoses,
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arabinose and xylose, and three hexoses, galactose, mannose, and
glﬁcose were found. All these sugars are readily oxidized by aerobic

bacteria.

Leachate Toxicity Test Results

" The bioassay results for guppy and steelhead trout fry are

given in Tables 16 and 17.

Table 16. LC50 for guppies exposed to various dilutions of leachate
extracted from 50 gms of leaves per liter of water.

Vegetation Time in Hours
Tyvpe ) 24 48 72 96
----LC50 as percenf of 50 gm/1 solution -----

Douglas-fir 78 66 65 65
needles

Western hemlock _ 59 42 ' 35 35
needles ' :

Red alder 30 18 18 18
leaves

The concentration of leachate necessary to kill half the initial
fish population (LC50) from a 50 gm (fresh weight) sample of vege-
tation placedin a liter of water was determined by bioassays. The
LC50 value observed at 24 hours changed.only slightly for all three
species of vegetation and both specieé of fish over the test period.

In general, there was no change in the LC50 after one day, The
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guppies were more tolerant to the three leachates than the trout; the
96-hr LC50 for guppies .in Douglas-fir, western hemlock, and red
alder leachate was 35, 65, and 18 percent by vﬁlume as opposed to 26,
7.5, and 24 percent by volume for the trout. .

Table 17. LC50 for steelhead trout fry exposed to various dilutions
of leachate extracted from 50 gms of leaves per liter

of water.
Vegetation Time in Hours
Type . 24 48 72 96
---LC50 as percent of 50 gm/1 solution ---
Douglas-fir® 26 26 26 26
needles :
Western hemlock™ 7.5 - 1.5 75 7.5
needles :
Red alder 27 24 24 24
leaves

%These samples were not treated with HgCl

The Douglas-fir and western hemlock leachates in the steelhead

trout bioassay were not treated with HgCl, in order to examine the pos-

2
sibility Qf mercury poisoning (Table 17).£_~can be concluded from
these data that sufficient mercury was removed from the leachate

of red alder by the _chelatjmg compound. Toxicity values. for Douglas-
fir and western hémlock are in the same érder of magnitude as for

red alder. In addition, the fish in the poisoned alder leachate would

have been killed very quickly if mercury had been present in sufficient
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quantities. Since the Douglas-fir and western hemlock leachates were
not treated with‘HgCI2 toinhibit microorganism decomposition of the
leached substances, the LCSO values may be high.

| Although it has been shown that the leachates of Douglas-fir,
western hemlock, and red aldér leaves can be toxic to guppies and
steelhead fry, it is unlikely that any problems will occ;lr from direct
toxicity of these materials in mountain streams. The concentration
of material needed to produce these toxic effects is very high; so high,
in fact, that the demand for oxygen would probably be responsible.fof

death.
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DISCUSSION AND CONCLUSIONS

The primary objective of this study was to quantify the impact
of leaves and needles of selected tree species on the quality of moun-
tain stream water. Emphasis has been given to the biochemical
oxygen demand of these materials and the rate at which the oxidation

reaction proceeds.

Biochemical Oxigen Demand Relations of Douglas-fir,
Western Hemlock, and Red Alder

The initial BOD results were presented earlier. Since nitrifi-
cation of the standard teméerature leaf and twig samples did not
occur, the four replications within each species of the leaf éampl.es
and the three replications within each age group of Douglas;fir twigs
were combined. Composite BOD éurves were then constructed using
90 days of data and also using data for- shorter time intervals, but
extended to 90 days. Estimation of long-term BOD using tests of .
shorter duration may thus be considered in much the same manner
that a five-day BOD is used to estimate 70 to 80 percent of the
ultimate demand for sewage wé.stes. The results are presented in
Table 18l and shown diagrammatically in Figures 19 through 26.

The composite ultimate and projected K1 and Le(90) value;
for selected time intervals are summarized in Table 18. Figufes 19

through 26 illustrate the 90-day BOD curves and a BOD curve fit
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through the data which accurately predicts the 90-day, or ultimate
BOD.

Each BOD curve is bounded by lines representing a 10, 20,
or 30 percent envelope. This provides an indication of fhe variabil-
ity of oxygen upt‘ake within a species. Whenever a process is eval-
uated using a bioassay technique, such as a BOD test, several
sources of variability exist. The BOD curves obtained in this study‘
were the result.of a multitude of complex interactions, such as leaf
and twig chemistry, the rate at which compounds leached from the
'material, and microorganism populations. In view of these interac-
tions, the composite curve was considered to be a good representation -
of the p.rocess of oxygen uptake if all the data plo.ts fit info 1;he 30
percent envelope at day 90. |

It is evident from Table 18 that the 5-day projected K1 and
Le(90) values for leaves are very poor indicators of the ultimate
BOD. However, the ultimate BOD can be accurately predicted from
th‘e 20-day value of Douglas-fir, the 60-day value for red alder, and
the 45-day value of western hemlock. These lrelationships are illus-~
trafed in Figures 19 through 24. Examination of the Douglas-fir
(Figures 19 and 20) and alder (Figures 21 and 22), composite BOD
curves show-th; predictions of the ultimate BOD to be relatively
accurate. At day 90, most of the aata for Douglas-fir are included

within the 30 percent envelope even using only 20 days of .data, while
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all the red alder data are within the 20 percent bounds using 60 days
of data. All of the western hemlock data (Figures 23 and 24) ax;e not
included in the 30 percent eﬁvelope at day 90 using either 90 or 45
days of data. The reason is that one sample exerted a BOD much
lower than the other samples. In this sample, the BOD was nearly
satisfied by day 10 and was completely satisfied by day 40. The re-
maining western hemlock sampleé exhibited a much different pattern
of oxygen demand. There is little deviation between these thx-'ee
samples; all three are included in the 30 percent envelopes about the
corposite curves.

A ciifférén-t, a;nd prc;gably more prgcise esltimate of the ultimate
BOD for western henﬁlock was obt;ined by using only the first 20 days
of data to construct the composite curve (Figure 25). There was close
agreement between all four samples during this time period; the devi-
ation of the fqurth sample did not begin until after day 10. The com-
posite curve projected'from the 20-day period estimated the ultimate
BOD as 200 mg OZ/gm: the three similar samples were included ip a

10 percent envelope about the composite curve.

—

It may be'co_nclud;d frdm these results that the red alder exerted
the grea;test oxygén demand over 90-dé.ys, while at the same time hé.v-
ing the lowest rate constant, The Douglas-fir needles have the lowest
oxygen demand and the highest rate constant. Western hemlock was

intermediate, both in total oxygen demand exerted and the rate of the
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BOD reaction. In general, the composite Douglas-fir twig curve
is similar to the compc;site leaf curves.
From Table 18 it is evident that the 5-day projectgd values for
Douglas-fir twigs are poor indicators of the 45-day predictions of the
ultimate BOD. However, the projected L value is similar to the

e(90)

projected value for DOuglas-fir-needles over the 45-day time period.

1 value, indicating that their demand

The twigs have a much lower K
will be exgrtea over a longer time period.

The composite curve for Douglas-~fir twigs is illustrated in
Figure 26 There i_S'a. high degree of variation among samples; four
of the nine samples a-.re_notmincluded in the 30 percent envelope. Seven
of the nine samples are closely bunchéd and dominafe the shape of the

curve., However, the ultimate demand predicted using the 45 days

of data may be slightly high due to the effect of the two high samples.

Leachate and BOD Rate Constant Relations

The rate at which the BOD reaction proceeds is a function of the
incubation temperature, the microorganisms present, and the sub-
strate available to the organisms. Since the temperature was con-
stant é.nd the same stream water was used in all the samples, the
difference in rate coefficients may be explained by the different
type of substrate present.l It was the in'tent at the outset of

the study that the leachate results would be used to describe the
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differences in K1 bet;wéen species. Hdwever, the leachate test was
terminated after 20 days due to fungal interference. Therefore, the
results can only be appliéd to the initial portions of fhe curve.

The 20-day rate coefficients, K for Douglas-fir, red alder,

1’
and weétern hemlock are 0. 140,- 0.109, and 0.049 respectively. The -
Douglas-fir and red alder K1 vaiues may be expléined by the leaching
pattern for sugars and phenolics 'shown in Figures 7 and 10, and 9 and
12, The Douglas-fir has a very rapid sugar and phenolic release;
most of the simple sugars are leached out in five days. The sugar
and pkenoclic release by red ahlder is not as.rapid, taking at least 10
days. Hovdeirér, the émouﬁ'i_reléa_sed is pela'rly the same for both
species. This' is why both species h.ave relatively; high 20-day Kl
values and why the red alder is slightly less than the D.ouglas-fir
value.

Western hemlock has a relatively slow release of sugars and
phenolics during the first three days followed by a very rapid and
hiéhly concentrated release during the next seven days.- However,

in contrast to the Douglas-fir and red alder K, values, western

1
hemlock has a relatively low KI value. 'This is probably due to the
high sugar concentration present, With such a high concentration of
sugars released, conditions may have been created that were unfavor-

able to the microorganisms, forcing them to require more time to

adapt. The phenolic release by western hemlock and uptake by
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microorganisms is similar to that of fir and alder.
Since half the twig leachate samples were not adequately

poisoned with HgCl_ the actual concentration and rate of sugar re-

2

lease over time is not known. As a result the relation between twig
Kl values and twig sugar and phenolic leaching rate can not be de~

fined quantitatively.

Standard and Fluctuated Temperature BOD Relations

-Neither K1 nor Le(90) values were determined for the BOD

data collected under conditions of fluctuating temperature. However,
'_ some general conclusions can be drawn by compa.ring the mean BODS
values obtained using fluctuated tempéi‘ature with those obtaihéd under
standard temperature conditions. The BOD_ values using standard

5

temperature were taken from the best fit BOD_ _ curve through the

90
comp;)si'te_ data. These results are presented in Table 19. The mean
BOD5 of leaves exposed to conditions of fluctuated temperature were
much greater than those exposed to standard conditions; 75 percent
higher for Douglas-fir, 58 percent higher for western hemlock, and
76 percent higher for red alder.

It is apparent from these éomparisons that Douglas~fir, western
hemlock, and red alder leaves exposed to condit.ions of temperature

fluctuation comparable to those observed in a small stream exposed

by a clearcut, have a much higher oxygen demand in five days than
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the same vegetation incubated at standard temperature.
Table 19. Five day BOD in mg Oz/gm of Douglas-fir, western

hemlock and red alder leaves exposed to different
temperature treatments.

Temperature Douglas-fir Western 'Red
Treatment Hemlock Alder
mg Oz/gm mg Oz/gm mg O2 /gm
Standard 51 : 46 60
Fluctuated : 202 109 249

BOD/COD Relations

The BOb/CCD ;'atio 1s often used ‘by sanitary engineers. in
sewage treatment plant management, If a sample is composed of
compounds that are oxidized by both the BOD and COD procedures,
a relationship may be established; If this relation is consistent,
the COD test may be used to predict the ultimate BOD of a material.
This is very advantageous since the COD only takes about 3 hours
to perform, However, if the relationship between BOD and COD is
inconsistent, predicted ultimate BOD from the COD test are likely
to be erroneous. In general, materials containing high concentra-
tions of cellulose have inconsistent BOD/COD relation.

The relation of BOD to COD is not consistent for leaf and twig

tissue. There is high variation among the BOD exerted within species
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as shown by Figures 19 through 26, as well as the détermined COD
as shown by Table 5. However, the BOD/COD ratio was computed
to give a general estimate of how completely the. microorganisms
oxidize the material,

Specific BOD values for each species were taken from the best
fit curves through the composite data while the mean COD values were
.used. The ratios were found to be 0. 24., 0.29, 0.32 and Q. 12 for
Douglas-~fir needles, western hemlock needle.s, red alder leaves and
Douglas-fir twigs respectively. These ratios indicate that about one -
fourth of Douglas-fir needles, three-tenths of western hemlock
needles, and one-third of red alder leaves can be oxidized by aquatic
micfoorganismé in 90 days while on1.y one-eighth of Donglas-fir twigs
can be oxidized over the same period under stan;lard conditions.

Again, it is emphasized that these relations are only very

general relations drawn from samples with high variability.
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SUMMARY

The results of this research have provided several important

facts about the BOD of needles, leaves, and twigs, the nature of the

substances leaching from these materials that cause this BOD, and

the toxicity of these leachates to fish.

1.

The BOD exerted by Douglas-fir and western hemlock needies
varies depending on their aspect in the crown and their- age.
'i'he BOD exerted does.not vary significantly with elevation in
the crown, The BOD exerted by red alder leaves does no.t vary
significantly by crown position.

Nitrification did not oc.cur in any of the standard temperature
BOD tests,

The ultimate BOD or 90-day BOD and rate constant (Kl) was
110 mg Oz/gm and 0. 125 for Douglas-fir needles, 110 mg 02/
gm and 0.056 for Douglas-fir twigs, 200 mg 0, /gm and 0. 049
for western hemlock needles, and 286 mg Oz/gm and 0 047 for
red alder, based on dry weight.

Further analysis showed that 90-day values for BOD and K1
could accurately be estimated by tests of shorter duration: 20

days for Douglas-fir needles, 20 days for western hemlock

needles, and 60 days for red alder leaves. The standard 5-day

‘BOD was a poor estimator of the ultimate BOD and associated

Kl’
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The standard temperature BOD samples of Douglas-fir needles
and twigs were not mass-concentration dependent.
The concentrations of simple sugars were followed over a 20
day period. Half the samples were poisoned with 2 mg/1 HgCl,

to inhibit microorganism growth, Mean maximum concentra-

tions of sugar varied from 21, 5 mg glucose equivalent/gm in

western hemlock to about 15. 0 mg/gm for Douglas-fir and red
alder leaves in those samples that were poisoned. Mean maxi-
mum concentrations of sugar in the_non-poisoned samples were
6.0 mg/gm for Douglas-fir needles, 5.0 mg/.gm for western
hemlock needles, and 8.0 mg/gm for red alder leﬁves. Mean
maxi.mum concentration éf sugar for the Douglas-fir twig
samples was 10,0 mg/gm. Values are based on fresh weight,

A paper chromatography analysis showed that the sugars present
in the leé.chate from needles, leaves, and twigs consisted of
arabinose, xylose, galactose, mannose, and glucose.

The concentrations of phenolics were followed over a 15 day.
period. Mean maximum concentrations of phenolics were 0. 72,
0.46, and 0.55 mg gallic acid equivalent/gm for Douglas-fir
needles, western hemlock needles, and red alder leaves in those
samples that were poisoned. There was little difference between
mean concentr;tion of phenolics in the unpoisoned and poisoned

samples until day 10, when the mean concentrations of phenolics
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in the unpoisoned samples decreased. The Douglas-fir twig
sainples had a maximum mean concentration of phenolics of
about 1.0 mg/gm.

The five-day BODs of leaf. material exposed to conditions of
fluctuating temperature (12.9 to 35.0°C) were determined.
Samples exposed to standarcj temperature conditions exerted

a BOD5 of 25, 42, and 24 pefcent of the temperatul;e fluctuated
BOD5 for Douglas-fir needles, western hemlock needles, and

red alder leaves respectively.

The mean COD was 454 mg Oz/gm ‘(dry weight) for Douglas-fir

needies, 947 mg:-O 2/g.r-z; (dry v;zé'ight) for-Douglas-fir twigs;

570 mg Oz/gm (dry weight) for western hemlock needles, and
882 mg Oz/gm (dry weight) for red alder leaves.

The toxicity of a leachate extracted from 50 gm (fresh weight)
per liter of water of each species was determined on guppies
and steelhead trout. The 96-hour LC50 to guppies from leachate
of Douglas-fir, western hemlock, and red alder leaves was 35,
65, and 18 percent of the origina} concentration, while steel-
head trout fry had 96-hour L¢50'S of 26, 7.5 and 24 percent of

the original concentration for the same species.
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Suggestions for Further Research

This research has been directed towards quantifying the short-
and long-term BOD of logging debris and the rate at which this oxida-
tion process proceeds. The p.urpose of this research has been to
provide the oxygen depletion parameters of a model which will pre-
dict the impact of logging debris on the dissolved 0xyg-en concentration
at the site of accumulation and downstream. Xarlier research has
providéd models which.predict the reaération in small mountain
stfeams, and presently research is being carried on at Oregon State
- University which seeks to qua.ntifyl potential debris accumulation at
a site.

Although it is beyond the scope of this study, a model which
simultaneously evaluates the effects of BOD and reaeration with

respect to debris accumulation potential needs to be developed. . In

3
o~

its present form, equation (7) mé.y be used to predict the combined
effects of BOD and reaeration. Equation (7) may be used to predict
the oxygen deficit at any point downstream from the point of debris
entry. Of particular interest is the maximum oxygen deficit caused
by the debris under given conditions and the point at which it occurs.
It is important that such a model be completed in order to more
clearly relate logging and water quality.

It has been shown that finely divided logging debris exposed to
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conditions of fluctuating water temperature exerts a much higher
oxygen demand than samples exposed only to standard temperature.
Further evaluation of the BOD of debris under such conditions is |
recommended. An alternative to the approach used in this study is
the actual placement of samples in a stream.

It was also shown that the BOD rate coefficien.ts were a function
of the type of leachate present.: It would be valuable to have reliable
leachate results for the entire ninety-day period. These results could
be used not only in BOD rate coefficient evaluation, but also by fishery
biologist in the prediction of chronic effects of the debris on fish or in
évaluating the impact éf leachate compositipn on primary production.

Specific concentrations of given Ieachafes were found to be toxic .
to fish., However, the bioassay test performed only measured the
effect of the leachate on fish. Under natural conditions an oxygen
stress may be created due to the presence of debris. More extensive
tests should be carried out which examine the acute and chronic effects

of various leachate concentrations at different oxygen levels on fish.
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DERIVATION OF THE OXYGEN DEFICIT EQUATION

(Equation 7)

Notation:

D = Oxygen deficit relative to saturation

Da = Oxygen deficit relative to saturation at t = 0
e = Base ofthé natural logarithms (2. 71828)
Kl = Deoxygenation rate coefficient (base e)
kl = deoxygenation rate coefficient (base 10)
K2 = reaeration rate coefficient (base e)

kZ = Reaération rate coefficient (basé 10)

L. = BOD concentration

La = BOD concentration at t =. 0

t = time

Given:

Q. |n. [e7R [0
"10 “1h
"
[}
X
t

= -K,D

mg/1

| mg/1

none
1/days
1/days

1/days

1/days

mg/1
mg/1

days

(30)

(31)

Expresssing (30) in terms of rate change in deficit over time yields:

[

ETI

(32)
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Combining (31) and (32):

dD

dT-=K1L -KZD __ (33)

Solving (30) for L |
dL _ .
L= -Kdt , (34)

Integrating between the limits La and L, and 0 and t, where

La=Latt =0:

L t
t dL S‘
) L - -K1 dt (35)
La o
L =Lae X1t (36)
Substituting (36) into (33) yields:
£ 7
It KlLa e _ (3 )
Separating variables- and dividing both sides by KlLae
D .
(752)
K,La
1 D -K. t
_ = 1
dt tK, K, La © (38)

Equation (38) is a first order ordinary differential equation of the

general form:

dy = DX S
dx+ ay = ce (39)
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D

KlLa

where'y = x=t, a=K,, ¢c=1, andb = -K

1

The general solution to (39) may be found in Survey of Applicable

Mathematics by Rektorys (1960) on page 832,

v ebx
C ~ax
Y = (a+b ) + Ce (40)
Applying the solution (40) to (38):
D 1 -K.t Kot
S —1 1 2
K,La '(-K1+K2 )e t ce | (41)

Multiplying both sides by K, La and letting K La-C =C' equation

1 1

. (42) is obtained: ' .

D= —1) RS LI % C(42)
K -K, o

To determine the value of the arbitrary constant C’, solve equation

(42) for C' at t = 0,
C =D 75— (43)

In (43), Da is the oxygen deficit at t = 0,

Substituting (43) into (42):

' K.La
1 ~K;t 1 -K,t

D= —)e 1" 4 (D -_—)e 2 (44)

(KZ-K1 a KZ-K1
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[P

Simplifying:

KlLa

- - K, t
D=———(eK1t-eK2t)+Dae 2 (45)
Kz'Kl :

Equation (45) may also be expressed in terms of logloz

lea

-k -kt -k
D=——(1o 1t . p7%2 )+Da10 2t (46)
! :

122
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APPENDIX B

SOLUTION OF THE WATER BATH HEATING PROBLEM

The Problem:

Notation:

Assumptions:

Determine at what temperature water ente ring the

bath should be to raise the temperature of the solu-

tion in the bath from 12,8°C to 35° C in eight hours.

r

T(t)

Tw

—
.

2,

3.

Equation Derivation:

FRate change of )

heat within the

volume

Given:

rate of water into and out of the bath 1/hr

time ' hr

. temperature of water in the bath at

time t °C

" temperature of water coming into

the bath o °C

volume of water in bath _ cm

- The only major heat gain or loss of the

water volume is from the inputs and
outputs of water.
The water volume is completely mixed.

The water volume is constant with time.

Rate input of Rate output of
heat into the — theat from the (18)
volume : volume

The rate input of heat is 'I'w_r

The rate output of heat is T(t)r
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3. The total heat in the volume at anytime t
is vTI(t). Therefore tlte rate change of
temperature within the volume is d[vT(t)]/dt.

Substituting these relations into (18) yields equation (19).

dI\;’fMl - Twr - T(t) = [TW-T(t)]r (19)

Since v is constant with time, (19) may be written as:

o vdt(t) _ : |
at [TW-T(t)]r : (20)

Dividing both sides of (20) by v yields (21).

Tl 03] (21)

Equation (21) may be solved for T(t) by using a general solution

presented in Survey of Applicable Mathematics by Rektorys (1969) -

on page 832.

dy -

dx tay =c | (22)
The solution to (22) is:

y=<+Ce (23)

Equation (24) is obtained by algebraically rearranging (21) into

the form of (22).
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a1(t) . r -
st (T = (T (24)

Applying the solution to (23):

r/v(T ) - (8
T(t) = —T + Ce (25)
= (1)
T(t) = T_ +Ce (26)

Solution of the Heating Problem:

Given the following initial value conditions: T = 12.8°C at
t=0and T =350°Cat t = 8, and v = 240 cm3 and r = 60 1/hr.
Substituting the initial value conditions into equa.tioh_(26) and solving
for Tw yields:

- =(8)
v

T _35.0-12.8 e (27)

r
1 ~-e v

Substituting the values of r and v into (27) and solving:

60
~ 340 (8)

35.0 ~12.8 ¢ '
T = (28)

v - 522 (5

240
l - e

T = 38.462== 38.5 (29)
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APPENDIX C

THEORETICAL -OXIDATION OF NITROGEN IN
' A DOUGLAS-FIR NEEDLE

Given: NH, + 1} O, Nitrosomonas _ HNO, +H,O + Energy (16)
NOZ- +% Nitrobactor > NO.- + Energy (17)

2 3
Assume one gram of Douglas-fir needles contain 1. 5% nitrogen

{Lavender and Carmichael, 1966) in the form NH3 -N. From

equations (16) and (17) it is apparent that two moles of OZ. are

necessary to convert one mole NH3-N to one mole NO3- N. Since

: ) : -4 T
0.015 gram of NH_-N is equal'to 8.82x 10 moles NH3-N:

3

_0.015

x 17

moles NH3-N
-4
x =8.82x10 moles NH3-_N

The amount of oxygen needed to oxidize 8.82x 10.4 moles NH3-N

to NO_ -N is:
3
%)

(8.82x107 ") (64) = . 056 gram of O

2

or

56 mg of OZ'
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APPENDIX D

Tables
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