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ABSTRACT

This is the annual report of work done on the Rain Forest Project

at El Verde, Puerto Rico. The primary experimental plan of forest
irradiation including 1 year of follow-up studies has been completed
and will be reported by H. T. Odum in a published volume. Since
completion of this phase, as of June 30, 1966, the experimental
emphasis has been shifted to include detailed studies on radionuclide
behavior in the tropical forest, and studies on the recovery and
succession in the irradiated area. Reports are given on the be-
havior of fallout radionuclides in the forest, on the behavior of
applied tracers, and on the behavior of tritium. Others are pre-
sented on the recovery of the area and include comparative studies
of disturbed areas, leaf area index measurements, diversity measure-
ments and observations on vegetative regeneration by sprouting.

Some studies initiated as part of the broad ecological approach of
the radiation experiment are being continued because of their general
importance to the understanding of life processes. These include

studies on phenology, light quality, water budgets, and forest
metabolism. ‘



TERRESTRIAL ECOLOGY PROGRAM |
THE RAIN FOREST PROJECT

Jerry R. Kline, Ph.D., Head

The Rain Forest Project is a series of studies on one small area of
the montane rain forest 1500 feet up the side of El Yunque mountain
in Eastern Puerto Rico. It has three objectives: (1) to study the
effects of gamma radiation on the tropical ecosystem; (2) to study
mineral cycling and dispersion in the system; and (3) to study the
basic biological functions of this ecosystem such as respiration,
transpiration, and photosynthesis to better understand phenomena
related to the first two objectives. The project is in its fourth
year. A section of the forest has been irradiated and many follow-
up studies have been completed. (For details of the radiation
experiment, see PRNC-82, Annual Report 1965). Present effort is
being directed to long-term studies on recovery and succession of
vegetation in the irradiated area, and to detailed investigations of
mineral cycling and distribution in the tropical ecosystem.

RECOVERY AND SUCCESSION STUDIES

The arrival of Dr. Carl F. Jordan, a plant ecologist, to join the
staff in July 1966, marked the beginning of the recovery and suc-
cession studies in the irradiated area. While most of the previous
ecological studies dealt with the damaging effects of radiatiom, it
was apparent by that time, 15 months after the cessation of radiationm,
that further damaging effects were becoming increasingly difficult
to detect. The general canopy opening had progressed to about 25
meters from the radiation source but further opening was occurring
only slowly, if at all. 1In the meantime, however, succession and
recovery in the irradiated area had become very vigorous. A major
effort was therefore initiated to ensure adequate documentation of
this recovery.

The irradiated area was laid out on a grid system consisting of 900
one-meter squares. All plants within the grids were tallied, and
data on diameter, height, species, and date of origin (before or
after radiation) was recorded. Data will be presented to show in
detail the qualitative character of recovery, and in addition, will
be used as input to a series of regression equations to enable the
computation of net biological productivity in the irradiated area.
The necessary data for the equations is being obtained by cutting,
weighing, and measuring plants of similar size in the cut center of
the E1 Verde plot. All measurements in the irradiated center are of



a nondestructive nature and no cutting is permitted there. Foot
travel has been eliminated in the irradiated center by closing the
paths which formerly crossed it and rerouting them around the
borders of the center. This action was taken to insure that
trampling will not be a variable in the recovery studies.

One complete survey of this type has been finished and plans are
being formulated for a computer solution of the regression equations.
It is currently being planned to repeat this series of measurements
at yearly intervals so that rates of net production can be obtained.

The detailed studies of recovery are time-consuming and cannot be
repeated at frequent intervals. In order to provide an index of
recovery more often, a series of leaf area index measurements has
been initiated. These measurements were made in both irradiated and
cut centers and show the net production of new leaves. The data
indicates that although there are slight differences between the two
centers, these differences cannot be attributed to radiation. Two
complete series of leaf area index measurements have been completed
and plans have been formulated to repeat these measurements at 6-
month intervals.

The old vegetation in both centers shows evidence of sprouting from
the base of trunks. This action is far more vigorous in the cut
center. It is suggested that the reduced sprouting in the irradiated
area is due to possible radiation damage to the roots which prolifer-
ate on the soil surface in this forest. Evidence for this has been
obtained by determining the proportion of total sprouts in the irra-
diated area which developed from positions that had local shielding
by rocks, soil, or tree trunks. All species, with the exception of
Palicourea riparia, showed higher sprout production with shielding.
Palicourea riparia is one of the species shown to be extremely
resistant to radiation effects by other studies, and it is suggested
that a greater dose of radiation is required to induce sprouting in

this species.

A series of optical density measurements was completed in the irra-
diated center in November 1966. These were taken at ground level
and at l-meter elevation. These measurements also function as an
index of recovery and will be taken at regular intervals in the
future with vertical increments added as the vegetation grows taller.

In order to supplement the data collections, it is essential to have
a complete photographic record. This is being obtained from a 50-
foot industrial type scaffold which was erected at the borderline of
radiation damage during the autumn of 1966. This tower has three
platforms, and affords an excellent view of the irradiated center.

A complete photographic record in both black and white and color
slides is being obtained at monthly intervals from all three levels
of the tower.



The tower in the radiation center also gives access to several trees
in the immediate area and permits the resumption of growth measure-
ments in a limited portion of the canopy. Individual limbs, which
can be reached from the tower, have been tagged and measured so that
future growth can be determined. The longevity of leaves is being
compared with that of trees further from the source by tagging the
leaves, and counting them at periodic intervals. These measurements
are expected to provide quantitative verification of canopy dieback
if it occurs, since it is now so slow that it cannot be observed by
visual inspection.

MINERAL CYCLING STUDIES

The objectives of the mineral cycling projects are to measure existing
distribution of macro and micro elements in the rain forest, to study
pathways of movement of these elements, and to measure rates of move-
ment along these pathways. These studies are expected to provide in
the short run, an empirical basis for the prediction of the fate of
radionuclides which may be released in tropical vegetative communi-
ties, and may lead in the long run to a theoretical understanding of
material handling mechanisms in tropical ecosystems. The mineral
cycling studies are divided for convenience into four categories of
activity: (1) fallout measurements; (2) radioactive tracer experiments;
(3) stable element analyses; and (4) water balance measurements.

The forest at El Verde and other forests in the vicinity were previously
found to have relatively large burdens of fallout radionuclides from
nuclear weapons tests. In the months preceding the nuclear test by
Communist China of May 9, 1966, the monthly input of stratospheric
nuclear debris was not detectable. The opportunity was thus presented
to carry out a study of the movements of the various isotopes then
labeling the forest from past fallout. An attempt was made to measure
the biological residence times for four nuclides of stratospheric
origin in the forest by carrying out a monthly sampling program of
leaves. The leaves were counted for radionuclide content by the

method of gamma scintillation spectrometry. A computer program was
written for resolution of the complex spectra and the resulting data
for the nuclides 144Ce, 7Cs, Zr, and S%un was plotted as a function
of time on a semilogarithmic scale. The data for freshly fallen litter
indicates that the biological residence times for these nuclides are
not different from their respective physical half-lives. This indicates
that the biological residence times are long in this forest, and sug-
gests the presence of efficient biological retention mechanisms. If
other forests have similar mechanisms, it may be found that radio-
nuclides released there would be trapped and retained rather than
being dispersed and diluted in the environment by the normal processes
of weathering and leaching. This study is continuing in spite of the
input of Chinese debris, since this debris enables the observation of
processes occurring immediately after injection.



In other studies with fallout radionuclides, extensive comparisons
have been made between levels in the El Verde forest and other
forests in Puerto Rico. In Appendix B, the nuclide levels in
forests of different altitudes above sea level in Puerto Rico are
shown. These levels increase with elevation at a rate faster than
can be accounted for by increases in rainfall. This possibly
suggests that the higher elevation forests have some particularly
efficient retention mechanisms. Inquiry into these possible mechan-
isms led to the observation that Plants with an epiphytic growth
habit generally have far greater levels of fallout nuclide burdens
than other plants of the same local area. An example of the burdens
for some epiphytic plants of El Verde and the Elfin forest at the
top of E1 Yunque mountain is shown in Appendix B. It has been
observed informally that the frequency of epiphyte occurrence in-
Creases substantially with increasing altitude. Thus it appears
that the increased levels of radionuclides at high elevations may
be due to a combination of at least two factors: one, the normally
greater input due to higher rainfall at high elevations, and the
other, the more efficient biological retention due to the more
common occurrence of epiphytic plants.

Drs. H. T. Odum and J. R. Kline investigated altitudinal sequences
of this type during a trip to Darien Province, Panama, in the spring
of 1966. This trip was financed through a purchase order from
Battelle Memorial Institute in connection with bioenvironmental
studies for a sea level canal. The actual levels of the nuclides
in the forests of Panama were predictably lower than in Puerto Rico
due to the known lower levels of fallout deposition in regions close
to the earth's equator. The distribution of nuclides, however, was
similar in Panamanian forests over the altitudinal sequences from
sea level to 3600 feet. Epiphytic plants in Panamanian high eleva-
tion forests were the most highly contaminated plants found. It
therefore appears that the binding mechanisms and altitudinal rela-
tionships first found in Puerto Rico may have a more general
occurrence in tropical forests.

Strontium-90 is a nuclide of considerable biological interest for
which little data exists in tropical vegetation. We have success=-
fully adapted a chemical procedure to the analysis of tropical plant
material for this nuclide. The procedure involves extr?ction'of
elements from plant ash with acidic solutions, and prec1p?tatlon of
yttrium as the phosphate, in the presence of yttrium’carr1er and
strontium holdback carrier. At the end of.a 2-week ingrowth period,
. yttrium is again precipitated and counted in a low backgrou?d beta
counting system. The samples are routinely ch?cked for radioactive
decay. Samples run by the most recently modified proceduge decay
within statistical error with the 64.8 hour half-life of 70y, More
than 70 samples of forest materials have beegoanalyzed thus far,
Standardization procedures using calibrated YSr solutions have been



completed and permit the conversion of count rates into absolute
disintegration rates. The data is being used to estimate biological
retention for this nuclide in a manner similar to that described for

the gamma emitting nuclides.

TRACER STUDIES

Radioactive tracer methodology offers a valuable means for direct
study of mineral cycles 1n the troglcal ecos stem. A tracer experi-
ment involving the use of 8 Cs, and %Mn was begun in

January 1966, in cooperation with Dr. H. B. Tukey of Cornell Univer-
sity; and was terminated in January 1967. The objectives of the
experiment were to measure the rates and amounts of nuclide uptake
through roots by understory plants in the forest. The results of
the experiment indicate extremely slow uptake of the nuclides. This
indicates that much of the previously observed fallout radioactivity
in this forest may have been intercepted directly from rain and has
not been incorporated to a large extent into mineral cycling proces-
ses in this forest. This conclusion holds only for small understory
plants. Whether canopy trees cycle minerals more rapidly is not
known. This will be studied in a future experiment now in the

planning stage.

Several preliminary experiments to study the chemical behavior of
epiphyllae have been done. It has been verified experimentally that

leaves containing epiphyllae actively adsorb 137¢s from solutions.
Leaves without epiphytic growth do this to a lesser extent. Further-
more, the adsorption is biological and not simply a surface exchange
phenomenon, since the nuclide cannot be removed from the leaves by
dipping in a solution containing 0.5 molar KCl. 1In field experiments,
labeled epiphyllae have been transplanted to unlabeled leaves in an
attempt to determine whether these plants have the ability to furnish,
at least in part, some of the mineral nutrient requirements of the
host plants. We are thus far unable to show that this happens.
Labeled epiphyllae transfer nuclides to other epiphyllae, but foliar
uptake by the underlying leaf has not been found during the short-
time interval (24 hours) of the preliminary experiments. Refinements
to these experiments are being planned in order to study these

possibilities more exhaustively.

STABLE ELEMENT ANALYSIS

Analysis of stable elements in tropical forest vegetation will enable
the establishment of present levels in the forest, the identification
of possible biological accumulation mechanisms, and the determination
of specific activities where the forest is labeled radioactively with
the same element being measured chemically., Specific activity
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measurements will enable the determination of partitioning between
stable and radioactive nuclides of the same chemical elements and
will give some indication of the rate of attainment of steady-state
conditions where all components of the forest have the same specific

activities.

Some chemical analyses of stable elements have been completed on
forest components during the past year under purchase order to other
analytical laboratories. While the results obtained appear to be
satisfactory, this general method of obtaining analyses is not
satisfactory, since it lacks the flexibility required for an active
research program. It has, therefore, been decided to make the project
self-sufficient in analytical services. To this end, a research type
atomic absorption spectrophotometer with ten hollow cathode lamps has
been ordered, and will be put in service immediately upon arrival.

WATER BALANCE MEASUREMENTS

More than 30 lysimeters, of the type developed by Carl F. Jordan,
have been installed at various depths in the soils at El Verde
(Appendix A). These lysimeters in connection with specially designed
rain gauges have been used to obtain preliminary descriptions of
runoff and infiltration of rainwaters in the forest. These measure-
ments confirm the past qualitative observations of many investigators
that the soils in this region have high infiltration capacity since
we have observed up to 95% of the total incoming waters being lost
by this means rather than by runoff. This is surprising considering
the slopes in this mountainous region, and raises further questions
concerning the ultimate dispositions of excess water from the entire
area.

The behavior of the lysimeter itself is not yet completely understood.
An experimental system has therefore been prepared to study this
behavior under controlled conditions (Appendix A). The system con-
sists of a plastic box which contains soil and lysimeter. The box

is used for water balance experiments, wherein known amounts of
applied water can be traced to either percolation or interception

by the lysimeter under conditions where runoff and evaporation are
negligible,.

Ar?as in'the forest have been prepared to study water movement through
soils using tritiated water. The first experiment was carried out in
February 1967, when 20 mCi of THO diluted to 1 liter were applied to

a l-meter square plot which was equipped with lysimeters, runoff
collectors, and air samplers. Data is shown in Appendix’A.
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STAFF

Dr. H. T. Odum terminated his position as director of the Terrestrial
Ecology Project on September 1, 1966, and was replaced by Dr. Jerry R.
Kline. A new staff position, that of Ecologist, was filled by

Dr. Carl F. Jordan on July 1, 1966. Dr. Jordan's duties include
making the ecological measurements required in the post-irradiation
succession and recovery studies, and carrying out water balance
measurements utilizing the lysimeters which he developed.

Dr. Elizabeth McMahan of the University of North Carolina spent June,
July, and August 1966, as an 0ak Ridge Research Participant studying
termite behavior and radiosensitivity at the El Verde project site.

She has prepared a report on this work and has submitted it for
inclusion in the forthcoming book, A Tropical Rain Forest. Dr. Bassett
Maguire, of the University of Texas, spent 2 weeks on the project
during September 1966, studying arthropod behavior and distribution
mechanisms and has prepared two manuscripts from this work for open
literature publication.

The project had, in addition, several short-term visitors under the
previously existing visitors program, who came to finish various
phases of projects needed for the rain forest book publication. These
included: Dr. Richard Wiegert and Dr. Joe Edmisten, University of
Georgia; Dr. Martin Witkamp, Oak Ridge National Laboratory; Mr. Fred
Holler and Dr. Gerald Cowley, University of South Carolina; Dr. Frank
McCormick and Dr. Allen Stiven, University of North Carolina; and

Dr. Jerry S. Olsen, Oak Ridge National Laboratory.

Dr. Robert F. Smith, a graduate student at the University of Georgia,
successfully defended his dissertation which was prepared on this
project and terminated his ORINS Fellowship in August 1966.

Mr. Richard Egen, an engineer from Battelle Memorial Institute, spent
the month of January 1966, on the project erecting a tower and
finishing the giant cylinder in preparation for a series of metabolism
and water balance measurements in the forest. Costs of this service
were covered by Battelle, since these measurements appear to have
relevance in predicting the fate of tritium in tropical ecosystems.
This is a problem of primary significance in the proposed construction
of a sea level canal by nuclear excavation.

Sstaff participation in other projects included a trip to Darien
Province, Panama, by Drs. J. R. Kline and H. T. Odum for the purpose
of collecting plant and soil specimens for fallout radionuclide
analysis. Dr. Cdrl F. Jordan visited Oak Ridge National Laboratory
at the request of Dr. Jerry Olson for the purpose of demonstrating
the proper installation of lysimeters to be used in studies of

nuclide movement in soils.



Dr. H. T. Odum remained as a consultant to the project after his
termination of employment and has obtained project aid for the
completion of the proposed AEC publication, A Tropical Rain Forest,
which is a report of the first 3 years of research activity of the
Terrestrial Ecology Project. Other activities as a PRNC consultant
include construction of the electrical analog model of a tropical
ecosystem with project financial aid. The basic construction for
this model, which has been described in previous annual reports, is
now complete and performance testing has begun.

PUBLICATIONS

During the meetings of the American Institute of Biological Science
which were held August 14-18, 1966, more than 40 papers dealing

with various subprojects in the Terrestrial Ecology Project were
presented. These papers were authored in large part by past partici-
pants in the visiting scientists program and were presented in a block
as a symposium at the Ecological Society of America meetings. While
the entire list is too lengthy to duplicate, a list of papers
presented by project staff is given.

1. Drewry, G. E., FPactors Affecting Activity of Rain Forest Frog
Populations as Measured by Electrical Recording of Sound Levels.

2. Kline, J. R., Cycling of Fallout Radionuclides in Tropical
Forests.

3. Kline, J. R., and H. T. Odum, Comparisons of the Amounts of
Fallout Radionuclides in Tropical Forests.

4, Mercado, N., Report on Leaf Fall in the Radiation Center.
5. Murphy, P. G., and J. McIntyre, Tree Growth at the El1 Verde Site.
6. Odum, H. T., The AEC Rain Forest Project in Puerto Rico.
7. Odum, H. T., Forest Metabolism and the Giant Cylinder Experiment.

8. 0dum, H: T., and A. Lugo, (presenting), Metabolism of Forest
Floor Microcosmos from the Rain Forest.

9. Odum, H. T., A ?unctional Theory of Rain Forest Classification
Based on Transpirational Control of Root Numbers, Height,
Retention of Radioactive Fallout, and Energy.

10. VenﬁtoF, R., and F. K. 8. Koo, Cytogenetic Effect of Gamma
Radiation on Palicourea riparia.

11. Watson, H., Report on Stem Growth in the Radiation Center.
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All of the papers presented at the Ecological Society of America
meetings are scheduled along with perhaps 40 others for publication
in the forthcoming book, A Tropical Rain Forest, which is being
edited by H. T. Odum with the assistance of the office of Technical
Information, Oak Ridge. Approximately 60 manuscripts have been
received as of December 31, 1966, with others coming in rapidly.
Publication is presently scheduled for sometime during FY-1968,

Project scientists have also published information not committed to
the rain forest book at other meetings. The following papers were
presented at the annual meeting of the Soil Science Society of

America which was held at Stillwater, Oklahoma, August 21-26, 1966.

1. Kline, J. R., and 8. S. Brar, Instrumental Analysis of Neutron
Activated Soils.

2. Jordan, C. F., Quantity and Composition of Water in Natural
Soil Systems.

The following papers were presented at other meetings:

1. Kline, J. R., Radionuclide Studies in Tropical Forests. (Pre-
sented before the Radiation Research Society, May 9, 1967,
San Juan, Puerto Rico).

2. Jordan, C. F., Recovery of a Tropical Rain Forest After Gamma
Irradiation. (Presented before the Radiation Research Society,
May 9, 1967, San Juan, Puerto Rico. Also, to Second National
Symposium on Radioecology with manuscript for publication,

May 17, 1967, Ann Arbor, Michigan).

Two written progress reports were completed and submitted to Battelle
Memorial Institute in September 1966, in order to fulfill an obligat
tion resulting from their partial support of project research activi-
ties. These reports are listed as follows:

1. Kline, J. R., Radionuclide Behavior and Distribution in Tropical
Forests. (Later issued by Battelle as I0CS Memorandum BMI-1,

Nov. 1, 1966, 20 p.)

2. Odum, H. T., Hydrogen Budget and Compartments in the Rain Forest
at E1 Verde, P. R. Pertinent to the Consideration of Tritium

Metabolism.,
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Measurement of Radionuclide Residence Times
in Forest Compartments

Measurement of radionuclide residence times in the El Verde forest
is a continuing effort in which the half time estimates in various
compartments are revised approximately at 6-month intervals. The
estimates are based on a group of samples collected monthly at the
field site from canopy, understory, and litter. The samples are
oven=dried after collection and counted in a Marinelli beaker by the
method of gamma scintillation spectrometry utilizing a shielded Nal
(TI) crystal connected to a 400 channel pulse height analyzer. The
complex spectra are resolved into their individual components by
computer solution of simultaneous equations. The data for each
nuclide is then plotted as a function of time on a semi-logarithmic
scale and regression lines are fitted by the method of least squares.

Strontium-90 analyses is also being carried out in order to obtain
residence time estimates for this nuclide. These are carried out by
a method involving dry ashing and dissolution of the sample followed
by separation of Oy as the phosphate. After 2 weeks of ingrowth,
the My is separated again and counted in a thin window gas flow beta
counter,

Strontium-90 was estimated to have an effective residence half time
of 3,600 days in freshly fallen leaf litter (Figure l1). Using an
independent estimate of expected residence time of 430 days, if

there was no input, it was calculated that the probable retained
input to this system was about 0.19 nCi/mZ/month. 1t was independ-
ently calculated from “VSr deposition data, published in '"Radiological
Health Data and Reports,' that the probable retained input was of the
order of 0.26 nCi/mz/month. This value is by coincidence identical
to the average deposition which was reported for San Juan and was
obtained by doubling the San Juan value to account for the greater
rainfall scavenging in the El Verde area and then taking one-half

of this value as the average canopy rainfall interception which has
been previously estimated for this forest.

Residence times for 137Cs in canopy, fresh leaf litter, and under-
story leaves are given in Figure 2. Understory leaves have the great-
est burdens followed by canopy leaves and fresh leaf litter. The low
values in leaf litter indicate a possible loss of 137cs by leaching
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since these leaves are collected only once each month. The computed
residence times for each forest compartment are given in Table 1
along with deposition data. Understory leaves have the longest resi-
dence half time while canopy_ leaves have the shortest. The values of
environmental half-life for 137Cs are considerably shorter than those

for “YSr and imply a less effective retention mechanism for 1 Tcs.
The estimate of 588 days obtained for canopy half-life approaches the

independent estimate of 430 days which has been suggested to be a
limiting environmental half-life. The longer value is of course
attributable to fresh input over the period of measurement. Using

the difference between the observed and estimated half-life, it was
calculated that the retained 137Cs was about 0.04 nCi/m2 month. From
the previously cited deposition data for 905r and the 13 Cs/?¥Sr ratio
of 1.4, it was calculated that the actual input deposited on leaves by
intercepted rainfall was 0.37 nCi/m%/month. This would suggest a
possible retention efficiency equal to 100 x 0.04/0.37 = 10.8%.

The independently derived estimate for residence half time of 430 days
in the canopy of the El Verde forest was obtained on the basis of a
simple physical dilution model. This model assumes that physical
transference of nuclides to the forest floor is accomplished primarily
by leaf fall and that other possible mechanisms such as leaching are
insignificant by comparison. Measurements of leaf fall indicate that
this quantity is fairly constant year-round with an average deposition
equal to 40g/m?/month. Since the forest is in an approximately steady
state, it is reasonable to assume that leaves are replaced at the same
average rate in the canopy. Thus the canopy leaf biomass remains
constant, but with a relatively small loss and replacement going on
constantly. The leaves which are lost have the average canopy burdens
of radionuclides while those which replace them have initially much
lower burdens. Thus the canopy radionuclides are continuously being
diluted by the growth of new leaves.

Successive dilution processes are relatively simple to treat mathemati-
cally if one treats them as a series of discontinuous steps rather than
a continuous process. 1In the forest2 for instance, it is reasonable to
assume that in any given month 40g/m“ of leaves fall and then are
replaced with a like amount of new leaves. This process is described
in Equation 1.

(W-L)C, = WC, (1)

or

(W-LyMxCy = ¢ (2)

Where:

W = Average canopy biomass (g/mz)
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Average weight of fallen leaves = average weight of new
leaves (g/mz)

e
n

C. = Content of radionuclide in canopy leaves before dilution
(pCi/g)

Content of radionuclide in canopy leaves after dilution
1 (pCi/g)

9]
]

The dilution given during the second month is given by Equation 3

(W-L)C1 = WC2 (3)
Rearranging and substituting from Equation 2
2
W-L
() e -
In general then by induction
n
W-L =
(7;{) X C0 Cy (5

Where n = the number of repetition (months) of the dilution

Equation 5 was evaluated over a period of 600 days 520 months) using

an average value for canopy leaf biomass of 859 g/m“ (derived from the
data of Odum et al.) and 40.5 g/m? for leaf fall and replacement during
one cycle. The calculated nuclide residence half time is 430 days.

The actually observed effective half-lives are longer than this due to
the low-levels of input of nuclides which are still occurring. Meas-
uring these inputs directly has been a difficult problem and we have
relied on published values for the purpose of calculation.

The model is subject to further modification. It does not at present
account for root uptake of nuclides nor does it account for loss from
the canopy by leaching. Both of these quantities are finite but have
been shown by other measurements to be quite small. It may be possible
to neglect them. Equation 5 does not now include an input term. This
could be improved by adding the term nKj Ky D to the left-hand side of
the equation, where D is the total average deposition of the nuclide
per month, Ky is the average rainfall interception efficiency, Kp is
the retention efficiency by leaves and n has the same meaning as in
Equation 5.

Debris from the Chinese nuclear test of May 9, 1966, was observed in
leaf samples collected on June 2, 1966, at El Verde. The most prominent
nuclides were 99zr-9oNb and l44ce (Figures 4 and 5). Prior to the test,
the effective half time for 2°Zr was about 61 days, while after the fresh
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input it was 44 days. The corresponding environmental half time
after the input was 137 days which is considerably shorter than our
theoretically estimated 430 days and indicates that the freshly
deposited material was subject to fairly rapid removal by leaching.
The effective half time for 144Ce before the test was 280 days, while
afterward it was 98 days. The environmental half time after the test

was computed to be 149 days which again indicates rapid removal of
this nuclide by leaching.

It is apparent from observations of the behavior of freshly produced
debris that interception by a rain forest canopy must be represented
by at least a two-compartment model. One compartment will describe
the physical processes of removal or retention and the other will
describe the biological. Thus for any given input of radionuclides,
part will be present on leaves as a physical deposit which is subject
to fairly rapid removal, while another part will be incorporated
into biological systems possibly through the action of epiphyllae and
will be retained with greater efficiency. The actual partitioning
will depend on the physical and chemical form of the debris. 1In the
studies of the behavior of worldwide fallout of stratospheric origin,
it is believed that much of the material is soluble and therefore
subject to biological uptake, while the Chinese debris was probably

in particulate form of tropospheric origin and was therefore subject
to primarily physical removal.

The modeling represented by Equation 5 will apply only to the debris
which has been incorporated into biological systems, while the

processes of physical removal will probably be most fruitfully
described by using a 'black box" approach. '
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1966. (Individual canopy averages show nuclide loss in
the first month after deposition. Data points are for
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TABLE 1

Residence Times of 13705 of Fallout Origin in Various
Rain Forest Compartments

Environmental Leaf Biomass 137¢s Burdens
Compartment  half-life (days) (g/m? dry) nCi/m?
Canopy 588 859 5.8
Understory 937 ND* =
Leaf fall 710 40, 5%% 0, 2#*
Leaf litter - 124 1.2

*ND = Not determined. 1Included in canopy estimate.
*kAverage per month.
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Tracer Experiment

radionuclides in the E1 Verde forest could be accounted for on the
basis of root uptake by trees, a tracer experiment involving 134Cs,

Sr, and N was established in January 1966. The objective of
the experiment was to determine whether these nuclides could be
transferred from litter or soil to roots of understory plants, and
if so, at what rates.

Four plots were established within a fenced enclosure on a gently
sloping ridge top within the El Verde contract area. These plots
which ranged from 1 to 1.5 m2, were completely encircled with corruy-
gated aluminum garden edging to a depth of 3 inches, and roots to
this depth were cut to prevent export of nuclides to trees outside

of the plots. Two of the plots were stripped of all litter and two
were left intact prior to the application of nuclides. On January 6,
1966, approximately 1 mCi/m2 each of 134Cs, 855y and 54Mn were applied
to the plots in the form of a spray from a hand-pumped garden sprayer,
All plants within the plots at this time were covered with plastic
bags and aluminum foil to prevent contamination with spray.

Samples of leaves were collected from the understory plants, at first
biweekly and later monthly, as it became apparent that the uptake of
nuclides was slow. To prevent the depletion of plant material, all
plants were not sampled every month; instead a stratified random
sample was taken of leaves according to the size of the plant on which
they were growing. Small samples were taken from plants 0-1, 1-3,

and greater than 3 ft tall on each plot. This sampling plan was
followed until January 28, 1967, at which time the experiment was
terminated by completely harvesting all plant material on the plots.
This material was dried and weighed and counted for radioactivity.

Figures 1 and 2 show the uptake over the l-year period by understory
plants growing on plots in which the forest litter was undisturbed.
Figures 3 and 4 show the uptake from Plots in which the litter was
removed before nuclide application. Some of the variability in the
data was attributable to the sampling method since the same plants
were not necessarily sampled each month. The initial high levels of
nuclides in the smaller plants could be the result of contamination
of the spray. The very randomness of the data is, however, instruc-
tive; since no clear pattern of uptake kinetics was established after

1l year.

Several general conclusions can be drawn from these observations:
First, the smaller plants (0-1 ft) appeared to take up nuclides more
rapidly than the larger plants; second, uptake occurred more slowly
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in plants growing on litter covered plots than those growing on bare
plots; and third, uptake was relatively slow on all plots with some

pattern beginning to emerge within a short time before the termination
of the experiment.

These conclusions were confirmed when the plants were harvested at the
end of the experiment. Count rates per-unit-weight of all material
were converted to total uptake of activity by multiplying by the total
weight and then converting to fractional uptake by dividing by the
total activity applied (Tables 1, 2, 3, and 4). Recovery of the
original radioactivity in individual understory plants ranged from

3 x 1073 to 0.6% for 134Cs and from O to 4% for 9%Mn with the ma-
jority of values for both nuclides falling below 0.1%. These values
may be deceptively low since the amount of activity in the soil of a
square meter plot which is potentially available to an individual
plant cannot be estimated.

It may be supposed that all of the activity on the plot was available
to one plant or another, however, so the summation of recovery for
each plot is instructive. These values range from 0.006 to 1.77 for

Cs and from 0.074 to 7.85 for S%n and indicate, in general, a
greater recovery of %n. This might be expected since Mn is known
to be an essential nutrient for plants in trace amounts. Thus it
appears that 134¢5 was cycled through roots to a lesser extent than
an element known to be required in only trace quantities.

No report is given on the behavior of 85gr in harvested plant material
since approximately seven half-lives of this nuclide had elapsed since
the beginning of the experiment and it could not be reliably determined

at the low-levels found in plant materials.

Freshly fallen leaf litter in the plots which were originally stripped
of litter was found to be radioactive at the end of the experiment.
The total activity in litter accounted for up to 3% of the original
13405 and 49 of the Shyn (Tables 1 and Z). This is probably due to
soil particles splashed into the leaves by rainfall but could also
indicate biological cycling processes in the litter-soil layers. The
amounts found cannot be accounted for by cycling through trees since
the live leaf burdens were found to be low.

Samples of soil and litter, from the litter undisturbed plots, were
collected periodically throughout the experiment. Radionuclide
content of soil surfaces averaged over all plots is given in Table 4.
Levels of 134Cs remained relatively constant throughout the duration
of the experiment while 54Mn values tended to decline. Clear con-
clusions are difficult because greater than anticipated variation was

found.
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Rates of radionuclide loss from organic litter originally sprayed with
radioactive solution are shown in Figures 5 and 6. The data indicateg
a probable residence half time of the order of 10 to 20 days. These

are environmental half-lives which are corrected for radioactive decay
but are not corrected for the dilution effect caused by new leaf fall,
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Figure 1. Uptake of 134C8, 85sr and 3%n through roots of understory

plants (forest litter in place).
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TABLE 1

Total Uptake of 134Cs and 2%Mn on Plot 1 by Understory Plants

After 1 Year (Litter Removed)

o ' ' Part of Percegt Uptake3
pecies Name Height Plant Cs(x107) Mn(x107)
Banisteria laurifolia 10 in. Seedlings 0.06 0.49
Dryopteris deltoidea 10 in. Fern 0.64 1.14
Dacryodes excelsa 10 in. Seedlings 0.03 0.38
Eugenia stahlii 10 in. Seedlings 0.03 0.04
Eugenia stahlii 31 in. Leaves 0.57 0.04

Branches 0.34 0.50

Guarea trichiliodes 10 in. Seedlings 0.08 0.07

Meliosma herbertii 62 in. Leaves 0.62 4.55

Branches 1.56 57.43

Philodendron krebsii ground Vine 0.22 0.90

level

Rourea glabra 37 in. Leaves 0.07 0.6

Branches 0.61 5.04

Rourea glabra 10 ft. Leaves 0.16 1.37
Branches 0.71 0.10

T. balsamifera 10 in. Seedlings 0.13 1.15
T. balsamifera 25 in. Leaves 0.07 0.00
Branches 0.34 0.50

Leaf litter - - 169.00 659.70

27
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TABLE 2

Uptake of 1340s and 54Mn on Plot 2 by Understory Plants
After 1 Year (Litter Removed)

Part of Percent Uptake
Species Name Height Plant Cs(x103) Mn(x103)
Eugenia stahlii 10 in. Leaves 3.08 0.00
Branches 4,52 0.30
Inga laurina 10 in. Seedling 1.23 1.96
Rourea glabra 23 in. Leaves 3.40 32.32
Branches 18.42 54.88
Rourea glabra 44 in, Whole 30.57 19.76
Plant
T. balsamifera 15 ft. Leaves 117.56 2258.93
Branches 11.14 175.09
Trunk 21.87 724,64
Intermediate
Trunk 129.71 4360.46
Ground level
T. balsamifera 10 1in. 2.49 14.66
T. balsamifera 30 in. Leaves 0.44 8.24
Branches 4,06 201.09

Leaf litter - 3049.14 4038.26




TABLE 3

Uptake of 134Cs and 54Mn on Plot 3 by Understory Plants
After 1 Year (Litter in Place)

Part of Percent Uptake

Species Name Height Plant Cs(x103) Mn(x103)
Dacryodes excelsa 10 in, Seedling 0.19 3.55
Guarea trichiliodes 10 in. " 3.00 1.66
Inga laurina 10 in. " 7.29 3.18
Myrcia leptoclada 18 in. Leaves 0.81 . 0.84

Branches 0.58 0.60
Myrcia leptoclada 13 fxt, Leaves 37.28 73.06
Branches 27.89 314,93
Trunk 202.74  4093.67
Rourea glabra ‘ 36 in, Whole 10.62 3.22
Plant
T. balsamifera 10 in, Seedlings 2.23 7.38

Dead Stem 15 in. 0ld Stem 1.76 11.31




TABLE 4

Uptake of 13405 and 54Mn on Plot 4 by Understory Plants
After 1 Year (Litter in Place)

—

Part of Percent Uptake
Species Name Height Plant Cs(x103) Mn(x103)
Banisteria laurifolia 10 in. Seedling 0.25 0.86
Inga laurina 10 in. Seedling 1.07 1.30
Manilkara nitida 10 in. Seedling 1.78 1.26
Manilkara nitida 24 in. Leaves 1.70 0.39
Branches 18.16 4,24
Manilkara nitida 17.5 in. Leaves 166.22 8.32
Branches 656.05 0.00
Branches 265.90 0.00
Trunk (Top) 35.88 0.00
Trunk
Intermediate  80.79 0.00
Trunk 128.24 0.00
Ground level
Meliosma herbertii 18 in. Leaves 7.18 17.91
Branches 6.48 45.27
Meliosma herbertii 7 fe. Leaves 1.42 2.317
Branches 341.83 1374.94
Myrcia leptoclada Whole Plant 2.39 1.78
Myrcia leptoclada 16 in. Leaves 9.24 8.78
Branches 11.12 3.69
Neorudolphia volubilis 3 ft. Vine 17.89 1.84
Ocotea leucoxylon 10 in. Seedling 1.15 2.69
Rourea glabra 10 in. Seedling 11.22 0.88
T. balsamifera 30 in. Leaves 0.53 2317
Branches 2,78 29.74
T. balsamifera 10 in. Seedling 0.48 1.54
Leaf litter 2053.78 9371.70
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TABLE 5
134Cs and 54Mn in Soil Surface (CPM/gm)
March 17, 1966 June 7, 1966 January 24, 1967
134¢s 2636 + 419 2677 + 19% 2246 + 407
S%n 885 + 55% 517 + 75% 305 + 33%
5
10
134
8,
5411
10*
£
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=
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10°
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4
Figure 5. Rate of change of 1340, 83sr, and **¥n in forest floor
leaf litter (plot 4).
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Tritium Experiment

On one of the lysimeter installations described elsewhere in this
report, a preliminary experiment was established to determine the
fate of water in the environment of the El Verde area. The objec-
tives of the experiment were to utilize tritiated water (THO) to
determine amounts and rates of movement of free water which evapo-
rates into the atmosphere, which runs off soil surfaces and which
percolates through soils. Transpiration of water by plants and
uptake of tritium into biological tissues were not included in the
original experimental objectives. These variables will be observed
in subsequent experiments.

On February 14, 1967, 20 mCi of tritiated water were diluted to 1
liter with rain water and the mixture was applied to the surface of
a soil plot with an ordinary garden sprinkling can. Immediately
after application, the sprinkling can was rinsed with 500 ml of
fresh water and this portion was also applied to the plot, making a
total volume of 1500 ml that was applied. A small sample of the
original liter was withheld for count rate standardization. After
appropriate dilution,_the solution was found to have a measured
activity ?f 1.45 x 107 count/min/ml for a total application of

1.45 x 1010 count/min. The specific activity on the plot after
application of the 500 ml rinse was then 0.97 x 107 count/min/ml.
The counting was performed with an average efficiency of about 307%.

The soil plot was equipped with two lysimeters buried at 5 inches

in the soil for the collection of percolating waters. In addition,
the plot which terminated at a vertical cut in the soil was fitted
with a runoff collecting trough for the collection of surface waters.
Surrounding the plot at ground level and downslope from the plot were
six liquid nitrogen-charged cold trap condensers for the collection
of atmospheric water samples. Nine more condensers were arranged
downslope from the plots in a vertical sequence at l-meter intervals
to study water vapor movements above the plots,

Immediately upon application of the tritiated water, the water vapor
samples were placed in position and allowed to collect for 1 hour.

The collectors were sampled at l-hour intervals during the remainder
of the first day and three times per day thereafter until a sequence
of samples from each station extending to 245 hours had been obtained.
Air sampling was then terminated.

The results of air sampling (Figures 1, 2, 3, and 4) show a rapid
rise and fall of tritium activity which was essentially complete
within the first 5 hours of the experiment. Thereafter tritium
continued to diffuse into the atmosphere at very low but nearly

33
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constant levels. Highest levels of tritium activity were found ip
samples collected from one-half to 6 meters below the plots while
the lowest levels were found at the sides of the plots and in the
vertical sequence higher than 1 meter above the ground. These
patterns of activity indicate that the tritium labeled water began
to evaporate or diffuse immediately after application in a narroyw
band about 1 meter wide and less than 1 meter deep. This band was
swept downhill continuously by the natural air drainage which occurg
on the mountainside. Computation of the total loss of tritium by
evaporation or self-diffusion is difficult because the grid system
of vapor collectors was not sufficiently extensive to delimit the
total volume of contaminated air.

Tritium activity found in runoff water is shown in Table 1. The
highest levels of activity were found in the first collection and
they declined uniformly thereafter until negligible levels were
found approximately 1 month after the application. Only 1.3% of
the total applied tritium was recovered in runoff water during the
first month of the experiment.

The dilution of the original tritiated water as measured in runoff
is shown in Figure 8. The first sample collected is shown to be
diluted by a factor of the order of 100 although the rainfall which
produced the runoff amounted to only 0.23 cm and the total volume
of water intercepted by the plot was only 2.2 liters. Thus the
dilution of tritium during the first 36 hours of the experiment was
greater than can be accounted for by the input of water even though
subsequent dilutions were roughly related to input. This might
indicate rapid self-diffusion of the tritiated water after applica-
tion, or it might indicate rapid bulk penetration of the originally
applied tritium into the soil which allowed only a fraction of the
original volume to be exposed at the surface.

Recovery of tritium through a lysimeter in the soil is shown in
Table 2. Highest levels of activity were found approximately 2
weeks after application with lower levels before and after. This
may indicate that tritium originally in the surface plane of the
soil moved through the profile in a rather broad and diffuse front.
Samples collected up to 6 weeks after application accounted for only
11.9% of that originally applied, indicating that the bulk of
tritium remains somewhere in the profile.

The rapid original dilutions of tritium and the broad diffusion front
may indicate that self-diffusion of tritiated water is a significant
process in soil water. If this is the case, it is unlikely that it
will be possible to flush an environment of tritium once contamination
has occurred. The long persistence of tritium in this profile would
indicate support for this belief. High specific activities have been
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found in soil water up to 4 months after application, even though
in excess of 50 cm of rain corresponding to 500 liters of water have

been intercepted by the plot during this time.

Observations on this plot will continue until a reasonable accounting
of the originally applied tritiated water has been obtained.
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Figure 1. Average tritium activity in atmospheric water collected

at ground level from four stations upslope and to the
side of the experimental plot.
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Figure 2. Tritium activity in atmospheric water collected at ground
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Figure 5. Tritium activity in atmospheric water collected 2 meters
downslope and 1 meter above ground from experimental plot.
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TABLE 1

Tritium Recovered in Surface Runoff Water

Time Volume Percent

Date Collected Calculated CPM/ml Collected, ml Recovery
2/15/67 9:00 AM 111,547 200 0.15
2/15/67 1:00 PM 29,766 100 0.02
2/16/67 11:00 aM 29,150 100 0.02
2/16/67 1:30 PM 18,154 1,000 0.12
2/17/67 2:30 PM 15,524 3,800 0.41
2/20/67 11:00 aM 11,807 40 0.003
2/21/67 9:00 AM 12,700 190 0.02
2/23/67 9:00 AM 7,910 11 0.001
2/23/67 3:00 PM 7,719 2,100 0.11
2/24/67 4:00 PM 5,491 3,000 0.11
2/27/67 10:00 aM 3,629 20 0.001
3/1/67 10:00 AM 2,263 19,000 0.30
3/2/67 10:00 AM 513 5,000 0.02
3/6/67 10:00 AM 415 4,000 0.01
3/13/67 10:00 AM 243 175 0.001

Cumulative recovery for 1 month 1.37
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TABLE 2

Recovery of Tritium in Percolating Soil Waters by a Lysimeter
Buried 5 Inches in the Soil

Cumulative recovery after 6 weeks

Volume Percent
Date Collected CPM/ml Collected, ml Recovery

2/16/67 13,315 29 0.16
2/17/67 24,714 130 1.34
2/24/67 18,424 71 0.55
3/1/67 41,238 315 5.43
3/2/67 41,239 57 1.00
3/6/67 45,598 99 1.89
3/27/67 21,550 175 1.57
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Forest Chemistry

Prior to the establishment of analytical services within the Project,
a series of samples of plant material were sent to the Soil Testing
Laboratory of the University of Georgia in order to gather preliminary
information on stable element concentrations. The samples were se-
lected to provide chemical information on three different subjects,
The first group of samples was obtained from 50 leaf collection
stations during 1 month and was designed to provide an estimate of
the variation to be expected from point-to-point in the forest, in
the flux of elements cycling to the ground via leaf fall.

The second group consisting of monthly composites of the leaf collec-
tion stations near the radiation center and control center which were
obtained before and after the irradiation, was designed to detect the
influence of radiation on elemental composition, if any. The third
group consisted of leaves pruned from various trees and was intended
to demonstrate whether there are any consistent differences among
species or among leaf types with regard to elemental composition.

Nine elements, P, K, Ca, Mg, Na, Zn, Mn, Fe, and Cu were determined
in the ash of each sample by atomic absorption spectrometry.

Table 1 gives the mean, standard deviation, standard error of the

mean, and coefficient of variation (SD/X) for each of nine elements

in the ash of freshly fallen leaf litter collected at one time from

50 stations. Coefficients of variation range from 35.6 for Mn to

94.2 for Na. The generally high values for Na in plant ash and the
high variability may be due primarily to the influence of sea salts

in the area rather than biological uptake. The high variability may
not be completely random; stratified sampling may reduce it, and in

so doing, yield information on nutrient element behavior in the forest.

Results from the study of the influence of radiation on elemental
composition of freshly fallen leaf litter are shown in Table 2.

This data was collected in a 2 x 2 factorial design in which the
factors "time'" and "location" were studied. Thus samples collected
from the radiation and control center before and after the radiation,
were analyzed. This is a powerful design for this type of experiment
since it allows study of the time x location interaction. Thus if
alterations in nutrient levels were shown only in the radiation center
only after radiation, this could be attributed to radiation effect
with reasonable confidence. The main effects of time or location
alone could be attributed to possible seasonal trends or permanent
locational differences instead of radiation if they were statistically
significant. Analyses for eight of the nine elements measured showed
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nteractions, thus establishing that
lemental composition of leaves. The
iron was statistically significant
The peculiar form of the interaction,
retation and it is

he null hypothesis when
in one of every 20

no significant main effects or 1
radiation had no effect on the e
time x location interaction for
at the 0.95 level (Table 2E).

however, has no convincing biological interp
concluded that this is a case of rejecting t
it is true, an event which is expected to occur

analyses.

species is presented in Table 3.
jes have rather uniform nutrient
Dacryodes is shown to have lower
level of confidence. Only

A study of elemental composition by

In general, leaves of different spec
content. In the case of Mg however,
levels than Manilkara or Croton at the 957%
further sampling and analysis can verify whether this is generally

Sodium content of leaf ash varies from 0.07% in Euterpe to
ried out in our own

to these values.

true.
38% in Croton. Verifying analysis must be car

laboratories before any credence can be given

The elemental composition of leaves as related to age and position

in shade or sun is presented in Table 4. 1In general, the composition
is not related to age or position of the leaf. An exception, however,
exists in the case of P. Here it is shown that the new leaves have
higher P contents than old which is biologically reasonable assuming
that the new leaves are in a more active state of growth. A similar
trend appears to exist in the case of K and indeed the differences
were significant at the 90% level of confidence, with new leaves
having higher content than old. None of the other elements exhibit

a particularly strong trend however and it is concluded that the
stratification described in this section is not particularly

instructive.
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TABLE 2

Interaction Tables for Elemental Content of Leaf Litter Ash Before
and After Irradiation in Radiation and Control Centers

A) P (%)
B) K (%)
C) Cca (%)
D) Mg (%)
E) Fe (7)

F) Cu (PPM)

G) Zn (PPM)

H) Na (%)

I) Mn (%)

Center

Radiation
Control

Average
Center

Radiation
Control

Average
Center

Radiation
Control

Average
Center

Radiation
Control

Average
Center

Radiation
Control

Average
Center

Radiation
Control

Average
Center

Radiation
Control

Average
Center

Radiation
Control

Average
Center

Radiation
Control

Average

Before

«95
1.06

1.01

Before

Before

36.22
33.84

35.03

Before

.028
.062

. 045
Before

117
108

112
Before

700
700

700

Before

5.49
18.44

11.97
Before

.75
.65

.70

After

Average

Average

37.74
31.62

Average

.048
.050

Average

100
116

Average

742
795

Average

4.00
10.70

Average

.68
.61

45



46

- L1°0 (s6°) CSH

. & apeys #aN
991 80°0 €1°0 %9°11 662 %94 10° %1 68°Y £v°o
. $Z°0 apeys pIO
86 80°0 L1°0 98°6 oce 9y 1L°C1 88°1
. . o ung MmN
26 90°0 0og°0 16°01 90¢ cLYy 9%°8 €T’y %%7°0
] s ung ﬁﬁo
912 L0°0 6%°0 L2°8 (AN 1Z2°% 29°¢1 6L°1 L2°0
nd-Kdd ad % ul % eN % uzZ-Wdd SW % e) % X% d % satoads
00Ty o0319ngd ‘spasp 1J wois
sa109ds 9211 [BI2A9S UT Ysy Jo uorlrsodwo) Tejuswa(d pue odAl jesT Jo drysuorieyay
VARG ULAR
- - - 6L°S - 06°1 - - - (56°0) asH
GEl 80°0 €1°0 L0°0 ¢61 SS*Y 1€°L %8°¢ LE°0 esoqo12 adiajng
L11 L0°0 61°0 Gl 8¢ ¢8¢ 81°¢ £€6°01 %0°¢ €6°0 snyjuefrdaod uojoa)d
062 60°0 €9°0 L8°9 oge og°¢ 1€°S1 VAR 6€°0 BUBTIS®319q BIUBOTS
011 €0°0 e 0 9¢°¢S €9¢ %6°¢C €6°11 96°¢ €€°0 BSTadXa sapoAide(
29 ¢1°0 90°0 %°0 £S¢ 08°9 26°S1 20°¢S L2°0 BPIITU BIRYJTUBK
n)-Wdd °d % un % eN % uz-Wdd SHW % ®D) % A% d % satoads

ysy ul sjuawaig

001y o03aand “spasp 19

12N 89311 Jo sardoad§ snoriep woij Ysy jes T jo uoyjrsodwo) Tejuawald aldeaaay

€ dT4VL




47

Forest Phenology and Tree Growth

Several subprojects in forest phenology and tree growth have been
continued because of their general usefulness in the radiation
recovery studies or radionuclide cycling studies. These include

the monthly collections of leaf fall from radiation and control
centers and the measurement at 6-month intervals of tree growth in
both centers. 1In addition, observations on fruiting and flowering
continue because the present record has not yet established reliable

patterns in these cycles.

Leaf fall for the period June 1966, to April 1967, in both centers
is shown in Figure 1. Average monthly leaf fall ranged from_a high

of Zg/mZ/day in the summer months to slightly more than lg/m“/day
in the winter months. The annual monthly average was 40.5 g/m“/mo.

A broad pulse of leaf fall was previously shown to occur in this
forest during the spring months of April, May, and June by H. T.
Odum (The Rain Forest Project Annual Report FY-1965). This year's
data indicates that the pulse lasted through September, showing

considerable change in the pattern.

Fruit fall as collected in the 55 stations is given in Figures 2 and
3. Nine species are shown which produced a significant fruit fall.
Approximately 30 other species produced fruit in numbers too small

to be plotted.

Tree growth during the period June 1966, through April 1967, in the
radiation center is shown in Pigure 5. The data shown is for
species which had sufficient numbers of individuals in the center
to give an estimate of continued radiation effect. The data will
henceforth be obtained at 6-month intervals rather than at monthly
intervals as in the past, since this appears to be sufficient to

show continued radiation effects.
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Figure 1. Leaf fall in the El Verde, Puerto Rico field site during
the period June 1966, to April 1967.
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Figure 2. Fruit fall collected in 55 stations during the period

S?ptember 1966, to April 1967, at the El Verde, Puerto
Rico field site for 4 species,
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Productivity Study in Irradiated Area

A study of total net productivity in the area surrounding the source2
location has been initiated. A 900 m2 grid has been laid out in 1 m
squares with nylon cord, in the irradiated area. All vegetation
within the grid, originating since cessation of radiation, was
measured in the fall of 1966. All vegetation existing prior to
radiation was measured in the spring of 1967. This data will be put
on computer cards, one card for each plant. The format for these
cards (Figure 1) shows what measurements have been taken.

Several plants of various sizes of each species will be taken from
areas outside of the radiation area. Regressions of dry weight on
diameter, height, or coverage will be calculated for each species,.
Total biomass, biomass per square meter, or biomass per species
within the grid can then be calculated.

Biomass of new vegetation is also a measure of productivity, since
all plants originated since the spring of 1965. Periodic measure-
ments of the vegetation in the irradiated area, similar to the first
measurements, will be made in the future. Productivity and biomass
calculations will be done on the University of Puerto Rico's IBM 1130
computer,
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1 -3 Job Code

4 Skip

5 -6 Sample date

7 Skip

8 New (N) or old (0) vegetation
9 Skip

10 - 12 Species

13 Skip

Tree, (T), Grass (G), Phytolacca (P), or Desmodium (D)
15 Skip

16 Sprout (S) or not (N)
17 Skip
18 - 21 Coordinates of grid
22 Skip
23 Drainage, Well (W) or Poor (P)
24 Skip
25 - 26 Inches
27 - 28 Sixteenths Basal Diameter
29 One hundred twenty eights
30 Skip
31 - 32 Inches
33 - 34 Sixteenths Dia. 30 cm
35 One hundred twenty eights
Tree
36 Skip (New)
37 - 38 Inches
39 - 40 Sixteenths Dia. 4.5 ft
41 One hundred twenty eights
42 Skip
43 - 45 Length
46 Skip
47 - 48 Percent coverage of quadrat
49 Skip
50 - 51 Percent coverage in growth area
52 Skip Grass
53 - 54 Max. height, cm
23 Skip
56 - 57 Average ht., cm
58 Skip
59 Coverage Desmodium
60 Skip
61 - 62 Inches
63 - 64 Sixteenths Basal Dia. Phytolacca
65 One hundred twenty eights
66 Skip
67 - 68 Inches Dia. 4.5 ft 0ld trees
69 Tenths
70 Skip
1 - 72 Percent canopy remaining

Figure 1. Format for computer cards for plants within the radiation study
area.
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Leaf Age Observations

It is suspected that certain leaves of canopy trees, perhaps those
on the top of the canopy, fall a short time after being produced,
while others toward the bottom of the canopy have much longer lives.
In order to determine whether an intensive investigation of this is
warranted, canopy leaves of four trees were tagged in October 1966.
The tagging was done shortly after a large number of new leaves had
emerged. Tagged leaves were counted on March 28, 1967. 1In Manilkara

bidentata, leaf fall was highest in both old and young leaves toward

the top of the canopy (Table 1). In three other species, sampling
difficulties prevented establishing height gradients. However, leaf
fall at one height was obtained. At 42 feet in Miconia tetrandra,
100% of 9 young leaves, and 63% of 43 old leaves remained after

5 1/2 months. At 51 feet in Linociera domingensis, 767 of 58 old
leaves remained. At 45 feet in Inga laurina, 100% of 28 young leaves,
and 867 of 7 old leaves remained.

Further monitoring of these leaves will be done.

TABLE 1

Percent of Young and 0ld Leaves of Manilkara bidentata at Various
Heights that Remained for 5 1/2 Months

Percent of Percent of tag-
No. of tagged tagged young No. of tagged ged old leaves
Height young leaves leaves remain- old leaves remaining on
feet 10/11/66 ing on 3/28/67 10/11/67 3/28/67
51 18 ’ 83 13 38
45 28 : 100 33 91
42 30 - 100 23 87
39 6 100 2 100
36 7 100 17 100
32 g 100 2 100

30 7 100 17 94
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Leaf Fall and Twig Growth in Irradiated Canopy

In October 1966, a tower was built approximately 18 meters from the
radiation source location, right at the edge of the apparent canopy
damage. 1In November 1966, leaves were counted and twigs measured
in the canopy of one Manilkara bidentata, and one Dacryodes excelsa
adjacent to the tower. Young leaves were separated from old leaves
on the Manilkara. There were no apparent young leaves on the
Dacryodes.

The leaves were recounted and the twigs remeasured in March 1967,
(Tables 1 and 2).

TABLE 1

Percent of Canopy Leaves of Radiation Exposed Manilkara bidentata
and Dacryodes excelsa which Remained for 5 Months

Percent of No. of Percent of
No. of tagged young tagged tagged old
~ tagged young leaves remain- old leaves leaves remain-
Species leaves 11/66 ing, 3/67 11/66 ing, 3/67
Manilkara bidentata 33 97 47 75
Dacryodes excelsa - - 34 35
TABLE 2

Change in Twig Length of Radiation Exposed Manilkara bidentata and
Dacryodes excelsa between November 19, 1966, and March 19, 1967

Species No. of twigs Average
measured change (cm)

Manilkara bidentata 10 + 2.6

Dacryodes excelsa 8 - 1.9
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Forest Metabolism

This report summarizes the work being done with the Beckman infrared
analyzer in the forest. The system has been used in measuring the
metabolism of several climax and successional species. During
January 1967, the giant cylinder was operated and 2 days of data was
collected. The data from the giant cylinder suggests that changes

must be made in its operation.

The metabolism of trees close to the radiation center was compared
with trees of the same species at the giant cylinder site. Also the
metabolism of a successional species was compared between individuals
growing in well-drained soils and poorly-drained soils.

MAXIMUM RATE OF PHOTOSYNTHESIS

The maximum rate of photosynthesis for the species studied is shown

in Table 1. It is interesting that tree #2660, 18 m from the source,
and tree #2707, 18 m from the source, had lower rates (0.98 gC/lehr)
than those measured on a tree of the same species at the giant cylinder

site (.152 gC/MZ/hr).

Psychotria berteriana, a successional species growing at the radiation
center, had higher maximum photosynthetic rates than the climax species.

Manilkara bidentata was found to have a maximum rate, somewhat higher
than Dacryodes. Both are climax species.

P/R RATIO

Metabolism data from two climax species (Dacryodes excelsa and Manilkara
nitada), and from one successional species (Psychotria berteriana) indi-
cates that the photosynthesis to respiration ratio may increase with
succession (Table 1). The low P/R ratics of the Dacryodes near the
source were caused by a relatively high respiration rate. Previous

work by Lugo (1965) showed that Dacryodes seedlings have a low P/R ratio.

As an example of the daily pattern of photosynthesis, respiration, and
light; a plot of the raw data taken from the recording charts is given
for the young leaves of the Dacryodes in the giant cylinder site
(Figure 1),

LITERATURE CITED

1. Lugo, A., Photosynthetic Studies on Rain For p
est Seedlings, Cecropia
peltata, Anthocepha}us cadamba, Dacryodes excelsa, and glénnea
berteriana, Master's thesis University of Puerto Rico, 1965.




TABLE 1

Summary of Maximum Rate of Net Photosynthesis and P/R Ratios for
Three Species Being Studied

Species

Maximum Rate of
Net Photo§ynthesis
gC/m“ /hr

P/R Ratio

Dacryodes excelsa
0ld sun leaves, giant
cylinder site

Dacryodes excelsa
Young, Immature leaves
(bright green), same
tree as above

Dacryodes excelsa
Tree #2660, 0ld sun
leaves, 18 meters
from source

Dacryodes excelsa
Tree #2707, 0ld leaves
facing source, tree 18
meters from source

Manilkara bidentata
Tree #2730, 0l1ld sun
leaves, 18 meters
from source

Successional Species

Psychotria berteriana
Poorly-drained soil,
radiation center

Psychotria berteriana
Poorly-drained soil,
radiation center

Psychotria berteriana
Well-drained soil,
radiation center

0.152

0.118

0.098

0.098

0.181

0.303

0.182

0.218

8.33

1.76

7.67

1.77

7.75

3.00

3.62

4.75
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DACRYODES, VERY YOUNG LEAVES (BRIGHT GREEN ) GIANT CYLINDER SITE TOWER
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Figure 1, Carbon dioxide concentrations in metabolism chamber

surrounding very young leaves of Dacryodes excelsa at
the giant cylinder site, January 1967, and amount of
light during the sampling period.
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Spectral Quality of Light Within the Forest

A series of aerial photographs of the forest surrounding the irra-
diated area was taken in August 1966. To the west and downslope from
the source location for several hundred meters, the forest canopy
appeared to be more yellow and less green than in other areas of the
forest. Since the effect was most pronounced where the forest canopy

was unshielded from gamma radiation, there is the possibility that
the effect is due to radiation.

In order to determine whether the color of the canopy really is
different in the area west of the source, a series of spectroradio-
metric measurements was initiated from the ground. A wedge-prism
type spectroradiometer was used for measurements.

Three of the spectra taken between 12:40 PM and 1:40 PM on March 29,
1967, during a period of "no clouds", are shown in Figures 1-3. Light
above the canopy was measured on the top of a 72 ft tower. Light at a
wavelength of 500 mu was more intense than at any other wavelength
(Figure 1). A fresh young leaf of Manilkara bidentata was placed
directly on top of the light-receiving surface of the spectroradiometer,
and a spectrum was taken on top of the tower (Figure 2). Most of the
blue and red light was absorbed by the leaf, but much of the green and
infrared was transmitted. The spectrograph taken on the forest floor
near the base of the tower (Figure 3) shows relatively more blue and
red light than is transmitted through a single leaf (Figure 2). This
shows that a portion of the light reaching the forest floor must be
scattered light, not transmitted light.

Spectra are time consuming to calculate and plot, and initial experience
has shown that a large scale statistical survey must be made to show any
differences in light quality between two areas of the forest. Since a
peak of maximum absorption occurs at 675 mu, and a peak of maximum trans-
mittance around 800 mu, it was felt that a ratio of transmitted light at
these two wavelengths would be easier to plot, and it would convey just
as much information about damage as the entire spectrum. Preliminary
results are promising. 1In a radiation-damaged area, the change in red
light absorption should be relatively great due to chlorophyll destruc-
tion, but change in infrared should be relatively less because a large
amount of infrared gets through regardless of the condition of the leaves.

Showing that there is a difference in the red infrared ratio in a par-
ticular portion of the forest does not prove that the difference is
caused by radiation. However, if a trend becomes evident in the
forest to the west and downslope from the source, and the rest of the
forest does not change, the trend could be due to radiationm.
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Lysimeter Studies

In order to study the soil water portions of the element cycles in
the Puerto Rican rain forest, lysimeters were installed at various
locations and at various depths (Table 1). The lysimeters are 2- by
12-inch stainless steel troughs with a mechanism inside for breaking
surface tension. They are installed by digging a pit, and then at
appropriate depths, digging a tunnel into the side of the pit. The
lysimeter is then wedged up against the top of the tunnel, which is
then refilled with soil. Lysimeters beneath the litter are installed
by peeling back the organic matter, installing the lysimeter, and
replacing the organic mat and litter. A precise description of the
lysimeter is given elsewhere (Jordan, 1968).

In order to calculate water budgets and elemental cycling budgets,

the volume of soil from which the lysimeter collects water must be
known. To calculate this volume of soil, the "effective collection
area" of the lysimeter must be determined. The "effective collection
area" is defined as that area of ground at the soil surface from
which all incoming water moves into the lysimeter below, and outside
of which no water moves into the lysimeter below. 1In reality, water
does not move straight down, but diffuses laterally as it moves
downward, and thus the area from which the lysimeter actually collects
water is larger than the "effective collection area." However, not
all the water within the actual collection area moves into lysimeters.

Because of the problem of lateral diffusion of water, "effective
collection area" is a useful concept.

The "effective collection area" was calculated by using a "Test Box,"
and with field plots.

TEST BOX

A box, slightly less than 1 m3, and with an open top, was constructed
of 1/§-inch plexiglass. A drainage tube connected to a vacuum pump

was connected to the bottom of the box. The bottom of the box was

filled with 2 inches of sand, and a foot of soil dug from the top few
inches of the forest soil, was placed on top of the sand. An inch of
organic matter was placed on top of the soil. A lysimeter was placed
at a depth of 5 inches below the mineral soil surface of the box. A

collection tube from the lysimeter ran out of the box.

Known amounts of simulated rainfall were applied to the box via a
siphon tube to an ordinary shower sprinkler. The sprinkler was moved
by hand in a systematic manner over the soil in the box during tests.



Before the test began, simulated rain was applied until there was a
continuous flux of water through the lysimeter and also out through
the drainage tube in the bottom of the box.

Once the flux was established, the lysimeter collection jug was
quickly emptied and reconnected, and a measured amount of rainfall
was applied to the box. As soon as the rainfall application was
complete, the lysimeter collection jug was disconnected, and the
volume of water collected was measured. The percent of water flux
collected by lysimeters closely resembled the percent obtained when
the top area of the lysimeter was divided by the top area of the
test box (Table 2). This means that the "effective collection area"
of the lysimeter is almost exactly equal to the top area of the
lysimeter.

FIELD PLOTS

Lysimeters were also tested in field plots. Two areas, each slightly
larger than 1 mz, were surrounded on three sides with garden edging
extending down into the mineral soil. The downhill side of each plot
was excavated, and a flat collection pan was wedged in below the
litter to collect surface runoff. Two lysimeters were installed
beneath plot No. 1, and three beneath plot No. 2, all at a depth of
5 inches. Rain gauges, 5 ft long by 2 inches wide were installed
along both sides of plot No. 1, and along one side of plot No. 2.

On December 22, 1966, it began to rain. During the afternoon water
started to move through the lysimeters. The collection bottles for
the lysimeters and runoff were emptied, and then reconnected, and

the rain gauges were emptied. Rain continued intermittently through-
out the night. It is assumed that the soil remained saturated
throughout the night until the next morning when measurements were
taken. Total water moving through the soil was calculated by
subtracting runoff from rainfall reaching the soil surface. All
calculations were converted to a square meter basis. The volume of
water collected by lysimeters was divided by total volume of percolate
to obtain percentage of percolate collected by lysimeter. This
percentage closely resembled the percentage obtained by dividing the
top area of the lysimeter by 1 m? (Table 3).

This data shows that the "effective collection area'" of the lysimeter
is almost exactly equal to the top area of the lysimeter.

LYSIMETER COLLECTIONS

Rainfall above the canopy as determined by one standard recording
rain gauge, and rainfall reaching the forest floor as determined by
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9 rain gauges, 5 feet long by 2 inches wide by 8 inches deep is
shown in Figure 1.

Volumes of water collected from each lysimeter from December 1966,
through January 1967, are shown in Figures 2-7. While there is
considerable variation between lysimeters at the same depth at the
same site, definite trends can be established.

Lysimeter collections for the 5-inch depth at the control center are
shown in Figure 2. Lysimeter No. 4 collects less water than the
others. Directly above this lysimeter is a large root, and this may
account for the small volume. The aluminum disc lysimeter described
by Cole (1958) collectedl approximately the same amounts of water as
lysimeters Nos. 1 and 2. A tension of 0.1 atm was placed on the
disc by suspending a 3 ft column of water below the disc. The top
area of the aluminum disc lysimeter is approximately four times
larger than that of the other lysimeter (612 em? vs, 154 cmz).

Lysimeter collections at the l4-inch depth in the control center
(Figure 3) are generally less than those at the 5-inch depth. How-
ever, lysimeter No. 1 collected considerably larger volumes of water
during heavy rains than other lysimeters in the same area (except

for No. 4 on April 3), and less during dry periods. This could be
the result of lysimeter No. 1 being located directly under a root
channel. During heavy rains, the root channel may drain a relatively
large area, but during dry spells, no water moves through the channel

while small amounts may move through the soil.

In the tritium area (Figure 4), lysimeters Nos. 1 and 2 are located
only 18 inches apart under apparently identical soil conditions.
Likewise, lysimeters Nos. 3 and 4 are close together. The volumes
collected within these pairs were quite similar throughout the
sampling period. This suggests that differences between collections
on the same date are more a function of actual differences in nature

than of variation in lysimeter performance.

Volumes in the cesium area (Figure 5) are similar to volumes in the
nearby tritium area (Figure 4).

A second plot was established within the cesium area, with lysimeters
at 2 and 5 inches (Figure 6). Although there is overlapping, the
2-inch deep lysimeters collected slightly more water than the 5-inch
ones. Lysimeter No. 12 failed to function after March 3.

Large differences between lysimeters at 5 and 14 inches (Figures 2
and 3), and small differences between lysimeters at 2 and 5 inches
(Figure 6) conform to what might be expected on the basis of soil
structure. Down to a depth of about 10 inches, the soil is well

1Made and donated by the Ecology Section, Brookhaven National Laboratory.
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aggregated and quite porous. During heavy r?ins, water should move
quickly through this porous zone. Below %0 inches the soil aggre-
gation disappears, and the soil is clay with very little, or no
structure. Thus considerably less water might be expected to move
down to this depth, except through root channels.

The lysimeters above the bell jar (Figure 7) are in '"poorly-drained
soil," which is discussed in the section entitled '"Recovery of a
Tropical Rain Forest after Gamma Radiation" in this report. 'Poorly
drained" indicates an abundance of water and reducing conditious,
The lysimeters in this soil collected much more water than lysimeters
in any other location. A hypothesis for this phenomena, as well as
other variations in lysimeters at the 5-inch depth follows.

Figure 8 shows the amount of water falling upog an area of ground
equal to the top area of a lysimeter (154.8 cm®). This volume is
greater than volumes moving into lysimeters in the cesium area, and
lysimeters Nos. 1 and 2 in the tritium area (Figures 4, 5, and 6),
but slightly less than volumes moving through the control area
(Figure 2) and lysimeters Nos. 3 and 4 of the tritium area (Figure 4),
and much less than volumes moving in the area above the bell jar
(Figure 7).

The test box and field plots showed that the "effective collection
area" of the lysimeter was equal to the actual top area of the
lysimeter. If this is true, then when volumes of lysimeter water

are greater than volumes falling upon the "effective collection area,"
there must be an accumulation of water in the surface soil due to

downslope lateral movement.

Locations of lysimeter plots, and volumes of water collected in these
lysimeters, give evidence that there is lateral downslope movement in
the porous upper few inches of soil. The cesium plot lysimeters and
lysimeters Nos. 1 and 2 of the tritium plots are located within 6 ft
of a minor ridge, or divide. Thus there could not be much opportunity
for a buildup of lateral flow. The lysimeter tests previously
described to determine "effective collection area" were made in these
areas. The lysimeter collections in these areas were the lowest of
all the 5-inch collections. 1In the control center, the lysimeters
are about 20 ft from the ridge top, and thus lateral flow could
accumulate. Lysimeters Nos. 3 and 4 in the tritium area are also
about 20 ft from a small ridge. 1In these areas, lysimeter volumes
were slightly larger than volumes falling upon the "effective
collection area." The lysimeters above the bell jar are located
below a slope of several hundred feet., Collections here were much
greater than volumes falling on the "effective collection area."

The amount of percolate increases with increasing length of slope
above the lysimeter. Lateral downslope movement of water is likely
in the top few inches of soil, yet there is no apparent surface



runoff, and water soaks rapidly into the ground. 1In order to further
study water movement, a series of runoff plots have been established.

Their installation is not yet satisfactory and no results are yet
available.

Collection tubes of two lysimeters have been diverted through tipping
bucket recording rain gauges. Operation during the first few weeks
was intermittent, but results indicated that the volumes moving
through the lysimeter directly beneath the litter, closely followed

fluctuations in rainfall, while the lysimeter at 5 inches produced a
much more steady flow of water.

Data on volume of collections from lysimeters beneath the litter is
extremely variable, due undoubtedly to micro-variations in throughfall.
Installation of more lysim<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>