
AN ABSTRACT OF THE THESIS OF

Danny Lynn Rambo for the degree of Master of Science

in General Science presented on December 18, 1981

Title: The Metabolic Behavior of Some Cascade Mosses

Abstract approved:

Redacted for Privacy

Dr. J. H.Ovford, Jr.

The mosses, Hygrohypnum bestii, Dicranum fuscescens, Plagiothe-

cium undulatum and three morphovariants of Eurhynchium (oreganum and

E. praelongum) were collected from low irradiance microhabitats in

the Andrews Experimental Forest. Using a Gilson Differential Respi-

rometer and a Pardee buffer ensemble that maintained a one-percent

CO
2
atmosphere, photosynthesis and respiration at four temperatures

and four light intensities were determined. Determinations were made

of the maximal and minimal respiratory rates, optimal light and tem-

perature for net photosynthesis, P/R ratios, and light and tempera-

ture compensation points for each "species." All six taxa appeared

to have compensation points at irradiance levels more than an order

of magnitude below values reported in the literature for any species

of bryophyte. Several hypotheses are offered to explain this. How-

ever, two of the six taxa had such relatively poor low-light carbon

fixation rates in the lab that their competitive survival at the

collection site is hard to explain. There was no evidence that light

saturation levels were ever approached. At 34°C some species showed

indications of both diminished photosynthesis and/or respiration.

Discussion includes concerns about possible effects of the hormonal

gas, ethylene, which was discovered to be a degradation product of the

Pardee buffer.
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The Metabolic Behavior of Some Cascade Mosses

INTRODUCTION

Much work has been done in recent years in the field of ecosystem

analysis, especially as awareness has grown that perturbations can

produce unexpected disasters. It has also become apparent that

not only are systems interrelationships complex, but the smallest

component may play a crucial role.

Generally when terrestrial systems are studied, the nonvascular

cryptogarniccomponents(algae, lichens, fungi, bryophytes) are allotted

small effort. This may be due to considerations of the usually small

biomass (Forman, 1969), arduous taxonomy, or perhaps ignorance. Ameri-

cans seem most at fault on the point, perhaps because they lack the

pervasive North European milieu of bog, moor, and heath.

Excluding the economic Sphagna, possibly the most intense aute-

cological studies of bryophytic cryptogams have been done by such

Europeans as Tamm (1953) and Tallis (1959). They not only made worth-

while observations on their respective species (Hylocomium splendens

and Rhacomitrium lanuginosum), but were able to show a distinctive

role for these mosses in nutrient cycling and maintaining ecosystem

stability. The more recent energy flow concepts have received contri-

butions mainly from R. T. T. Forman (1968, 1969) who found an inverse

correlation between the caloric value of some New England bryophytes

and the altitude at which they grew. Most of the effort in bryology

has gone to clarifying taxonomy, distribution, morphology, and phyto-

sociology. There has also been considerable fascination with the

ability of mosses to survive and metabolize after being subjected to

severe desiccation (Rastorfer, 1967; Hinshiri and Procter, 1971),

freezing temperatures (Rastorfer, 1970; Atanasiu, 1971) and near boil-

ing temperatures (Glime and Carr, 1974). While all of these have been
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important ecological contributions to bryology, metabolic studies

must increase if we wish to better understand bryophyte biology.

Nearly all modern attempts to relate the metabolic behavior of

mosses to their ecology are indebted to the early gas exchange studies

of Stalfelt (1937). These recent studies have used a host of innova-

tive manometric, procedures to show a range of response and variability

not unlike that displayed by vascular plants. The wide distribution

of Bryum sandber5i was shown by Rastorfer and Higinbotham (1968) to

be matched by net photosynthesis over a wide range of light and tem-

perature conditions. When Hosokawa and Odani (1957) determined the

light compensation points for a group of epiphytic bryophytes, they

found a precise correlation with their vertical distribution on beech

trees and were easily able to apply labels of stump, trunk, and crown

(shade to sun) plants. Numerous workers such as Bazzaz et al. (1970),

Forman (1964), and Tallis (1959) have reported variations in metabolism

and morphology (within a single species) that seemed to correspond to

site-habitat variations. Despite the noted similarities to vascular

plants, the characterization and cataloging of bryophyte physio-ecology

is still so fragmentary that generalizations are hazardous.

Most temperate deciduous forests are relatively depauperate in

bryophytes and other cryptogams (Forman, 1969), but they are often

bountiful in tundra and the various rainforest systems. Burgeoning

economic and scientific interest in cryptogam-rich areas make increased

understanding of this "small component" imperative. Part of the re-

sponse to this need has come from the recent International Biological

Program (IBP) which sponsored research in the H. J. Andrews Experimental

Forest in western Oregon. Some of these studies had immediate forest

management implications while enhancing knowledge of biogeochemical cy-

cling and energy flow in coniferous forest biomes. The role played by

cryptogams is notable. Groundwater flowing over mossbanks was found

to have significant diurnal fluctuations in nitrogen concentrations (J.

H. Lyford, pers. communication). Dennison (1973) published estimates

of significant nitrogen-fixation by certain lichens, and qualitative
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evidence for intrafoliar bryophyte nitrogen fixation (bacterial or

algal?) has been shown by Snyder and Wullstein (1973). Up to 18.3 kg

of epiphytes (of which about 50 percent was bryophytic) was found by

Pike et al. (1972) on a single 450-year-old Douglas-fir. In the same

and similar areas of the Pacific Northwest, Coleman et al. (1956),

Franklin and Dyrness (1973) and many others have made non-quantitative

note of the dense cryptogam cover. Fredriksen (1975) estimated that

23 percent of the total nitrogen budget (for H. J. Andrews watershed

number 10) was associated with precipitated dust and most of this will

lodge somewhere in the multiple layers of cryptogams. In view of the

above findings, the role of epiphytes in forest nutrition must loom

large both as interrupters (or temporary pools) of outflowing nutrients

and as extensive sites of nitrogen-fixation. It would seem reasonable

to assume at least a portion of this role for the terricolous and

aquatic bryophytes in the same area. These plants also provide plat-

forms that are sites of extensive and varied biological activity

(e.g., periphyton). They are usually the final photosynthetic layer

in a carbon fixing zone over 200 feet deep and their dense wick-like

structures are certainly involved in retarding the flow of nutrients

from the system.

Having noted the relatively critical role that cryptogams play in

northwestern forests, it became of interest to examine some of the

ecophysiological constraints on the mosses which exist in the final

autotrophic layer beneath an old-growth canopy. I was curious about

their basal metabolic behavior, that is, the response of photosynthe-

sis and respiration to variations in temperature and especially to the

low light levels (estimated to not exceed 150 foot candles on the

forest floor). Bohning and Burnside (1956) determined a light compen-

sation point for some vascular shade plants to be about 500 lux (note

1 ft-c = 10.8 lux). Hosokawa et al. (1964) reported that

their stump species of moss needed an intensity of 400-800 lux to

reach their compensation points. Rastorfer (1967) reported these
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values as compatible with Stalfelt's (1937) compensation points of 300-

500 lux. A common weakness of all these studies is a great range of

light conditions (0-20,000+ lux). This often meant that the compen-

sation point (P/R = 1) was found by bracketing or extrapolating on a

curve whose scale was too large to offer more than a rough approxima-

tion of the real value. A more precise examination of bryophyte metab-

olism in this narrow illumination band surrounding the compensation

point seemed to be in order. The light and temperature conditions

required to reach and maintain compensation, constitute a major determi-

nant as to whether a plant can meet its maintenance requirements, grow

and reproduce, and may influence such things as distribution, phyto-

sociology, and capacity for active nutrient uptake. Severe desiccation

and freezing temperatures may exert similar influence but in the

Andrews these rare events seem to have almost no limiting effect on the

vascular populations and presumably little effect on cryptogams.

Because all tested specimens were from the same low light zone, it

was assumed that their compensation points would be similar. If this

proved untrue, an explanation might be sought in the microhabitat or

nutrition. In contrast to vascular plants, both Shacklette (1965) and

Nagano (1972) concluded that generally there was no distinct correla-

tion between the percentage of a nutrient in a moss and the percentage

in its supporting substrate. However, Tam (1953) was able to show that

for Hylocomium splendens, access to canopy drip was reflected both in

dry matter production and tissue nutrient concentration. Within a

typical Cascades old-grwoth forest watershed, there are three primary

sources of moisture: stemflow, canopy drip, and streamflow (seen as

groundwater, seepage, splash from tiny waterfalls, and actual running

streams). Grier et al. (1974) found that the quantity, concentration,

duration, and availability of nitrogen and phosphorus was distinctly

different for each of these three water sources. Because these three

sources could be potentially quantified and qualified, it was decided

that such water sources would fill the role of habitat reference for

this experiment.
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Experiments were performed using one genus occurring in all

three water-nutrient-habitat zones (Eurhynchium) and genera that

generally were specific for only one of the zones: Plagiothecium

in the canopy drip zone, Dicranum in the stemflow zone, and Hygro-

hypnum in the streamflow zone. Having selected taxa from within

the general low light zone and subdivided them according to a

proposed habitat characteristic, I returned to the laboratory

seeking to define their relative compensation points and explore

their photosynthetic and respiratory response under variations in

temperature and light. After comparing their behavior with one

another and values reported in the literature, I wanted to discuss

common and distinctive features and examine whether their metabolism

reflected their habitat reference or some other obvious basis for

grouping.
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MATERIALS AND METHODS

Experimental Overview and Objectives

Six taxa of bryophytes were selected and rates of photosynthesis

and respiration determined in the lab under conditions relevant to

their natural habitat, especially low light intensity. Using

manometric techniques, the resulting gas exchange volumes would be used

to determine: respiration, net photosynthesis, gross photosynthesis,

light/temperature compensation points, productivity to respiration

(P/R) ratios, and Q10 values. These calculated results would then be

compared among the six taxa and with the literature to examine possi-

ble ecophysiological implications and the hypothesis that moss taxa

from the same macro- and microhabitats might share similarities in

metabolic response or "behavior."

The Collection Site

Samples were collected from H. J. Andrews Experimental Forest ap-

proximately 80 kilometers east of Eugene, Oregon. This area has been

generally characterized as the Tsuga heterophylla Zone by Franklin and

Dyrness (1973) and more specifically described by Fredriksen (1975).

Five of the test groups came from the watercourse confines (ca. 50

meters wide) of watershed No. 2, an area closely approximated by

Pechanec's (1961) "Group A" stand at 500-900 meters elevation. The

sixth test group came from the streambed of watershed No. 10, clearcut

in 1975 and subject to the extremes noted by Likens et al. (1970).

The Plants

The comparative habitats are based primarily on three distinct

water sources and assumed distinctions in their dissolved nutrient con-

tent; through fall, stemflow, and moving groundwater (Grier et al,

1974). The taxa selected were Plagiothecium undulatum, Dicranum

fuscescens, Hygrohypnum bestii, Eurhynchium oreganum with two variant
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morphologies and habitat designations: "E. turf-form" and "E. tree-

form"; and closely related Eurhynchium praelongum which was designated

as E. splash-form. The habitats for the three Eurhynchium variants

were perhaps more sharply defined in word than in fact. For example,

Schofield (1969) indicates that E. praelongum develops richly in

swampy areas which agrees with the intense splash zone I collected from

but does not precisely correspond to the near submerged collections of

Hygrohypnum. Further complications arise as Hygrohypnum was collected

in the full sunlight of a clearcut watershed. However, silt and peri-

phyton covered the clumps so heavily that the chloroplasts could

scarcely have "seen" more than a fraction of the incident radiation.

The existence of Hygrohypnum before the old growth was cut is not

proven, and the assumption that it is a shade plant may be arguable.

The literature is not definitive here. Always growing submerged or

emergent on streambed rocks, Hygrohypnum was reported to occur in

an alder thicket in Alaska by Hermann (1973) and the open "pine"woods

of Mt. Hood by Miller and Shushan (1964), but most citations note only

its western North America cordilleran distribution and never re-

motely suggest insolation conditions. Additional habitat information

on the six test taxa is found in Table 1, but are descriptive only of

the plants used in these experiments. Identification of the species

was confirmed by Dr. J. H. Lyford (OSU) and Dr. W. B. Schofield (UBC,

Vancouver), with voucher specimens being deposited in the OSU bryo-

phyte herbarium.

Sample Preparation and Treatment

Collection from the Andrews was selective. This procured the spec-

imens appearing most healthy, avoided a ravage of the site and depletion

of local germ stock while reducing the volume cf detritus returned to

the lab. Aquatic samples were cleaned of most silt at the site using

stream water to avoid nutrient leaching (Tam, 1953) which might occur

if extensive lab procedures were required. All test specimens were



TABLE 1

Experimental Plants and Their Habitat

Group Site
Water-Nutrient
Source Habitat Substrate

E. oreganum WS#2 Throughfall Organic soil, deep

"Turf" (T. heterophylla) moss turf or on humus
coated rocks.

P. undulatum WS#2 Throughfall
(T. heterophylla)

Organic soil and deep.
mat of predecessors.

E. oreganum WS#2 Stemflow In bark crevices of the
wet basal wedge of"Tree"

D. fuscescens

E. praelongum
"Splash"

H. bestii

WS#2 Stemflow

WS#2 Streamsplash and
groundwater

WS#10 Stream water and
ground water

Growth Habits

Tsuga heterophylla, and
Pseudotsuga menziesii.
Pechanec, 1961) (Pike

et al., 1972).

Wet basal wedge and
axes of Tsuga hetero-
phylla and Pseudotsuga
menziesii. (Pike et al.
1972).

Splash zone rocks and
adjacent wet gravel
and sand beds.

Submerged stream rocks
and adjacent wet sur-
faces.

Unispecific, robust, leafy,

semi-erect.

Unispecific, pale waxy green,

decumbent.

Mixed with Hypnum circinale
and lichen squamules. Extended
gametophyte (20-30 cm) strongly
adherent, chlorotic and necro-
tic, seldom branching. Almost
rare.

Rich green gametophytes cohere
strongly into solitary clumps
(approx. 5x5 cm). Mixed with

, Hypnum circinale and lichen squa-
mules. Stems have rhizoidal "fur."

Unispecific, dark green to near black
leaves and gametophyte reduced.

Unispecific, thickly clumped mats of
finely divided gametophytes heavily
coated with sediment, and periphyton.

00
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returned to the laboratory in essentially the condition in which they

were found, i.e., dry, turgid, or submerged. Upon collection,

plants were placed immediately in clear plastic boxes (27 x 19 x

9 cm) and refrigerated at 6-8°C. Any material not used within a two-

week period was discarded and new material collected.

Individual gametophytes were trimmed of senescent tissue and de-

tritus, triple rinsed in distilled water and gently blotted with paper

toweling. Damp plants were placed in a sealed container to maintain

hydration. Prepared samples were used within 36 hours and kept refrig-

ated until two hours before testing. This minimum hydration period

(2-36 hours) was designed to overcome delays in metabolic response

(Hinshiri and Procter, 1971; Rastorfer, 1967) due to the initially

dry condition of some collections.

Weight Determination

Approximately 0.2 gm of clean damp moss was distributed evenly

around the bottom of each reaction vessel. A lesser amount was used

if the gametophytes shaded each other, or a greater amount if such a

mass was contained in a single gametophyte. After testing, samples

were oven-dried (70°C) for 8 to 12 hours and stored in a desiccator

until weighed. Gas exchange determinations were calculated on a dry

weight basis as microliters of oxygen per gram of dry weight per hour

(ul 02/g/hr).

Manometric Measurements

Metabolic measurements were made using a Gilson Differential Res-

pirometer (GRP-14) and a Pardee buffer (diethanolamine) ensemble that

maintained a test atmosphere of one percent CO2. The basis for such a

procedure is discussed in Umbreit et al. (1964), and variations on the

method were used by Rastorfer (1967) and many other workers. Holding
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the concentration of CO2 constant, the experiment actually measured the

volumes of 02 produced or consumed by the mosses under the test

conditions.

There were several reasons for conducting the experiments under

an atmosphere of one percent CO2. Diffusion in an unstirred gas volume

such as existed within the reaction flasks is actually an effective

mass exchange mechanism only over distances of about one millimeter.

During the three-hour test periods, CO2 could have become severely

limited if available only at ambient air concentrations of 0.03%. At

a concentration of one percent, the gradient is sufficiently steep-

ened so that diffusion is less restrictive. Secondly, the microcli-

mate in which mosses exist, often over a mass of decomposing litter,

is likely to have elevated CO2 concentrations compared to those mea-

sured in the open air. Finally, having decided that an enhanced con-

centration was desirable, it was found that one percent CO2 was the

only concentration readily available from bottled gas suppliers.

Samples were distributed around the bottom of a 15 cc Warburg

reaction flask with single side arm and center well. A blunt hypo-

dermic was used to distribute 1 cc of distilled water to the moss in

each flask. This left the moss essentially saturated, but with no

free water in the bottom of the flask. One cc of water was also

placed in the side arm to help maintain 100 percent humidity. Pleated

filter paper wicks were placed in the center well with about 0.5 cm

projecting above the well. This was immediately followed by injec-

tion of 0.6 cc of Pardee buffer into the well.

After attachment to the respirometer, a minimum of one liter of

gas (1% CO2/99% air) at 15 psi was passed through each reaction vessel.

This assured complete flushing and primed the buffer which was formu-

lated to maintain a one percent CO2 atmosphere.
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The Light Source

Two, two-bulb, 24-inch fluorescent fixtures were installed beneath

the water bath. Illumination was from Duro-Test Vita Lites, (cool

white fluorescents) highly comparable to natural outdoor light accord-

ing to the company.

Light attenuating neutral density filters were cut from galvanized

steel mesh (2 mm). The screens were stapled together in units of two

or four, which allowed for illumination increments of 0, 2, 4 and 8

screens (see light levels in Appendix).

Irradiance was measured with a Gamma Scientific 2900 SR Spectro-

radiometer system with a 3.2 mm diameter quartz fiber optic probe. A

modified Warburg reaction flask and holder were lowered into one of

the central operating positions in the respirometer water bath. With

the probe inserted into the center well, the true incident light was

measured after attenuation by the glass flask, water, screens, and the

plexiglass floor of the bath. For each light intensity, readings

were taken in 10 nm intervals from 400-700 nm. Each reading was con-

verted to watts/m2, plotted on semi-log paper, and the resulting curve

integrated to find the total incident energy with a specified number of

screens (see Appendix for details on light calibration).

The three test modes (control, dark, and light bottles) were put

into permanent positions that placed the light bottles where illumina-

tion would be most consistent and intense. Following each run, a

special cleaning procedure was used to remove the stopcock grease from

the ground glass fittings and to regain the clarity of the reaction

vessels. The vessels were first soaked in a large beaker of hot un-

leaded gasoline, rinsed in a second beaker of hot gasoline, then

dried, all under a high volume hood. Vessels were then soaked in

boiling hot detergent solution (not soap, since the NaOH and/or KOH

will etch glass), rinsed first with tap water, then triple-rinsed

with deionized water.
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Data Acquisition and Treatment

Of the 14 reaction vessels available, four were designated "con-

trols" (lacking only moss), four were wrapped in aluminum foil and

designated "dark bottles," while the remaining six were designated

"light bottles."

The location of the three designations was fixed (see Appendix

F). The reaction vessels are held by a framework in two rows of

seven bottles each: a control bottle (4 total) was placed at each

end of both rows; a dark bottle (4 total) was placed next to each

control bottle; the remaining three internal positions on each row

were occupied by the six light bottles. This placed the light

bottles where the irradiance was always most intense and consistent.

The unequal number of light and dark bottles was partially a pro-

duct of the respirometer's geometry, but also resulted from the know-

ledge that problematic photosynthetic measurements would benefit

from extra data points.

A "run" consisted of exposing a single species (or morpho-

variant) at one temperature (4, 14, 24, or 34°C) with three sequen-

tial replications at each of the four light increments. Thus four

temperatures for the six test groups generated 24 "runs."

About two hours before a run, the reference vessel with its

extra water (acting to stabilize manometer temperature, pressure,

and humidity) was equilibrated in the water bath. Prepared re-

action vessels then were attached to the respirometer, gassed,

and lowered into the water bath. Lights were set at full

bright, shaker oscillations at 110/min, internal valves opened (to

prevent pressure differentials), and the entire system given a minimum

of one hour to reach thermal and metabolic equilibrium.

After equilibration, the operating valve to all 14 vessels was

closed with a master lever. Timing was begun and, if the system re-

mained stable, this was considered the beginning of a run. Recordings
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of oxygen exchanged (to 0.1 pl) was made each hour for three hours, to-

gether with local barometric pressure. Upon finishing replication

three, the next light regime was established immediately (e.g., two

screens inserted). All operating valves were individually reopened,

the micrometers returned to their original positions, and the plants

given 15 minutes to adjust to the new light level before the next three-

hour sequence. An entire run with all three-hour light sequences and

equilibration periods took at least 15 hours of continuous operation.

Net hourly gas exchange was calculated for each vessel. The mean

value from the four control vessels was used to correct dark and light

bottle readings. The gas exchanged in each vessel was divided by the

dry weight of the contained moss and the metabolic activity of a given

vessel was read as microliters of oxygen exchanged per gram dry weight

of moss per hour (pl 02/g/hr). At high metabolic rates, the hourly

readings (and micrometer adjustment) were required to prevent the mano-

meter indicator fluids from "blowing through." However, once the data

had been manipulated and an hour's activity had been converted to

pl 02/g/hr, all the reaction vessels receiving the same treatment over

a three-hour period were viewed as replicates. Thus, for a single test

regime (e.g., Dicranum at 4°C at the two screen light level) there

would normally be 12 replicates for respiration and 18 replicates for

photosynthesis. In other words, four dark bottles per hour for three

hours yields 12 replicates, or 6 x 3 equals 18 light bottle replicates

for each test mode.

The sum, mean, standard deviation, and coefficient of variation

(standard deviation/mean) were calculated using a programmable, hand-

held Hewlett-Packard calculator. Some data points were discarded as

explained fully in the Preface to Appendices A and B. The statistics

were then recomputed, if necessary, and the gas volumes corrected to

STP using the equation PiVi/T1 = P2V2/T2.
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RESULTS OF EXPERIMENTS

Respiration

Most of the data from this work are presented graphically with

one of the two variables, light or temperature, held fixed while the

other changes by discrete amounts. However, respiration is measured

in darkness with only the temperature allowed to vary. This produced

a more compact body of data which seemed best displayed in the formats

of Table 2 and Figure 1. The summary tables showing mean, standard

error and coefficient of variation and the text which amplified the

procedure and rationale are in Appendices A and B.

TABLE 2: Summary of Respiration

Species Symbol 4°C 14°C 24°C 34°C

Plagiothecium 0---- 94.2 388.7 423.6 664.4

E. Turf-form 0---- 63.9 116.5 308.8 564.5
_...

Dicranum A 69.4 86.1 206.7 261.6

E. Tree-form L---- 51.6 149.7 188.3 371.1

Hygrohypnum 0---- 108.0 282.8 525.9 347.9

E. Splash-form ---- 74.3 278.0 497.3 514.0

Table 2. Final corrected respiration values of the six moss species
tested at four temperatures. Values are in O. 02 consumed per gram
dry weight per hour. Each value seen here represents the mean of ap-
proximately 48 replicates which during the experiment were actually
divided into four groups of twelve replicates to accommodate the
light levels for photosynthesis. An expanded version of this table

with statistical detail is found in the Appendix. Note that three
morphovariants of Eurhynchium (designated Turf, Tree, and Splash)
are contrasted with different genera from the same microhabitat.

The most obvious observed trend with respiration in an organism

is its minimal value at the lowest temperature exposure and consis-

tent increase as the temperature rises. This is expected since the

normal course of most chemical reactions is to increase in rate

as thermal input increases. The results conform in general with this
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expectation,although the rate of increase is not uniform (see Table 2).

An apparent exception to this trend of consistent respiratory increase

with increased temperature was exhibited by Hygrohypnum, which drops

from 526 p1 /hour at 24°C to 348 pl/hour at 34°C. Similar

behavior may be evident in E. splash-form which shows a much smaller

respiratory increase than other species for this last 10°C increase.

The activity of most isolated enzyme systems approximately dou-

bles for every 10°C increase in temperature (Q10=2) and this might

generally be expected to occur for the sum of all the enzyme systems

which we measure as respiration. Such a response was not common among

the mosses tested. When each species' respiratory activity was exam-

ined at a given temperature and compared to the value at a higher or

lower temperature, the most common observation was either an abrupt

jump or a weak flat response. For example, the Q,0 for Plagiothecium

between 4°C and 14°C was approximately 4.1 (389 p1/94 p1 = 4.1), but

between 14°C and 24°C the Q10 decreases to approximately 1.1 (424 111/

389 P1 = 1.1).

There are only two rough departures from this non-uniform pattern.

The Q10's for E. turf-form are 1.8, 2.6 and 1.8, respectively, for

increases of 4 -14 °C, 14-24°C, and 24-34°C; Hygrohypnum exhibited Q
-lo

values of 2.6 and 1.9, respectively, for 4-14°C and 14-24°C. Thus,

a plot of the Qlo's would not yield a straight line temperature-

related rate function.

Across the temperature range, the lowest respiratory rates are

displayed (Table 2 and Figure 1) mainly by the two species from the

tree habitat. The minimal oxygen consumption position is held by

E. tree-form at 4°C and 24°C while Dicranum holds this position at

14°C and 34°C. This respiratory efficiency is shared with E. turf-

form at the lower temperatures.

When focusing on one temperature at a time the patterns vary con-

siderably. At 4°C there actually seems to be only two major rates of
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oxygen consumption. Plagiothecium and Hygrohypnum hover in the

vicinity of 100 pl/hr while Dicranum and the three Eurhynchium

morpho-variants range from 50-70 p1 /hr. At 14°C there are two dis-

tinct and one hazy groups: Plagiothecium is high and alone at 390

pl/hr; the two stream forms are tightly clustered at 280p1 /hr;

Dicranum, E. tree-form and E. turf-form are about equally spread be-

tween 90 and 150 pl/hr. There is more close performance alignment

on a shared microhabitat basis at 24°C than at other temperatures.

Highest oxygen consumption was 500-525 pl/hr by the two stream forms

which, recall, also showed close linkage at 14°C. The two tree

forms are linked at a comparatively low rate of 190-210 pl/hr,

however, E. turf-form at 310 1,11/hr seems unrelated to the respira-

tory rate of Plagiothecium at 425 P1. At 34°C, Plagiothecium again

has the highest respiration rate at 665 1 /hr and, as at 14°C, this

is distinct from its nearest neighboring rate. Even so, E. turf-

form and E. splash-form at 565 pl/hr and 515 1.11/hr fall in the

same general vicinity. Hvgrohypnum and E. tree-form show similar

rates for the first time at 350 p1 /hr and 370 pl/hr, respectively.

Dicranum at 260 pl/hr, as at 14°C, has the lowest rate of the six

species and shows a kind of antipodal kinship with Plagiothecium

which had the highest rates at 14°C and 34°C.

When maximum and minimum respiratory rates at each temperature

are compared, the greatest disparity is seen at 14°C where the

max/min ratio is 4.5 to 1. At 4°C, 24°C and 34°C, the differences

are considerably narrower with ratios of 2.1, 2.8, and 2.5.

Plagiothecium and Dicranum are notable in holding the max/min posi-

tions at both 14°C and 34°C, while Hygrohypnum and E. tree-form hold

the remaining max/min positions at 4°C and 34°C.

Photosynthesis

Photosynthesis is graphically analyzed in several fasions be-

cause a varied manner of data presentation offered insight and
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revealed patterns of behavior not apparent with a singular approach.

It should be kept in mind that the experimental protocol which produced

the data, and the manipulations which display the data, are not always

the same. Specifically, the equipment mandated that temperature be

held constant while irradiance was varied. Some displays follow that

protocol (Figs. 2-5), however, other displays present the data as

though irradiance was constant while temperature varied (Figs. 6-9).

Data from photosynthesis and respiration was combined to generate the

section on P/R ratios, but the graphics follow the two presentation

formats noted above. Aside from introductory remarks, the remaining

data are grouped into subsets focused upon the figures or tables to

which they relate.

Results displayed in Figures 2-5 and Table 3 give no evidence

that light saturation was ever approached at any of the four tested

temperatures. In all cases, when irradiance declined, productivity

declined, as indicated by the corresponding reduced quantities of

oxygen evolved. At some point, as irradiance continued to diminish,

the mosses passed through the light/temperature compensation point.

For a given temperature this would be irradiance needed to meet only

the energy maintenance requirements of the moment, with no excess for

growth or storage. For this work the compensation point was reached

when oxygen evolved in the light bottles equaled oxygen consumed in

the dark bottles. Graphically, this occurs when the net photosynthesis

curves cross the "zero" line of 4l 02 evolved in Figures 2-9.

Generally, as test temperatures increased, the amount of radiation

required to keep a moss at or above the compensation point also in-

creased. This generality is more apparent in the overall graphic

productivity trends of Figures 2-5 than in the specific compensation

points (actually interpolated approximations) which are detailed in

Table 3. There does not seem to be any trend or pattern on which to

predict compensation points for Plagiothecium. Also, E. turf-form had

very little change in its compensation point until 34°C when its
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TABLE 3

Summary of Optimum Performance Values

Test Species Oxygen Production Maxima
Light Compensation Points

Test Temperature 4°C 14°C 24°C 34°C
r7

4 °C 14 °C

r

24°C 34°C

Approx Total of Mean 02 1600 3950 5175 3750

Plagiothecium -50 50 ]50 50 > 4.07x10-1 2.4x10-1 2.1x10-1 3.5x10-1

1.9x10-1
E. turf-form 50 950 1600

1750

250 3.5x10-2 2.4x10-2 2.0x10-2

Hygrohypnum 700 1700 1150 < 1.97x10-2 2.5x10-2 *

,__

4.3x10-2

9.0x10 -2F. splash-form 500 500 700 1300 < 1.97x10-2 3.5x10-2 1.1x10- 1

IlIcranum 175 50 -25 100 2.11x10-2 5.1x10-2 4.2x10-1 2.0x10-1
__

.

E. tree-form 225 700 950

-

900 < 1.97x10 -2

---
< 2.0x10

-2
2.9x10-2 1.1x10-1

Light compensation points for each species at
the indicated temperatures, approzimated by graphic
interpolation. Values In watts/mi. *Value missing
due to equipment pressure leak not apparent during
experiment.

Amounts of oxygen evolved at
highest light intensitie5 of
the experiment (4.07x10-1 w/m2)
i.e. the points of maximum
productivity. Values are in
ul 02/g dry weight/hr.
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irradiance requirement finally increased. A missing data point makes

assessment uncertain, but the compensation points for E. splash-form

and possibly Hygrohypnum seemed to change very little between 24°C

and 34°C. Dicranum, whose behavior displayed several paradoxes,

followed the above generality almost classically until 34°C when its

compensation point irradiance requirement decreased from what was

needed at 24°C. The fixed increments of irradiance used during the

research mandated interpolated rather than direct empirical determi-

nations of compensation points, but the net photosynthesis curves used

for the interpolations make obvious two further observations. First,

the rate at which net photosynthesis drops from surplus productivity

towards the compensation point (or the steepness of the irradiance/02

evolution slope) tends to increase as temperature increases. This is

most apparent when comparing Figures 2 and 5, where at 4°C half of the

test species (Hygrohypnum, E. splash-form and E. tree-form) have

dropped below the compensation point before reaching the second irradi-

ance level. The second observation is the lack of an overall consis-

tent pattern of behavior or the maintenance of relative positions be-

tween the six species across the test matrix. Individual species

would be expected to reach optima at varied positions within the

matrix. However, the point to note with respect to productivity and

compensation points is that some species were consistent while others

were not.

The hypothesized parallel behavior between species from the same

habitat was weakly supported. At 4°C (Fig. 2) the irradiance/02 evo-

lution slopes are generally parallel and the absolute production for

each habitat group appeared tightly enough linked to distinguish between

the three groups at least at higher light levels. This degree of asso-

ciation is almost totally absent at 14°C and 24°C (Figs. 3 and 4). At

34°C (Fig. 5) there is seen a rough congruence between the two stream

mosses and the two turf mosses both in the gas volumes produced at

each light intensity and crudely similar irradiance/02 evolution

slopes. The tree habitat group is split at higher light levels, with
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E. tree-form associated with stream group behavior and Dicranum

associated with turf group behavior. However, at the two lower light

levels in Figure 5 these two species appear almost to reverse the

groups whose behavior they mimic. These low irradiance associations

(Figs. 2 and 5) may be specious since productivity values are so close

that habitat linkage is no longer distinct. Across all four tested

temperature conditions (Figs. 2-5) there were two species whose be-

havior and relative positions were consistent with only minor excep-

tions. Plagiothecium is nearly always the first to drop below the

compensation point and for nearly all test conditions it has the

lowest net photosynthetic rate. Antipodal to Plagiothecium was

Hygrohypnum which was generally the last species to drop to the com-

pensation point and nearly always had the highest net photosynthetic

rate. The remaining four species are in contrast to this consistency

as they display a flux of changing positions, relationships, and/or

behavior. Two more rough generalities may be extracted: Dicranum

generally had a low photosynthetic rate and compensation points which

were somewhat congruent with Plagiothecium; the three morpho-variants

of Eurhynchium were rather variable in their behavior but tended to-

wards the higher net productivity and compensation points associated

with Hygrohypnum.

Approximated productivity maxima were extracted from Figures 2-9

and placed in Table 3 for easy comparison. Also included was an all-

species total oxygen production summation for each temperature. As

noted earlier, these maxima always occurred at the highest level of

irradiance. Net productivity at 4°C was rather restrained for all

species and relatively so even for the stream group which contributed

66 percent of the production total. The all-species total oxygen

evolution (Table 3) was about equal at 14°C and 34°C, but the overall

optimal production was emphatically obvious at 24°C. Dicranum, whose

optimum performance occurred at 4°C, and E. splash-form which optim-

ized at 34°C were the only species to depart from generating maximal
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gas volumes at 24°C. Table 3 reiterates the Dicranum and Plagiotheci-

um had very low productivities in all conditions, especially when com-

pared to other species. The single highest gas volume was nearly 1800

41 02/g/gr, produced by Hygrohypnum at 24°C, and which maintained the

highest net productivity at nearly all other test conditions. The

very high gas production at 14°C and 24°C, as well as the production

behavior of Hygrohypnum, was approximated in relative fashion by an-

other species: E. turf-form. In the 4°C and 34°C temperature progres-

sion of Table 3, Hygrohypnum starts at 700 pl 02/g/hr, rises sharply to

1700 p1's, peaks at 1750 41, then declines to 1100 41. This pattern is

displayed more radically by E. turf-form which starts at 50 41 and fol-

lows a steep ballistic path to 950 41, peaks at 1600 41, before plum-

meting to only 250 41 at 34°C. These and other patterns are seen more

clearly in Figure 6 which essentially graphs the production maxima por-

tion of Table 3.

As noted at the beginning of the Photosynthesis section, the two

graphic formats display different parameters to best advantage. How-

ever, it is equally obvious in Figures 2-5 and Figures 6-9 that produc-

tivity declines as irradiance declines. This observation is enhanced

by examining the irradiance extremes. Only two values are seen below

the compensation point at maximum light intensity of 0.4070 w/m2 (Fig.

6), while only three values are seen above the compensation point at the

minimal irradiance of 0.0197 w/m2 (Fig. 9). The neutral density light

filters reduced irradiance to 41 percent, 21 percent and five percent

of the maxi mum intensity tested. While Figures 2-9 agree with this

general trend, it was rare to find a direct corresponding agreement be-

tween percentages of reduction in net photosynthesis and percentage

reduction in irradiance. Some of the comparisons are difficult to

accept when gas evolution for a taxon is almost equal despite reduced

irradiance (e.g., note E. splash-form at 14°C in Figs. 3, 7, and 8).

The comparison also becomes meaningless when the compensation line is

crossed.

Relationships between productivity and temperature appear more
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complex than between productivity and light. In terms of comparing

behavior patterns between taxa, it appeared that three general trends

could be designated: "down U," "up U," and "ambiguous." Across the

three brightest light levels (Figs. 6, 7, and 8), Hygrohypnum, E. turf-

form, and E. tree-form are seen in some version of an inverted or

"down U" pattern. That is, beginning with a relatively low gas

emission at 4°C, these taxa tend to increase production up and across

14°C and 24°C before declining at 34°C. A contrast to this pattern is

displayed by Dicranum and E. splash-form, at least across the brightest

two light levels (Figs. 6 and 7), as they each generated a very crude

version of an "up U." This pattern is degenerate in form and consis-

tency when compared to the "down U" group. Generally, however, gas

emissions decline from the production values seen at 4°C, flatten or

bottom out across I4°C and 24°C, then increase again when the tempera-

ture rises to 34°C. The photosynthetic behavior across the entire

temperature range seen for the lowest light intensity (Fig. 9) has been

termed "ambiguous." All of the temperature spanning general patterns

of behavior noted at higher irradiance have now decayed into unpredic-

tability. When all the curves at the low irradiance conditions of

Figure 9 are considered as a whole, they display an increasingly nega-

tive oxygen production as temperature increases--a de facto respiration

curve.

Figure 9 is not the only place where "ambiguous" gas evolution

curves are found. By straining the definition, Plagiothecium might

be designated as having "down U" behavior in Figures 6 and 7, but at

the third light level (Fig. 8) this taxon is joined by Dicranum and

E. splash-form in producing oxygen in a temperature-related pattern

that is not predictable from higher irradiance performances. These

observations agree with the statements made about Figures 2-5, in

which some taxa showed roughly parallel behavior, but other taxa, as

light and temperature conditions changed, had no consistent predict-

ability and, therefore, no consistent relationship with the remaining
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species. However, this inter-taxon variability seems exacerbated by

the format used in Figures 6-9.

At the maximum and minimum tested light levels (Figs. 6 and 9),

a temperature compensation point is difficult to define. Most of the

taxa are either essentially never below the compensation point (Fig. 6)

or never reach a surplus production condition (Fig. 9). Dicranum and

Plagiothecium approach the line tangentially from different directions

in Figure 6 and almost have two compensation temperatures. This be-

havior is repeated in Figure 7 by Dicranum, while in the same figure

E. turf-form intercepts the line at 35°C, Plagiothecium never reaches

surplus production and the remaining taxa are always above the "zero"

line. Only in Figure 8 is the irradiance such that temperature com-

pensation points are distinct even though two species make a somewhat

hesitant approach to the line from opposite sides. Dicranum and the

three Eurhynchium taxa drop cleanly through the compensation line,

however, Dicranum and E. splash-form then turn at 24°C and begin

rising toward the "zero" line. This is part of the "ambiguous" be-

havior noted earlier and contributes to the idea that temperature com-

pensation points were a very limited assessment parameter for this

work. Light and temperature compensation points, viewed broadly,

revealed that a systematic response to light was readily apparent while

changing temperature often had unpredictable effects.

There would appear to be a paradox between results seen in Fig-

ures 2-5 and the results displayed in Figures 6-9. It was noted about

Figures 2-5 that as temperature increased, there was a general increase

in irradiance required to keep a moss at or above the compensation

point. Agreement with such an observation would seem to require the

general downsloping trends (with temperature increase) that is seen

in Figure 9. Each increase in irradiance would be expected to display

that same behavior pattern displaced to higher and higher gas evolu-

tion levels--but this is not seen. However, if we observe only the

number of taxa crossing the compensation line at a given irradiance
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and a rough median temperature compensation point for the given irradi-

ance, the paradox is resolved to agreement. Generally, as irradiance

decreased, the number of taxa crossing the compensation line increased,

while the median temperature value of the intersections decreased.

Thus, Figures 6-9 do agree with the original observations made about

Figures 2-5. Also in agreement, it was again seen that Dicranum and

Plagiothecium generally have the lowest productivity and ambiguous

behavior, Hygrohypnum has the highest productivity, and the three

Eurhynchium taxa seen related to Hygrohypnum both in behavior and

absolute productivity.

For absolute gas emission values at a given irradiance, Figures

6-9 clearly display the temperature where maximum productivity occurred

(detailed in Table 3). Generally, this optimized at 14°C or 24°C,

even though individual maxima were also seen at 4°C or 34°C. The be-

havior of Dicranum and Plagiothecium is described as inconsistent or

ambiguous but they are generally consistent in displaying maximum pro-

duction at 4°C especially Dicranum.

Ratios of Photosynthesis to Respiration (P/R)

This ratio (P/R) is defined as gross photosynthesis (or produc-

tion) divided by respiration. Gross photosynthesis equals the net

photosynthetic oxygen production rate (+ or -) plus the absolute value

(mathematically speaking) of the respiratory oxygen consumption rate.

This total is then divided by the absolute respiratory oxygen consump-

tion rate (i.e., P/R = (P + IRWIRI). The resulting "P/R ratios"

may approach values of zero, especially when irradiance becomes minis-

cule, but theoretically they never become a negative value.

When net photosynthesis is compared with P/R ratios, several rough

but dominating generalities appear. The graphic display format chosen

for the two measures is the same and if Figures 2-5 (net photosynthe-

sis vs. irradiance) are superficially compared with Figures 10-13
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(P/R ratios vs. irradiance), the general behavior patterns appear

highly related. As with net photosynthesis, the highest P/R ratios

(i.e., maximum performance) were always seen at maximum irradiance

(with the single exception of Plagiothecium in Figures 2 and Nat 4°C).

From this initial high point, both net photosynthesis (Figs. 2-5) and

P/R ratios (Figs. 10-13) were seen to sweep downward in performance

as irradiance diminished until the compensation point ("zero" p1 02,

or P/R = 1) was closely approached or crossed. The compensation

points are seen to be in exact agreement between the two assessments.

However, this is a necessary result flowing from the definition of

P/R ratio (joint data base) rather than a unique observation.

Closer scrutiny also reveals some general differences as well as

specific differences reflecting the metabolic vagaries of each taxon.

Net photosynthesis was generally at its lowest at 4°C (Fig. 2) and

all the taxa were somewhat lumped together. Overall gas production

then rose to high values at 14°C and 24°C and declined slightly at

34°C (Figs. 3, 4, and 5). As irradiance declined, the field of values

tended to remain relatively spread out for these three higher tempera-

tures even though certain taxa showed associated behavior. In con-

trast,and despite certain individual exceptions best seen in Figures

14-17, the highest P/R ratios and the greatest spread between P/R

values are seen at 4°C (Fig. 10). There is then a consistent overall

decline in P/R values and a general reduction in the spread between

values as either irradiance decreases or temperature increases (Figs.

11, 12, and 13).

Perhaps the most striking differences are changes in taxon asso-

ciation at each temperature. At 4°C (Fig. 2), net photosynthesis re-

sults seemed to display three clear habitat-related taxon associations.

The P/R assessment (Fig. 10) suggests only two taxon associations (E.

splash-form with E. tree-form and Dicranum with E. turf-form), neither

of them habitat-related. Hygrohypnum had the highest oxygen produc-

tion in three of the four temperatures (Figs. 2-5), but this clearly

dominant position is seen in only two of the P/R assessments: 4°C and
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34°C (Figs. 10-13). While only Hygrohypnum has changed its relative

position at 14°C (compare Figs. 3 and 11), the taxon associations are

vague at best except for the duplicate proximities of Dicranum and

Plagiothecium. This ambiguity and lack of agreement on associations

continues for the 24°C P/R assessment (compare Figs. 4 and 12) except

for the uninterrupted proximity of Dicranum and Plagiothecium. The

three clearly separated groups seen in Figure 4 have not only changed

in order of dominance (i.e., higher gas production or higher P/R ratio)

but now appear almost equidistant from each other in Figure 12. The

similarity between the two assays at 34°C (Figs. 5 and 13) is far

stronger than is observed in any other situation which invited compari-

son (i.e., the total possible matrix for Figs. 2-17). The P/R ratios

seen in Figure 13 seem to be only a somewhat reduced or compressed

version of the family of lines representing net photosynthesis in

Figure 5. The species composition of the two behavior groups is

exactly the same in both figures and only E. splash-form has changed

its relative position within the upper or high performance group.

When graphic format shifts to a sitation in which light is fixed

while temperature varies (Figs. 6-9, and 14-17), the amount of agree-

ment between the two assays of net photosynthesis and P/R ratio is

sharply diminished. While there are areas of agreement which will be

noted below, there appear to be two primary points of divergence.

First, net photosynthesis (in Figs. 6-9) generally tended to rise as

temperature increased before falling at 34°C. In contrast, maximal

performance for P/R ratios (in Figs. 14-17) generally occurs at 4°C

with all other test temperatures producing a lower value along an

erratic downhill trend. Secondly, the P/R ratio behavior of E. turf-

form follows an emphatic ballistic path for all but the lowest irradi-

ance (Figs. 14-16), with a consistent peak at 14°C. In net photosyn-

thesis (Figs. 6-8), the behavior of E. turf-form never made so radical

a departure from that of its cohorts, and the smaller peak displayed

always occurs at 24°C.
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Two primary areas of agreement also emerge. The behavior of

Dicranum and Plagiothecium under all test and display conditions has

generally appeared fractional or diminished when compared with Hygro-

hypnum and the three Eurhynchium morpho-variants. The nearly "stan-

dardized" behavior pattern of Dicranum and Plagiothecium is quickly

spotted straddling the compensation line for all but the lowest irradi-

ance display of both P/R ratio and net photosynthesis. Random variance

from this "standardized" pattern appears, visually, to be of about equal

significance whether comparing between assays or between levels or

irradiance. The two assays at the lowest irradiance level (Figs. 9 and

17) appear differentiated mainly by the effects of the compensation

line. The greatly reduced area below P/R = 1 in Figure 17 has com-

pressed the behavior curves, but a close inspection reveals essentially

no changes in relative position from those seen in Figure 9. As noted

earlier, the compensation points must and do agree. The effect of the

compensation line would seem to be reversed above P/R = 1 since the

space between taxa is greater than that seen in Figure 9, but again

relative positions are unchanged.

Overall, highest P/R ratios are found at 4°C with the splash group

holding the dominant position. This is challenged by E. turf-form

which generates comparable ratios at I4°C for all but the lowest ir-

radiance. Note also that E. tree-form is consistently interdigitated

among the "high performance" group, but only twice (Figs. 14 and 15)

does it assume a marginally dominant position.
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DISCUSSION

This body of thesis research indirectly played a role in

another published discovery that could have wide-ranging implica-

tions. Casual questions by plant pollution workers at the USEPA

Corvallis Lab about a way to control chamber CO2 levels elicited

my recommendation of the Pardee buffer. In the course of prepar-

ing for their experiments using this buffer, the chambers were

systematically sampled with a gas chromatograph. To their sur-

prise, the gaseous plant hormone, ethylene was present. An ex-

tensive series of tests as reported in Tingey et al. (1980) indi-

cated that the diethanolamine component of the recipe would con-

sistently generate ethylene. It was then found that 3-amino-l-

propanol could be used as a good replacement to buffer CO2 levels.

The presence of ethylene in each bryophyte testing chamber

is an ambiguous but potentially grave complicating factor. On

vascular plants, ethylene has varied and sometimes conflicting

influences. It is involved in fruit ripening, senescence,

epinastv, inhibition of shoot elongation, and root induction

(Abeles, 1973). Generally ethylene is produced by the same

tissues that respond to it. Ethylene increases respiration in

many flowers, fruits, and storage organs, but only in rare cases

was it reported to increase respiration in leaf and seedling

tissue (Abeles, 1973). Recent work by Kays and Palas (1980) on

peanuts showed that 0.25 ppm of ethylene in the chamber air for

a two-hour period or longer, substantially reduced the photosyn-

thetic rate and caused an increase in the photosynthetic CO2

compensation point. With respect to bryophytes, there does not

appear to be a single publication on either the production of

this hormone, or its effects upon mosses. Many fungi are known

to produce large amounts of ethylene and, since fungi are the

primary decomposers in acidic forest soils, it would seem that
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some turf mosses may be exposed to allocthonous ethylene. Consider-

ing the modes of action in vascular plants, one might speculate on

ethylene production by the antheridia and archegonia or the

sporphyte itself. Acceleration of capsule development, spore

maturation, and dehiscence of the calyptra are possible roles- -

but none of these tissues is involved in this work. Production

of ethylene by ferns has been demonstrated and shown to retard

elongation of fern rhizoids while inducing formation of root

hairs and hairlike structures which enhance water permeability.

It seems highly possible that bryophytes could show some degree

of response to ethylene. There is not necessarily a one-to-one

correspondence between vascular and cryptogamic behavior but Kays

and Pallas' (1980) work is notable. High CO2 (present in my

flasks) can stimulate photosynthesis and reduce photorespiration,

but Abeles (1973) indicates a concentration of 10 percent CO2 was

required to inhibit one ppm of ethylene. Tingey et al. (1980)

indicate that Pardee buffer mixes, which would control CO2 at three

times ambient (only about 10 percent of my CO2 concentration)

would generate ethylene in sufficient amounts to influence ethy-

lene sensitive processes. Thus, it seems certain that potentially

bioactive, uninhibited quantities of ethylene were present in my

reaction flasks. Repetition of portions of this experiment using

the standard Pardee buffer and comparison with the buffer modified

by Tingey et al. (1980) should demonstrate any basal metabolic

effects, and sampling through the side arm port would establish

the effective level.

Hundreds of in vivo and in vitro experiments on basal plant

physiological processes have been carried out by renowned workers

such as Krebs, using Gilson or Warburg apparatus. The unknown

presence of such a bioactive gas produced by the CO2 buffer could

potentially have profound implications for both the results ob-

tained and the interpretations made. In truth it seems surprising



39

that discrepancies have not shown up already. Hopefully, at least

a good theoretical discussion of the implications should appear

in the literature soon.

Respiration and P/R Ratios

The observations and data seen in the Results section are

presented en masse as a metabolic activity. Variability was a

product of the test conditions interacting with the selected taxa.

Since an improved understanding of bryophyte natural history was

one of my objectives, it appeared helpful to look at individual

taxa within the discussion section. The discussion was then

divided into two major sections: respiration and P/R ratios,

and photosynthesis. However, there is strong overlap between the

two sections simply because P/R ratios are a direct product of

the two basic processes.

The beahvior of Plagiothecium frustrated my efforts to pro-

vide adequate explanation. Net photosynthesis and P/R ratios are

positive under such narrow limits that one would assume this

species is found only under conditions of high irradiance and

high temperature--perhaps the top of a tropical jungle canopy.

Predominant conditions in the Northwestern old growth forests

match conditions in which this species was below its compensation

point and should mandate its exclusion from the region. My own

experience and numerous taxonomic references indicate healthy

stands of Plagiothecium are found widely on the west side of the

Cascades. The test samples were taken from a vigorous-looking

monoculture which was over a meter in diameter. However, my

first results were so overtly negative, even at maximum light,

that I was certain (after proving the equipment was not faulty)

that I must have poisoned the plant, possibly with buffer con-

tamination. The very pale green color also concerned me until

several widespread hikes convinced me that such was the standard



40

appearance and not a chlorotic pathology. Exquisite attention dur-

ing the testing of the second collection produced the reported

results--which differ little from my first general impressions.

Respiration rates for Plagiothecium are consistently but not ab-

normally high, and half of the time Hygrohypnum posted a higher

rate. While this high-energy consumption bodes ill in the company

of a low fixation rate, it would seem to contradict any generalized

malaise. Unusual epiphytic populations seem no more likely (nor

was such apparent) than with the other species, and if such was

the case, the host would still have to provide the substrate that

fueled any presumed excess respiratory activity. In short, the

vigor, volume, and ubiquity of Plagiothecium in the "wild" seems

a direct contradiction of results obtained in the lab, especially

when comparing the relatively high lab irradiance threshold (i.e.,

P/R = 1) with the deep shade common to its habitat.

Closely associated with Plagiothecium in net photosynthesis,

and P/R ratios, is the behavior of Dicranum. Paradoxically,

Dicranum had a consistently very low respiratory rate but only at

4°C (see Fig. 10) was this sufficient to produce a P/R ratio

notably disjunct from Plagiothecium. Considering the advantage

gained from a low respiratory rate, this almost makes Dicranum's

photosynthetic rate seem more feeble than Plagiothecium. Its

occurrence much higher in the canopy and in areas outside of deep

shade are suggestive of the possibility of a higher or broader

range of light compensation points. However, the presence and

vibrant green health of Dicranum clumps in the low light zone is

also unquestioned. Since the test clumps were definitely from

the low light zone and presumably would have adapted by lowering

their light compensation point, we are faced with the same conun-

drum noted in Plagiothecium. That is, the very survival of

Dicranum in situ seems contradicted by these test results.

The behavior of Hygrohypnum drew my attention as being
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impressive in its own right as well as being in such contrast to

Plagiothecium and Dicranum. Collected in full sunlight, its high

photosynthetic rate, high P/R rate and very low compensation point

at all temperatures seemed contradictory initially. Recollection

of the dense overlapping clumps in the stream bed and the very

heavy coat of silt and presumably awfuchs on every tiny leaf

changed the image. Position within the clump probably presented

a range of irradiance, but beneath the silt the individual

chloroplasts were quite possibly "seeing" and adapted to a lower

level of irradiance than taxa living in the old growth shade.

For all species there was a general decline in P/R ratio as the

temperature increased, mainly because respiration tended to in-

crease at a faster rate than photosynthesis, and in several cases

photosynthesis itself decreased. However, Hygrohypnum was the

only species to show a sharp decline in both photosynthetic and

respiratory rates at 34°C. It seems certain that a temperature-

related inhibition of all metabolic systems occurred but it is

not apparent why only Hygrohypnum was affected.

Bryum sandbergi was examined by Rastorfer (1967) with exactly

the same equipment I used but under a three percent CO2 atmosphere

and a different protocol. His approximate respiratory values at

4°C, 14°C, 24°C and 34°C were about 100, 240, 475, and 700 W. 02/g

dry wt/hr for plants cultured in the lab, and 75, 150, 250, and

390 W. 02/gr dry wt/hr for field collected plants. The general

trend, i.e., increasing rates as the temperature rises, is compati-

ble with five of my six test taxa. The best match comes when

Rastorfer's cultured plants are compared with Plagiothecium: 94,

390, 425, and 665 111 02/gm dry wt/hr. Only at 14°C does the

difference seem substantial. Rastorfer's field plants, however,

seem to roughly parallel the behavior of Eurhynchium tree-form

with 50, 150, 190, and 370 W. 02/g dry wt/hr. Generally speaking,

the turf moss, B. sandbergi and the four non-aquatic taxa I tested
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occupy roughly the same light and temperature zone and have widely

overlapping distributions in the Pacific Northwest. The specific

differences betwen my taxa and in comparison with B. sandbergi are

not overtly disturbing since they all fall within quite comparable

02 consumption ranges and are subject to different acclimation

histories, different CO2 test concentrations, and the vagaries

that develop in local races. In 1970 Rastorfer did similar studies

on B. argenteum and B. antarcticum collected from Antarctica and

tested there in a one percent CO2 atmosphere. However, his actual

test specimens were plugs cut from the moss sod and incubated

for two or more weeks in chambers with roughly approximate field

conditions. Bryum antarcticum collected from two different locali-

ties and tested at 5°C, 15°C, and 25°C differed in their respiratory

rates (64/56 pl, 134/113 pl and 202/178 pl) but far less than had

field and lab-cultured plants of B. sandbergi. Note that these

rates would compare fairly well with E. tree-form at 4°C, 14°C,

and 24°C (52 pl, 150 pl, and 188 pl). A considerably sharper con-

trast in all cases was made by B. argenteum which at 2°, 10°, 20°,

and 30°C displayed relatively elevated oxygen consumptions of 197,

418, 867, and 1250 pl/g dry wt/hr. Noting this elevated rate for

respiration (and photosynthesis) Rastorfer ran tests at -2°C where

net photosynthesis definitely occurred and the respiratory rate

was still 83 pl/hr. This final test was a much stronger indicator

of B. argenteum's adaptation to its cold environment and not even

in the 108 pl/hr at 4°C displayed by Hygrchypnum in my tests, is

there such a strong implication for low temperature metabolic

activity.

The aquatic moss Fontinalis dalecarlica was part of a stream

metabolism study done by Johnson (1978) in Sweden. With comments

and scanning electron migrographs of the attached aufwuchs, Johnson

used a chamber with an oxygen probe to measure the metabolism of

relatively clean samples of what he called the Fontinalis

"community."
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At 16°C, he recorded a respiration of 0.4 mg 02/g ash-free

dry wt of moss/hour. This is intensely interesting initially

since 0.4 mg 02/g dry wt/hr (converted from ul, see Appendix D)

is the exact respiratory rate of my two aquatic taxa at 14°C.

However, putting Hygrohypnum and E. splash-form on an ash-free

basis would surely raise their relative oxygen consumptions

somewhat. Finding others concerned with the unavoidably attached

epiphytes has not really clarified two related observations of

this work. First, only Hygrohypnum had a notably adherent film

composed of silt and perhaps periphyton, yet E. stream-form had

approximately the same respiratory rate. Secondly, terrestrial

mosses would not be expected to carry a comparable load of epi-

phytes, and the lower respiratory rates of all but one of the

terrestrial taxa seem to support this assumption. Plagiothecium,

however, shows a respiration rate almost 40 percent higher than

the aquatic mosses at 14°C.

A point to note about the observed congruent behavior between

Plagiothecium and Dicranum is that it is not habitat associated,

at least on the basis (water/nutrient source) chosen for compari-

son. The three Eurhynchium morpho-variants seem generally asso-

ciated with each other and with Hygrohypnum. The relative posi-

tions and the closeness of association (whatever the graphic for-

mat or parameter examined) are not highly consistent, but re-

lated and comparable behavior between the splash group is the

most common of arrangements. My own integrated assessment of

all the results is that only Hygrohypnum and E. splash-form ap-

peared to perform in a manner that might be attributed to their

microhabitat. However, the high nutrient exposure and flowing

water which might stimulate intensified metabolic and fixation

rates were not really the conditions of the test, unless we

assume storage of nutrients obtained before collection. The net

productivity, respiratory rates, and P/R ratios are probably

best viewed as products of the local genetic constitution as
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influenced by the specific conditions of the research. The over-

all low light habitat seems amply reflected in the specific com-

pensation points and in their relative lack of dispersal. That

is, the compensation points of all taxa are generally concen-

trated within an order of magnitude of irradiance, or less.

There seem to be about four distinctive observations to be

made about respiratory activity in the six taxa singled our for

testing.

First, all taxa showed some degree of increased metabolism

with each 10°C increase in temperature. The rate of increase

showed considerable variation (the Q/0 almost never equated two)

and there was no obvious pattern that offered any predictability.

A single departure from this general trend was shown by Hygro-

hypnum which declined in oxygen consumption between 24°C and 34°C.

This may have been due to a certain amount of heat denaturing of

enzymes, although this does not typically occur in other species

at 34°C, a sharp example being Rastorfer's Antarctic mosses. A

corollary to these observations is that maximal respiratory

activity probably occurs at or above 34°C.

Second, there is nothing to indicate that these particular

samples are anything out of the ordinary with respect to re-

spiration rates. That is, in comparison with similar work found

in the literature, these values do not seem notably high or low.

When comparing in situ environmental conditions to the

test conditions (see Appendix E), we find that for non-aquatic

mosses, laboratory conditions are less extreme than field con-

ditions. In a given year, air temperatures will be found on a

number of occasions to fall below freezing, and temperatures

above 34°C are seen at least twice. However, the highest tempera-

tures are generally associated with days of no rainfall (Gregory,

1980) and very low humidity. A major degree of dormancy in such

conditions is likely but not certain as there is evidence that
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mosses can absorb sufficient moisture even in low humidity to

carry on some activity. For aquatic mosses conditions are milder

and more stable. The extremes seen were 2°C to 21°C on WS 10 and

1°C to 16°C on WS 2. Thus, generally the aquatic taxa are never

really exposed to the high temperatures seen in the lab unless

their water source begins to dry up. This might justify the

respiratory depression seen in Hygrohypnum except that it should

be more acclimated to high temperature than E. splash-form which

had no depression.

After examining numerous examples in the literature as well

as the experience of this worker it seems apparent that trying

to fix the respiratory rate of a given species within a narrow

range may not be possible and may not be useful. It appears that

multiple analyses will not be reproducible unless essentially

all the original conditions are repeated. In other words, the

specific respiratory values reported here most likely are valid

only within the confines of this experiment. Explaining the de-

tails and reasons for such specific values appears possible only

by much more extensive testing on each taxon coupled with de-

tailed knowledge of its acclimation/habitat history.

Photosynthesis

Elucidating comparative carbon fixation has been problemati-

cal at best. Superficially, the experimental process was

straightforward and the results would appear clear-cut. Two of

the six taxa appeared to fix carbon so poorly or at such low

rates in the laboratory that their demise in the field (assuming

comparable behavior) would seem certain, yet Plagiothecium and

Dicranum have broad distribution and relatively large popula-

tions in old growth forests of the Pacific Northwest. One of

the original intentions of the research was to examine photosyn-

thesis per se in the very low light conditions seen in closed
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canopy old growth PNW forests and to more precisely define the

light/temperature compensation points for the bryophytes living

there. Light levels in the laboratory were measured with great ac-

curacy with sophisticated equipment. It was presumed that other mea-

surements taken in the field and found in the literature could be

reasonably translated to the format found in the lab. Efforts to do

this have produced a wide divergence in values. Assuming the light

intensities measured in the laboratory are correct and that the

mathematical transformations of field and published values are also

correct, then this work may actually break new ground.

Measured light values in situ are the first dichotomy. Gregory

(1980) reported minimum total radiation values (PAR) of 20 langleys

per day both in old growth and clear-cuts (due to heavy clouds). His

maximum radiation levels were 100 langleys per day in the old growth

and 725 langleys per day in clear-cuts. The integrated daily inci-

dent radiation (e.g., 20 ly/day) is subdivided by 12 hours and then

by 60 minutes to give a value in ly/min (one ly/min --,-- 698 w/m2). The

use of a 12-hour day will tend to underestimate a winter radiation

(per unit time) value and over-estimate a summer value. Gregory's

values will translate to 19.4 w/m2, w/m2, and 702.8 w/m2, re-

spectively. The four laboratory test irradiance levels reported here

were .4070, .1680, .0875, and .0197 w/m2. Thus, my highest test level

is apparently more than an order of magnitude below the lowest noon-

time values found in the woods.

When comparing results with those found in the literature that

most seems to duplicate my methodology, the disparity yawns open

again. A few spot examples will illustrate. Rastorfer and Higin-

botham (1968) reported that at 4°C Bryum sandbergi had an oxygen

evolution of about 1400 pl/hr per gram dry weight. The CO2 level

was three percent (stimulating) and the light level was the equiva-

lent of 120 w/m. My most productive 4°C sample (Hygrohypnum) pro-

duced about 750 IA 02/hr, the CO2 was only one percent but my light

intensity was three orders of magnitude lower at 0.4 w/m2. My
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graphs and theirs generally show roughly 45 to 30-degree slopes

relating light intensity to productivity. On that trend it is hard

to see how productivity could be 50 percent of a given value when

radiation had declined by three orders of magnitude.

When Rastorfer (1970) tested Bryum antarticum at 5°C, 15°C,

and 25°C, he reported values of 157, 238, and 260 it 0 /g dry wt/hr.

This might be compared with my Euryhnchium tree-form at 4°C, 14°C,

and 24°C which produced 232, 689 and 923 ul 02/g dry wt/hr.

Rastorfer's flasks were at one percent CO2, as were mine, but his

light intensity was at 48 w/m2 while mine was two orders of magni-

tude, less at about 0.41 w/m2.

The results are centainly open to random speculation, but

hard explanations are very difficult to find. Some of the experi-

mental details only aggravate the problem. For example, Rastor-

fer's lights were a tungsten source while mine were fluorescents.

Tungsten lights are spectrally much richer in reds. For a given

intensity in w/m2 a source richer in reds would tend to be more

photosynthetically efficient because of the absorbtion peaks of

chlorophyll.

Working with Funaria hygrometrica sporophytes, French and

Paolillo (1976) found that at least 2 w/m2 was required if normal

capsule development was to occur. However, this cannot be com-

pared to the compensation points observed for the Cascade game-

tophytes. Sporophytes are dependent upon translocated photosyn-

thate from the supporting gametophyte. While the degree or per-

centage of support required is species-dependent, it is unlikely

that the indicated 2 w/m2 would suffice if the support were

removed.

Many other examples are available but differing experimental

conditions make comparisons even more difficult. Further, recall

that the nearest approach (2 w/m2) is an order of magnitude from

the most intense light in the test (.4 w/m2) and that some
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"species" were still above the compensation line at 0.019 w/m2

while at 4°C. It has already been noted that elevated CO2 is

stimulatory and ethylene may have a positive or negative effect.

While journal articles have not provided sufficient information

to clearly compare, it is possible that the unusually sophisticated

equipment and fiber optic probe provided a more correct irradi-

ance actually seen by the plant than was possible for other

workers (see Methods and Appendix F).

The Cascade mosses have shown respiratory rates quite com-

parable to published values and patterns of temperature/photosyn-

thesis optima approximating those of Hicklenton and Oechel (1976).

The absolute compensation point light intensity seems far below

that reported by others and provokes at least two more possible

physiological explanations resulting from the experimental condi-

tions. Wide variations in optimal light and temperature condi-

tions were seen across the season by Hicklenton and Oechel (1976

and 1977). They found that Dicranum fuscescens taken from be-

neath the snow in early spring reached its maximal photosynthetic

rate at a much lower light intensity than was required at mid-

summer. When they experimented with changing optimal tempera-

tures, it was found that acclimation of net photosynthesis could

occur in two to five days. Dark respiration, however, showed no

seasonal acclimation (remember "normal" respiration of Cascade

mosses). The period of time when Cascade test specimens were

stored in a cool incubator in continuous dark for up to two weeks

could have driven the acclimation process strongly towards a low

light optimum. Additionally, some of these specimens may have

been in or near a condition of desiccated dormancy during storage.

While there is a dependency upon the rate of occurrence and the

severity of desiccation, it has been reported (Peterson and Mayo,

1975; Dilks and Proctor, 1976) that photosynthesis and/or respira-

tion may be enhanced by rehydration for up to 24 hours. Possible

rehydration effects were anticipated (see Methods), but there
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is no distinct indication that such metabolic perturbations were

occurring or if the protocol effectively neutralized them.

The results reported and discussed, especially the light

compensation points, must stand open to the possibility of unnoted

mistakes in procedural approach, acquisition of the data, or

errors of calculation of the test results or test parameters.

There is also the possibility that those results are substantial-

ly correct. Unless a glaring oversight has been made, it is likely

to require careful testing and elimination of all possible influ-

ences (e.g., ethylene, high CO2 levels, dark acclimation, rehydra-

tion stimulus, irradiance measurements, etc.) before this conflict

with published values is resolved.
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CONCLUSIONS

Metabolic behavior of six "species" of moss was determined mano-

metrically across a test matrix of four temperatures and four irradi-

ance levels. Generally, respiratory behavior falls well within pub-

lished values for other studies. Photosynthetic behavior or produc-

tivity gave results that were unexpected at two major points. First,

Plagiothecium and Dicranum had laboratory productivities so low that

it would not appear they could survive in the habitats from which

they were collected--if they are competing for similar niches with

other mosses (which it appears they are), and if low light intensity

represents a critical element in that competition. Second, the in-

tention to more closely define the extrapolated and interpolated

light compensation points of mosses as seen in the literature became

essentially impossible. The compensation points found appear to be

two or more orders of magnitude below published values. Possible ex-

planations for this major shift are suggested (ethylene generation,

elevated CO2, dark acclimation, rehydration stimulus, errors or ad-

vancement in irradiance measurement), including the possibility that

the values are substantially correct. Hygrohypum and three Eurhyn-

chium morpho-variants appeared to be shade-adapted plants with no

clear relationship to the water/nutrient scheme selected, although

the splash group did show some associated behavior.
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PREFACE TO APPENDICES A AND B

Appendices A and B are summaries of the statistical data which

are found in tabular or graphic form in the Results section of this

thesis. Appendix A shows the respiratory activity occurring in the

"dark bottles" (see Materials and Methods) while Appendix B shows the

net photosynthetic activity occurring in the "light bottles" which

were tested at the same time.

The numerals found under the symbol "n" indicate the number of

test replicates for a particular set of experimental conditions. These

will be seen to have diminished, on occasion, from the original twelve

for respiration and eighteen for photosynthesis that are described in

the Materials and Methods section. This dimunition was the result of

deliberate rejection when there was an obvious grease seal leak as

evidenced by radical gas volume changes or an indicator fluid "blow-

through." A second arbitrary rejection criteria of values which were

50 percent greater or smaller than the mean value was also employed.

Statisticians are generally disgruntled by the rejection of any "out-

lying" data point, although a truncation involving standard deviations

can be used. My contention, based on several hundred hours of experi-

ence, was that certain values were not outlying members in the range

of metabolic response but were instead substantial, if less blatant,

equipment pressure leaks. The 50 percent cutoff was a conservative

attempt to rationalize a fractious piece of equipment. Two additional

points of support for this position are found when examining the pro-

cessed data points closely. First, during runs that I have called

"stable," points which could have been as much as three standard devi-

ations from the mean still fall within the 50 percent cutoff that I

designated. Secondly, a three-hour sequence that shows a diminished

"N" value will be seen during the next three-hour light regime to re-

turn to a full complement of acceptable reaction vessels. This was

nearly always due, in my opinion, to the opportunity to check and

readjust the grease seals during the light equilibration period.

Two different statisticians (M. Gumpertz and L. Grothaus) cautiously
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agreed to these arguments.

The numbers found under the symbols "x" and "s" are the calculated

mean and standard deviation of values which had been corrected for

the control bottles and converted to ul 02/g/hr (see data acquisition

and treatment in the Materials and Methods section). The numbers

seen under "x plot" and "s plot" are the points actually seen on the

graphs, although "S plot" was not graphically presented because of

excess clutter. These plot values differ in having been corrected

to STP.

The combined symbol s/x is sometimes called the coefficient of

variation (coevar). This coevar value serves as a rough indicator

of several things: how tightly the values cluster about themean; how

large (or small) the standard deviation is relative to the mean; and,

based on my experience, it was often an indicator of the stability

of rather fractious equipment. A coevar of 0.10 or less was considered

to be excellent, but less desirable values provided some interesting

insights.

The Gilson Respirometer can theoretically measure gas volume

changes of one-tenth of a microliter (0.1 ul) but the high coevars seen

with very small net volume exchanges (+/- 10 ul) may indicate that in-

nate equipment "noise" precludes such precision. It might also be an

indicator that in certain conditions the coevar is not a good measure

of any of the earlier mentioned qualities.

Respiration would appear to be a relatively stable metabolic

activity with the majority of the coevars less than 0.3. However,

photosynthesis appeared to be an unstable activity with coevars of

1.0 and greater being fairly common. This instability was mostly

seen when the gas exchange volume was within +/- 100 ul of the light

compensation point. When looking at the performance of individual

reaction flasks while near this compensation point, there was the

impression that the photosynthetic mechanism was without a governor- -

first surging ahead, then falling behind in its ability to fix carbon

and release oxygen.
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The coefficient of variation, the mean, and standard deviation

were all used as direct or indirect indicators of metabolic behavior

during the experiment but the 50 percent rejection criterion was

mainly an indicator of equipment performance. As evidence we find

that nine to ten percent of the reaction vessels failed or leaked

without regard to their assigned function. This is found by dividing

the number of replicates accepted by the total number of replicates

originally in the experiment.

Respiration: Total N/Total Possible N = 1039/1152 = 0.9019 90%

Photosynthesis: Total N/Total Possible N = 1572/1728 = 0.9097 91%

Lacking a very extensive analysis of the number of failures at

each test station or reaction flask, it would appear that leaks were

randomly and almost equally distributed, percentage-wise, between the

two functions of photosynthesis and respiration. The coefficient of

variation would seem to indicate that high metabolic instability

tends to be concentrated under photosynthesis.
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Plagio 34

s/x x s correct. x olot s Lot

0 12 .10 805.1 79.5 .890 716.5 70.9
2 12 .12 712.5 84.9 .890 634.1 75.6
4 12 .10 715.2 70.6 .890 636.5 62.8

11 .08 757.7 56.6 .890 674.4 50.4

Placio 24

0 10 .09 523.0 47.6 .916 474.1 43.6
2 12 .13 515.1 67.4 .916 471.8 61.7
4 9 .13 430.7 57,0 .916 394.5 52.2
8 12 .13 382.8 50.7 .916 350.6 46,4

Piaci° 14

0 12 .11 398.9 42.6 .946 377.4 40.3
2 12 .14 381.0 66.9 .916 360.4 63.3
4 12 .13 424.5 55.1 .946 401.6 57.1
8 12 .18 439.1 78.0 .946 415.4 73.4

Plaaio 4

0 9 .32 53.6 16.9 .945 52.8 16.6
2 12 .36 113.9 41.2 .985 112.2 40.6
4 10 .25 113.6 28.9 .985 111.9 28.5
8 12 .25 93.7 23.3 .445 42.3 23.0

E. Turf 34

0 12 .22 644.5 141.3 .800 . 573.6 125.8
2 12 .15 617.9 89.5 .840 549.9 79.7
4 12 .18 623.8 109.7 .800 555.2 Q7.k
8 12 .16 650.8 106.1 .890 579.2 44.4

E. Turf 24

0 10 .26 425.2 108.5 .919 415.h 49.7
2 11 .23 340.5 77...i .410 312.9 71.0
4 10 .22 290.1 65.1 .919 266.6 59.4
R 11 .33 292.1 96.7 .919 268.4 q0.4
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- SPECIES
TEMP C
SCREENS
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E. TURF 14

s/x x s correct. x plot s plot

0 12 .39 136.5 53.4 .944 129.9 5.4
2 12 .30 121.4 35.6 .944 114.6 33.6
4 10 .25 120.7 30.5 .944 113.0 29.8
8 1 .24 113.8 27.7 .944 107.4 26.1

E. TURF 4

0 7 .33 47.4 15.7 .985 46,7 15.5
2 8 .57 87.7 50.0 .985 86.4 40.3
4 8 .26 34.7 14.2 .985 53.9 14.0
8 8 .25 67.5 17.0 .985 66.5 15.7

DICRAN 34

0 11 .09 343.4 30.5 .890 305.6 71.2
2 11 .06 297,1 18,0 .890 264.4 16.0
4 12 .03 279.4 6.9 .890 248.7 6.1
9 12 .11 259,0 27.2 .390 230.5 24.2

DICRAN 24

0 12 .22 226.9 49.3 .916 207.7 4.2
2 12 .22 228.2 50.9 .916 209.9 46.6
4 12 .19 222.3 42.4 .910 203.6 38.8
8 12 .23 215.3 48.7 .910 197.2 44.6

DICRAN 14

0 12 .14 96.2 13.3 .952 91.6 12.7
2 12 .24 89.4 21.6 .952 85.1 20.6
4 10 .33 67.7 22.2 .952 64.5 21.1
8 12 .12 104.5 12.8 .952 99.5 12.2

DICRAN 4

0 7 .32 65.4 21.1 .984 64.4 20.0
2 8 .25 81.2 20.0 .984 79,0 10.7
4 6 .15 66.4 9.8 .984 65.3 9,A
6 Q .29 67.6 118.7 .984 66.5 19.4
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E. Tree 34

s/x correct. x plot s Plot

0 12 .20 370.1 73.5 .889 329.0 65.3
2 12 .09 390.1 35.5 .889 347.5 31.6
4 12 .21 443.6 93.4 .889 394.4 83.n
9 12 .19 465.2 87.2 .889 413.6 77,5

Tree 24

0 10 .31 214.3 67.3 .915 196.1 61.6
2 12 .10 216.9 20.8 .915 19Q.4 19.0
4 11 .15 203.6 30.5 .915 196.3 27.9
9 12 .13 139.6 23.8 .915 713.5 21.9

E. Tree 14

0 9 .22 143.2 31.2 .953 136.5 29.7
2 11 .23 170.5 39.7 .953 162.5 35.9
4 12 .17 149.9 25.6 .953 141.8 24,4
9 12 .07 163.5 11.5 .953 155.9 11.0

E. Tree 4

0 9 .34 36.6 12.6 .98b 36.2 12.4
2 11 .32 59.1 18.4 .988 57.4 13.2
4 10 .33 55.5 18.6 .998 54,9 19.0
a 7 .19 58.3 11.0 .948 57.6 10,9

Hymro 34

0 12 .35 392.5 138.6 .688 349.5 123.1
2 11 .32 389.5 125.2 .448 345.9 111.2
4 12 .32 388.4 125.5 .888 344,0 111.4
8 12 .23 396.6 91.5 .888 352.2 41.3

Hygro 24

0 11 .16 602.1 97.3 .916 623.2 89.1
2 12 .06 631.1 39.3 .910 579.1 36.0
4 12 .07 571.3 42.5 .916 523.3 39.9
8 12 .19 494.2 95.7 .916 452.7 87.7
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moss Respiration Stats
Soecies
rerno C

Screens

n s/x x s corect. x plot s plot

ly0ro 14

O 12 .28 241.3 67.1 .951 229.5 63.8
2 12 .22 320.b 70.5 .951 304.0 67.0
4 12 .35 334.5 115.6 .951 318.1 100.9
R 11 .24 292.6 68.8 .951 278.3 65.4

Hyoro 4

0 10 .24 72.9 17.4 .977 71.2 17.0
2 9 .40 102.1 41.1 .977 99.9 40.2
4 9 .lo 137.2 22.0 .977 134.0 21.5
8 7 .36 149.0 53.6 .977 145.6 52.4

E. Solash 34

0 12 .11 585.1 62.2 .889 520.2 55.3
2 12 .11 570.7 63.1 .889 5(17.4 56.1
4 12 .09 572.3 49.2 .889 508,8 43.4
8 12 .13 580.6 75.0 .889 516.2 66.7

E. Solasn 24

O 12 .13 484.2 59.7 .915 443.0 54.6
2 12 .18 425.5 77.0 .915 389.3 70.5
4 12 .11 535.5 59.1 .915 490.0 34.1
8 10 .04 514.9 22.7 .915 471.1 20.8

E. Splash 14

0 6 .20 273.6 55.3 .950 259.9 52.5
2 12 .14 283.2 39.4 .950 269.0 37.4
4 11 .12 292.1 33.9 .950 277.5 32.2
8 12 .16 333.9 51.7 .950 317.2 49.1

E. Splash 4

O 0 .24 66.2 16.3 .980 64.9 16.0
2 7 .43 127.4 55.0 .990 124.0 64.0
4 8 .29 70.6 20.5 .980 60.2 20.1
9 12 .25 56.5 13.6 .980 55.4 13.3
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Temp C

Screens

Plaaio 34

n s/x

moss

x

Appendix B
Photosyntnesis Stets

s correct. x plot s Plot

0 18 1.b2 40.0 64.9 .990 35.6 57.8
2 15 .30 -175.1 51.8 .890 -155.8 55.5
4 18 .15 -370.0 55.2 .890 -329.3 49.1
9 18 .07 -691,9 53.0 .890 -615.8 47.2

Plaaio 24

0 19 .68 145.1 99.0 .916 132.8 30,8
2 18 1.39 -58.5 81.5 .916 -53.6 74.7
4 18 1.10 -133.9 147.7 .916 -122.6 135.3
8 18 .10 -328.7 33.8 .916 -301.1 31.0

?legit) 14

0 18 2.39 54.4 129.0 .946 51.5 122.9
2 18 2.50 -40.3 100,8 .946 -3R.1 95.
4 18 .25 -238.4 59.9 .946 -725.5 56.7
9 18 .15 -381.9 55.6 .946 -361.3 52.6

Plaaio 4

0 18 .59 -36.0 21.2 .985 -35.5 20.0
2 18 .62 -59.9 37,1 -.945 -59,0 36.5
4 18 .62 -53.0 33.0 .985 -52.2 32.5
9 17 .40 -68.8 27.5 .985 -67.R 27.1

5. Turf 34

0 16 .19 296.5 54.6 .390 255.0 48.6
2 15 .37 -80.1 29.3 .490 -71.3 26.1
4 18 .13 -275.5 36.5 .690 -245.2 37.5
8 18 .06 -571.1 36.6 .890 -508.3 32.6

E. Turf 24

0 16 .21 1740.7 371.5 .919 1599.7 341.4
2 15 .09 707,1 63.0 .919 649.8 116.2
4 6 .13 320.7 42.8 .919 322.8 122.2
9 I/ 7.30 -9.5 69.5 .919 -8.7 63.9
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TEMP C
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E. Turf 14

s/x x s correct. x 01-ot s nlot

0 18 .11 1012.9 115.7 .944 956.2 109.2
2 19 .07 536.1 41.4 .944 506.1 39.1
4 18 .12 318.0 39.7 .944 300.2 37.5
8 18 .81 -36.0 29.0 .944 -34.0 27.4

F. Turf 4

0 13 .36 70.1 25.0 .985 65.6 24.6
2 10 .53 42.8 22.9 .985 42.2 22.6
4 18 1.68 9.6 16.2 .095 9.5 16.0
9 18 2.78 -10.0 27.7 .995 .9.9 27.3

Dicran 34
0 18 .31 119.7 38.9 .890 105.5 32.8
2 18 1.00 -70.4 20.3 .890 -1H.2 14.1
4 17 .23 -101.0 23.1 .890 -90,1 20.6
9 18 .14 -167.4 22,9 .P90 -149.0 20.4

Dicran 24
0 19 2.17 -9.8 21.3 .916 -9.0 19.5
2 16 .43 -46,4 19.8 .916 -42.5 18.1
4 17 .25 -129.8 32.2 .916 -118.9 29.5
8 18 .22 -182.9 41.2 .916 -167.4 37.7

Dicran 14
0 14 .54 48.1 26.1 .952 45.9 24.8
2 18 .84 13.9 11.8 .952 13.2 11.2
4 18 2.63 13.1 34.5 .952 12.5 32.9
R 17 .35 -54.2 19.2 .052 -51.6 18.3

Dicran 4

0 10 .12 186.2 22.6 .984 183.2 22.2
2 15 .10 97,1 9.3 .0GIA 95.5 9.2
4 14 .26 70.5 18.6 .964 89.4 ¶8.3
8 15 .97 -16.5 16.0 ,404 -16.2 15.7
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TEm9 C

SCREENS
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E. TREE 34

n s/x x s correct. x Plot s clot

0 18 .28 1036.0 244.0 .8R9 921.0 256.0
2 18 .40 269.3 106.3 .989 238.5 94.5
4 13 .27 -161.3 43.6 .989 -143.4 39.9
8 18 .22 -386.0 84.7 .999 -343.2 75.3

E. Tree 24
0 15 .07 1004.9 67.3 .915 923.1 61.6
2 15 .09 528.0 46.9 .915 483.1 195.7
4 15 .26 249.9 64.9 .91.5 227.7 59.4
8 13 .21 -62.8 13.1 .915 -57.5 12.0

E. Tree 14
0 18 .15 723.3 105.9 .953 689.3 100.9
2 18 .16 343.2 54.8 .953 327.1 52.2
4 16 .30 174.5 52.6 .953 1h6.3 50.3
8 16 1.30 29.3 38.7 .053 77.0 35.0

E. Tree 4
n 18 .1b 234.7 37.5 .998 231.9 37.1
2 17 .24 171.8 41.2 .999 169.7 40.7
4 17 .22 130.9 28.8 .988 129.3 27.9
4 18 5.25 12.1 63.6 .996 12.0 62.8

Hypro 34
0 15 .24 1254.4 301.5 .989 1113.9 267.7
2 I0 .26 264.0 162.3 .999 554.1 144.1
4 15 .57 173.4 115.5 .499 154.0 102.6
8 19 .13 -242.0 32.1 .999 -214.9 28.5

Hyorn 24
0 19 .13 1980.7 249.5 .916 1722.7 224.5
2 18 .13 725.3 94.8 . .916 664.4 96.9
4 19 .34 521.0 177.9 .016 477.2 163.0
8 18 2.30; 297.9 692.0; NO PLOT* 40 PLOT*
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4ygro 14

s/x x s correct. x plot S DiOt

0 19 .19 1772.6 330.3 .Q51 1685.7 314.1
2 18 .27 867.8 236.1 .051 825.3 224.5
4 18 .38 496.1 169.1 .951 471.8 179.9
a 12 1.21 -101.4 123.1 .951 .46.4 129.8

HYgro 4
0 18 .10 746.2 77.7 .977 729.0 75.9
2 19 .07 447.0 31.4 .977 436.7 30.7
4 18 .23 314.4 73.6 .977 307.2 71.9
8 12 .96 71.2 61.5 .077 69.6 60.1

E. Splash 34
0 15 .14 1455.9 202.3 .889 1294.3 179.8
2 18 .34 455.6 153.0 .999 405.0 136.0
4 17 .76 -52.9 40.1 .899 -47.0 35.6
9 18 .18 -392.8 69.1 .8149 -340.3 61.4

E. Splash 24
0 15 .24 760.0 185.9 .915 595.4 170.1
2 12 .37 244.5 90.0 .915 223.7 P2.4
4 10 .60 -96.2 57.4 .915 -98.0 52.5
8 18 .12 -508.3 60.8 .915 -465.1 55.6

F.. Splash 14
0 12 .37 499.0 184.4 .050 474.1 175.2
2 17 .52 230.5 119.5 .950 219.0 113.5
4 13 .45 236.9 115.4 .950 225.1 109.6
8 16 .40 -205.8 81.9 .950 -195.5 77.8

E. So1asn 4

0 18 .16 464.0 72.4 .990 454,7 71.0
2 12 .22 447.8 96.9 .090 438.9 95.0
4 17 .14 246.9 35.0 .980 242.0 34.3
8 14 .19 77,6 14.1 .990 76.0 13.8
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PREFACE TO APPENDIX C

Appendix C assembles the basic data from which the P/R values are

calculated and then reported. Statistics for the component parts of

P/R are found in Appendices A and B. The values for respiration are

those which resulted during the same three-hour light period as that

which generated the productivity (P) portion of the formula. This

was an arbitrary decision which generally gave a P/R value only

slightly differing from what would have resulted from using the aver-

age respiratory rate for the temperature.

The P/R ratio is calculated by algebraically adding, after chang-

ing signs, the respiratory rate to the net photosynthesis to generate

gross photosynthesis. Gross photosynthesis is then divided by respir-

ation to give the P/R ratio. If the net photosynthesis was larger

than zero then P/R will be greater than one. Two examples should

clarify the situation:

Plagiothecium at 34°C and maximum light: respiration of -716.5 ul

was added to net photosynthesis of 35.6 ul to give a gross photo-

synthesis (P) of 752.1 ul. This is divided by the respiration

(R) of 716.5 ul to give a P/R ratio of 1.05--algebraic addition

is a critical point--Plagiothecium at 4°C and minimum light shows

a net phtosynthetic rate of -67.8 ul to which is added (change

sign) the respiratory rate of 92.3 ul to give a gross photosyn-

thesis (P) rate of 24.5 ul. This is divided by 92.3 ul to give

a P/R ratio of 0.27. A plant cannot long survive with this P/R

ratio. If the breakeven point of one is not reached, the plant

will surely die as it loses all of its reserves for basic mainten-

ance.
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APPENCIX C

Plagiothecium

P/P Patios

Liomt (w/m2) 34 24 14 4

4.07 x 10 1 Psn 35.6 132.8 51.5 -35.5

RSD -716.5 -479.1 -377.4 -52.R

P/P 1.05 1.28 1.14 0.33

1.68 x 10-1 Psn -155.8 -53.6 -30.1 -59.0

Psc -634.1 471.8 -360.4 -112.2

P/P 0.75 0.8& 0.89 0.47

8.75 x 102 Psn -329.3 -122.6 -225.5 -52.2

Rsr -636.5 -394.5 -401.6 -111.9

P/R 0.48 0.69 0.44 0.54

1.97 x 10-2 Psn -615.8 -301.1 -361.3 -67.8

RSD -674.4 -350.6 -415.4 -92.3

PIP 0.09 0.14 0.13 0.27
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E. Turf -torn

P/k Ratios

Licht (w/m21 34 24 14

4.07 x 10-1 Psn 255.0 1509.7 956.2 65.6

Rsp -573.6 -415.o -1214.9 -46.7

P/9 1.44 4.85 F.42 2.41

1.68 x 10-1 Psn -71.3 E49.8 50c+.1 42.7

;sr, -54(3.9 -312.9 -114.5 -86.4

0/P 0.81 3.08 5.42 1.49

8.75 x 10.2 Psn -245.2 322.8 300.2 c.5

Rsp -555.2 -266.13 -113.9 -53.9

P/P 0.56 2.21 3.64 1,18

1.97 x 10-2 Psn -508.3 -S.7 -39.0 .q.o

PSO -579.2 -268.4 .107.4 -66..5

P/P 0.12 0.97 0.6P 0.95
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DIcranum

P/P Patios

f,i1nt (w/m2) 34 24 14

4.07 x 101 Psn 106.5 -9.0 45.8 181.2

Rsp -305.6 -207.7 -91.6 -64..4

P/R 1.35 0.96 1.50 3.44

1.68 x 101 Psn -18.2 -42.5 13.2 99.5

Pso -264.4 -209.0 -P5.1 -7(1.,4

P/R 0.9.3 0.b0 1.16 2.20

8.75 x 10-2 Psn .40.t -118.9 12.5 69.4

Pso -248.7 -203.o -64.5 -65.3

P/R 0.64 0.42 1.19 2.16

1.97 x 10'2 Psn -149.0 -167.4 -51.6 -16.2

SSD -230.5 -197.2 -99.5 -66.5

P/P 0.35 0.15 0.48 0.76
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E. Tree -form

P/P Patios

(w/n2) 34 24 14 4

4.07 x 10-1 Psn 421.1 923.1 6P49.3 231.9

Rsp -329.0 -196.1 -136.5 -36.2

P/R 3.P0 5.71 6.05 7.41

1.58 x 10-1 Psn 238.5 493.1 327.1 15c).7

Rsp -347.5 -19d.4 -162.5 -57.4

p/P 1.69 3.43 3.01 1.96

8.75 x 10-2 Psn -143.4 227.7 166.1 129.3

Rso -344.4 -1E6.3 -141.9 -54.4

P/R 0.64 2.22 2.17 3.'

1.97 x 10-2 Psn -343.2 -57.5 27.n 17.1

PSO -413.6 -173.5 -155.9 -57.5

P/R 0.17 0.67 1.17 1.71



71

Hyqrohyonum

P/P Ratios

rAgnt (w /T2} 34 24 14 4

4.07 x 10-1 Psn 1113.9 1722.7 1e-R5.7 729.0

Rsp -348.5 -623.2 -229.5 -71.2

P/P 4.20 3.76 8.35 11.20

1.68 x 10-1 Psn 554.1 664.4 825.3 436.7

PS0 -345.9 -578.1 -304.9 -09.8

P/P 2.60 2.15 3.71 5.37

8.75 x 10-2 Psn 154.0 477.2 471.8 3n7.2

RSD -344.9 -523.3 -318.1 -134.0

P/P 1.45 1.91 2.48 3.29

1.97 x 10-2 Psn -214.9 "Reject" -96.4 69.6

Rso -352.2 -452.7 -778.3 .144.6

P/R 0.39 -- 0.65 1.48
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F. Sol.Rsn-torm

P/R Ratios

Liant (4/m2) 34 24 14 4

4.07 x 10-1 Psn 1294.3 695.4 474.1 454.7

Rsp -520.2 -443.0 -259.9 -64.9

P/R 3.47 2.57 2.82 H.01

1.68 x 10-1 Psn 405.1 223.7 219.0 43P.q

Pso -507,4 -384,3 -759.1 -124.9

0/R 1.80 1.57 1.81 1.51

8.75 x 10-2 Psn ..47.0 -R8.0 725.1 242,1

Rso -508.8 -490.0 -277.5 -69.2

P/R 0.91 0.82 1.81 4.50

1.97 x 10-2 Psn -340.3 -465.1 -195.5 76.0

Pso -515.2 -471.1 -317.2 -55.4

P/R 0.34 0.01 0.3P 2.37
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APPENDIX D

Photosynthesis and Respiration/Carbon Fixation and
Oxygen Exchange--Assumptions and Calculations

The study of plant metabolism has become a vast, varied, and com-

plex operation looking at very complicated processes. However, rela-

tively simple in vivo procedures can provide some insight to the macro-

scopic manifestations of plant metabolism and behavior. If we realize

that the approach is almost crudely simplistic, the basic process of

photosynthesis can be represented by the equation:

xCO2 + H2O + energy from sunlight*(CH20)x + x02

The arrow can be reversed for respiration, carbohydrates being

oxidized to yield metabolic energy and the precursors of water and

carbon dioxide. This coarse generalization ignores the fact that

oxygen may be taken up for other purposes than respiration, that carbo-

hydrate is only the major product synthesized, and that carbon dioxide

may be cycled in and out with no apparent gain or loss in photosyn-

thate. Even so, the research for this thesis proceeds with a baseline

assumption: for every mole of oxygen given off, a mole of carbon

dioxide was taken up and/or a mole of carbon has been chemically fixed.

Since all the activities in this experiment were recorded in terms of

microliters of oxygen exchanged at standard temperature and pressure

and we have made the above assumptions about molar relationships, we

may calculate CO2 exchanged or carbon fixed as follows: The perfect

gas equation* uses the gas laws and Avoqadro's law to tell us that one

mole of any gas at STP (0°C, 1 atm.) occupies 22.4 liters of space.

*
Pauling, L. 1964. College Chemistry, 3rd edition. San Fran-

cisco: W. H. Freeman and Co. 832 p.
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Knowing the volume of oxygen exchanged we can calculate the number of

moles or weight of 02, CO2, or C involved. An example:

C = 12 g/mole

02 = 32 g/mole

CO2 = 44 g/mole

Any gas at STP = 22.4 liters/mole. Therefore, if we should exchange

500 ul of 02 (5 x 10-4 1) , then 5 x 10-4 1/22.4 1/mole = 2.23 x 10-5

moles of 02 exchanged or CO2 exchanged or C fixed. Thus,

2.23 x 10
_5

moles x 12 g/mole of C= 2.7 x 10-4 g C

or 2.23 x 10
-5

moles x 32 g/mole of 02 = 7.1 x 10
-4

g 02

or 2.23 x 10
-5

moles x 44 g/mole of CO2 = 9.8 x 10
_4

g CO2
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Plaaiothecium

E. turf-form

4yaronypnum

. splash -form

licranum

E. tree-form

* Calculated

at maximum

Grams of Carron Fixed Per hour

4 C 14 C 24 C

-.027 ma .027 ma .081 ma

.027 ma .509 ma .857 ma

.375 ma .911 ma .939 m.a

.26+3 ma .26R ma .375 ma

.094 ma .027 ma -.014 ma

.121 ma .375 ma .509 ma

from ul (72 excnanaed/a dry wt mf

light intensity of 4.07x10-1 w/m2

34 C

.027 mg

.134 ma

.616 ma

.696 ma

.054 ma

.482 ma

moss /hr

(see Taole 3)
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APPENnIX

Air Temperatures and Pelative HumiditY
Andrews Experimental EoreSt '.4,5 2

Temeerature

HI LO

- Decrees

AV MAX

Farenheit

AV mIN HI

Relative

10

Humiclitv in

AV "AX Av

94

miN

.1/77 47 19 39 27 10u 55 00 97

.2/77 56 27 47 33 100 6(1 95 79
3/77 56 30 42 31 100 45 07 20
4/77 74 29 61 37 95 30 92 45
5/77 74 32 58 40 95 30 03 57
0/77 91 39 77 40 95 20 94 38
7/77 97 40 Al 49 100 20 92 35
8/77 101 15 83 49 95 15 92 43
9/77 79 40 63 47 100 40 97 74
10/77 62 3h c5 41 100 70 96 86
11/77 56 16 42 35 100 75 96 47
12/77 53 27 41 35 100 65 97 95

Table of Compartive Temperatures
Decrees Farenneit/Dearees Centigrade

19/-4 40/4.5 62/16.5 84/29.5
20/-7 42/5.5 64/17.5 46/30
22/-5.5 t4/6,5 bh/19 A4/31
24/-4.5 46/8 68/20 90/32
26/-3 18/9 70/21 22/33
28/-2 50/10 72/22 94/34.5
30/-1 52/11 74/23.5 96/35.5
32/0 54/12 7t/24.5 98/36.5
34/1 56/13 7M/25.5 100/17.5
36/2 52/14.5 i0/26.5 102/39
34/3

. 60/15.5 82/27.5 104/40

411 environmental data from tie Andrews *ere suprlied ry Ross '.ierserea0
and Don Hemsne*, USDA Forest Sciences Lab, Corvallis, Orecon.
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Stream Temperatures for watersneds Two and Ten
Andrews Fxoerimental Forest

Mohths

45

max.

2

min. mean

w5

month

10

"4X. min.

11/76 57 45 50.6 1/77 43 37
11/76 50 39 46.6 2/77 47 40
12/76 42 37 40.2 3/77 56 42
1/77 43 33 37.4 4/77 57 43
2/77 43 33 41.7 5/77 58 44
3/77 43 39 40.6 6/77 69 52
4/77 49 40 44.2 7/77 69 52
5/77 49 42 45.1 8/77 66 55
6/77 57 46 52,R 0/77 a2 4P
7/77 59 50 55.4 10/77 54 45
8/77 61 55 59.9 11/77 S2 4n
9/77 56 51 53.4 12/77 50 42

It Records unavailable between 9/77 and 4/79.

? Data taKen directly from charts, lean values had not
yet teen calculated as of Feh. 091.

All temperatures are in decrees Farenheit.

All environmental data from tne Andrews were supplied by Pass mersereau
and Don menshaw, USDA Forest Sciences Lao, Corvallis, nrecon.
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APPENDIX F

Determination of Experimental Irradiance Values

The Gilson Respirometer (GRP 14) used for this work came equipped

with incandescent flood lights beneath the plexiglass floor of the

water bath. This was less desirable (due to heat generation and the

PAR emission spectrum) than specialized cool white fluorescent tubes

now available. The lighting system was thus rebuilt to provide two

double-tube banks of fluorescents. These were filled with Duro-Test

Vita Lites which, according to the company, provided high spectral

comparability to sunlight in the range of 300 to 700 nanometers.

After providing for the basic lighting, efforts were made to in-

sure that radiant energy received by the plants was as consistent and

intense as possible. Every possible surface beneath the light bank

was coated with aluminum foil. The only apparent way to avoid edge

effects resulting from emission variance near each end of the fluores-

cent, or loss from an open panel at the side was to carefully control

the placement of the test reaction flasks. The geometry seen in the

top-view schematic below was rigidly adhered to. Control flasks,

which lacked any living tissue and would be unaffected by light, were

always in the endmost positions. The next position inside was always

held by the "dark" flasks which would also be unaffected by light

variance since they were completely wrapped in foil. Finally, the

central or interior three positions on each of the two flask support

bars were held by "light" flasks. In all dimensions these six flasks

received the most consistent and intense irradiance available.

Figure 18

Schematic of Flask Placement

0 0 ® Q 0 ®® 0 0 © 0 0
KEY

- light

0 - dark

C - control

RF - reference flask
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When fluorescent fixtures were installed they were provided

with both rheostatic and on/off switches. When the rheostat was

used it was not possible to obtain stable, consistent, fixed irra-

diance values as decrements of the maximum irradiance. This was

solved by using 2 mm galvanized wire mesh screen. As can be seen

in the four graphs (Figures 20-23), the mesh acted as a neutral

density filter which had very little effect on the spectral quali-

ty of the light but did provide fixed decrements from the maximum

irradiance value. Having provided for a light source and its

dimunition, we sought to obtain the best possible measurement of

the useful radiant energy (PAR) actually striking the moss. The

gracious assistance of Dr. Robert Worrest brought abundant success.

Irradiance measurements in the visible range (400-700 nm) were

made with a Gamma Scientific 2900 SR Spectroradiometer system.

The monochrometer housing of this system contains a Bard L visible

grating assembly with approximately a 4 nm band width in the 350-

800 nm range. This instrument was modified and characterized by the

National Bureau of Standards (NBS). The wavelength readability and

short-term precision were improved to approximately 0.1 nm by add-

ing a helipot dial for wavelength indications. A standard lamp

traceable to NBS was used by Dr. Worrest to check irradiance measure-

ments. Attached to this high precision instrument was a flexible

fiberoptic probe (3.2 mm dia.) which delivered incident radiation

to the housing. A rigid mounting was made by pushing the fiber

optic tip through a half-split cork of the same diameter as the

Warburg flask opening. This mounting was then placed in one of the

six central Warburgs while it was in the operating position. The

probe tip was extended so that it was just above contacting the

bottom of the center well (see Figure 19). In this position the

probe could "see" exactly what the moss was irradiated with after

the light hadpassedthrough the plexiglass tank bottom, neutral

density filters, water, and the bottom of the glass flask.



Figure 19

Schematic Showing In Situ Procedure
Used to Measure Test
Irradiance Values

sliding flask holder

water level

cfiber optic probe
connected to
spectroradiorneter

glass reaction
flask

80

.--neutral density filter
plexiglass tank bottom (wire mesh)

T
light source

As noted earlier, the spectroradiometer was capable of reading

wavelength signal strengths in increments of 0.1 nm. However,

this would be most tedious, and Dr. Worrest suggested that read-

ings every 10 nm would be sufficient. We could assume that value

for wavelengths 5 nm to either side of the reading and integrate

the total. Thus the value for a given irradiance setting for the

experiment (e.g., 2 screens) resulted from signal strength read-

ings every 10 nm put into the equations seen in Table 4.
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Table 4. Equations used with spectroradiometer to determine

power (in watts/m2) of the experimental light

source.

EA = the power of my light source (in watts/m2) at a given

wavelength, .

= the signal strength (within the spectroradiometer) of

4 my light source at a given wavelength,

/r'
= the ratio between the power and signal strength of the

Nromar woo.

Ss
NBS reference lamp at a given wavelength, . This is

A constant for a given wavelength.

CR/50 = The cosine receptor/fiber optic ratio. A value which

compensates for losses along the length of the fiber

optic and due to the reflective and refractive effects

of the round fiber optic tip. A fixed value for a

given wavelength.

7oo
55

A
5, (4s )(CR /FO) x 10

400 a
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Figure 20.

Irradiance plot at full illumination equals 0.4070 watts/m2.
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Figure 21. 83

Irradiance plot at two screens equals 0.1680 watts/m2.
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Figure 22.

Irradiance plot at four screens equals 0.0875 watts/m2.
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Figure 23.
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Irradiance plot at eight screens equals 0.0197 watts/m2.
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APPENDIX G

Comparing Irradiance Values from the Literature

There is a considerable literature detailing the irradiance

from various light sources as determined by various instruments.

There are also equations which translate the terms in which

the radiant has been measured such as foot-candles, lux, lumens,

microeinsteins, calories, satts, langleys, raleighs, and others.

This crude and imprecise recitation of terms is unfortunately

often typical of values in the literature. Many precisely de-

fined assumptions which a physicist would apply to a measurement

are often ignored or unstated by the biologist so that recovery

of original values and translation is often impossible. Unless

two instruments measure the same light source under the same assump-

tions, there is no guarantee that their values will be equivalent

or translatable. We were fortuitous in our high quality instru-

mentation but even the literature which was already in watts/m
2

may not be comparable and the translation of Gregory's (1980)

daylight values (1 langely = 698.3 w/m
2

) are forced through while

ignoring many assumptions. In short, most efforts to compare

values are paper exercises. However, a good source of technical

information on the measurement and translation of visible and

near-visible radiation is Li-Cor, Inc., 4421 Superior Street,

Lincoln, Nebraska 68504.


