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EXECUTIVE SUMMARY

Soil samples from Rocky Mountain Arsenal were biologically tested for
phytotoxins to see if such results were consistent with chemical toxicity
: analytical data from the coring program of the US Army Office of the
! Surgeon General (0TSG). The phytotoxicity data do not indicate the
i presence of phytoxins except in areas shown to be contaminated on the
i basis of chemical analytical data. Further phytotoxicity tests of O0TSG
coring program samples are not required.
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I.  INTRODUCTION

Military and Industrial wastes have been disposed of at Rocky
Mountain Arsenal (RMA) from 1941 to the present time. Shell Chemical
Company has been manufacturing pesticides there since 1952. Fluid
wastes have been transported via unlined ditches and by waste sewers to
both unlined basins and to lined basins. Solid wastes have been placed
in trenches and pits and subsequently covered. It is possible that
some toxic materials may have migrated from disposal areas to other
areas where they may pose an environmental hazard. The United States
Army is funding a multifaceted study of RMA which includes an evalua-
tion of available literature for compounds present at RMA, soil coring
and chemical analysis, characterization of the geology and geohydrology
of RMA, wastewater treatment technology, soil reclamation technology,
animal toxicology studies, and phytotoxicity testing. Other studies
are also underway or planned.

The primary objective of the studies at RMA is to minimize the
possibility of damage to humans, animals, and plants resulting from the
effects of toxic materials on or emanating from RMA. To this end, many
types of studies are being simultaneously performed. Some of the
studies may seem rather specialized and applicable only to one type of
target organism but due to the waste disposal history and hydrogeology
of RMA, the finding of any single toxic compound is a good reason to
suspect the occurrence of other toxic compounds at the same site. Thus,
the finding of a phytotoxin could lead to the finding of compounds toxic
to humans or animals.

In order to judge the full significance of the phytotoxicity
data(25), one may wish to review the history of RMA and its hydro-
geology. The history of RMA including tenant activities, earlier waste
disposal surveys, and ecological studies, is reviewed in an earlier
report (20), “An idea of the number of compounds which may be present
z water and soils can be obtained from a series of reports

6, 7 9 18,19,20,21),  The transport of some compounds in groundwater
pollutant plumes at RMA has been reviewed in connection with an analysis
of chemical analytical data from the OTSG coring program. The interest-
ing feature of that data is that chemical analysis of the OTSG core
samples focused on materials which did not move via detectable ground-
water pollutant plumes. Focusing on chemical analysis of a limited
number of compounds (for economic reasons) decreased the chances
of delineating the extent of pollutant plumes known from previous work
to exist at RMA. Phytotoxicity tests of good precision are useful in
such circumstances for the detection of phytotoxic compounds without
previous knowledge of the chemical identity of the phytotoxin.

In summary, toxic materials at RMA may pose hazards to humans,
plants, and animals. Phytotoxicity tests of RMA soil samples yield
information on the 1location of phytotoxins and also on the possible
location of human and animal toxins.




I1. APPROACH

The primary purpose of the phytotoxicity tests at Boyce Thompson
Institute was to discover the presence of phytoxins in soil at RMA.
Careful specificatior of experimental protocols and careful interpre-
tation of results allow one to judge the extent to which measured
effects reflect the parameters one would like to determine.

Basically, the tests involved the germination of seeds of selected
plants in samples of soil taken from different depths at varicus locat-
ions at RMA. These tests detect: inhibition or retardation of the
germination of seeds of monocotyledonous and dicotyledonous plants,
retardation of seedling growth and development, interference with
chlorophyl1 development, necrosis of foliage, stem collapse and/or death
of the plants. Where obvious phytotoxicity symptoms are observed with a
particular sample, such symptoms may be attributed to specific contami-
nants identifiable by chemical analysis of the soil sample. In cases
where chemical analysis fails to indicate the presence of contaminants,
the observed phytotoxicity signifies that an unknown phytotoxic compound
is present and requires identification.

A. FACTORS AFFECTING INTERPRETATION OF RESULTS

1. Soil Sampling Factors

Soil samples utilized in the phytotoxicty tests were from
known locations at RMA. The precise nature of the drilling procedure,
sample treatment, sample transportation, and sample storage can affect
physical, chemical, and biological properties of soil causing changes
in plant growth response. 1f substantial changes did occur in the
samples from RMA, the growth tests performed at Boyce Thompson Insti-
tute may not accurately reflect the presence or absence of phytotoxins
in soils at RMA.

Drilling procedure can affect test results if soil core
segments are contaminated with phytotoxins from other core segments.
This is important if one is striving for high precision on the vertical
scale at one drill hole. Since five foot core segments were utilized,
this problem was probably not serious. Also, contamination from other
drill holes can be a problem if the coring rig (auger, sample con-
tainers, transfer tools) are not well cleaned between drill holes.

Sample treatment can affect the stability of phytotoxins in
soils. Air drying retards biological growth but enhances the rate of
evaporation of volatile compounds. Sealing in air tight containers
preserves volatile organics but may enhance anaerobic decomposition.
Mixing of each soil core allows for a determination of the average soil
conditon but may enhance loss of volatiles, causing dilution of strati-
fied pollutants, and provide conditions conducive to intersample
contamination.




Conditions during sample transportation and storage can
affect test results in many ways. Permeable sample containers allow the
rapid escape of volatile compounds and air oxidation of compounds. High
temperatures favor loss of volatiles, chemical transformation, and
biological growth. Lack of protection from outdoor conditions can
result in leaching by rainfall.

In essence, for any given soil sample, almost any environ-
ment other than the original temperature, contiguous air, soil, and
groundwater could cause changes in phytotoxicity test results. The
changes in test results could be due to a change in the concentration of
phytotoxins within the sample or to changes in physical, chemical, or
biological properties which might be described as "poor soil“. Dicy-
clopentadiene is a good example of a phytotoxin which could be present
in soil (or within groundwater contained in soil) at RMA and yet be
absent from a sample.of that soil delivered to Boyce Thompson Insti-
tute. Microbial growth in a sample stored at warm temperatures in a
sealed container could cause nitrate depletion, sulfide formation, a
shift to acidic pH, and clogging of soil pores thus changing a "good
soil" to a "poor soil" and causing apparent phytotoxicity signs.

2. Plant Growth Factors

The results of phytotoxicity tests using indicator plants
depend on the plants making physical contact with the phytotoxins,
plant sensitivity to the phytotoxins, and correct interpretation of
plant growth responses. The latter refers to a recognition of phyto-
toxic signs in the growth of indicator plants.

The seeding and growing of plants in the test soil samples
assures contact between plant roots and phy{otoxins. However, there are
many soil factors which can complicate the root-phytotoxin interaction.
These soil factors relate directly to soil sample treatment, transpor-
tation, and storage (see previous section). A phytotoxic chemical may
become unavailable to the plant due to inactivation or low concentra-
tions caused by volatilization, leaching, photo-decomposition, chemical
decompoiison, microbial decomposition, or adsorption on soil
colloids{15), ~ Other inhibiting factors can be due to "poor soil".
Poorly structured soil may present a physical barrier to root penetra-
tion. Low amounts of soil nutrients and abnormal soil pH could prevent
physiological development of the plants.

The sensitivity of plants to phytotoxins varies according
to the age, rate of growth, morphology, genetic inherstence, membranes,
enzymes, and metabolic pathways of the plants(15,22)  Generally, the
younger and more rapidly growing plants are the most sensitive to
phytotoxins. In addition, temperature, 1light, moisture, pH, and/or
nutrie?%s %ﬁress can make plants more or less susceptible to phyto-

toxins




Observation and interpretation of plant growth responses
to test soil samples provide the basis for deciding whether or not
phytotoxins are present. It is important to accurately identify an
abnormality and to distinguish whether it was induced by phytotoxins or
by some other environmental factor. This is accomplished through
maintenance of environmental growth conditions, recognition of specific
phytotoxic induced abnormalities, and comparison to control plants.

B. EXPERIMENTAL APPROACH

1. Soil Sampling Program

The soil sampling program for the Rocky Mountain Arsenal
utilized a rectangular grid pattern for locating sampling sites (see
Figure 1). Grid spacing varied for the various sections of RMA accord-
ing to the intensity of sampling of the particular sections. In one of
the most extensively sampled sections, section 36, grid spacing was 440
feet. In less extensively sampled sections, grid spacing was 880 feet.
For sections 8 and 9 cores were drilled at random locations.

Depending on the available drilling rig, soil cores Yege
drilled at designated sites to seven feet, groundwater, or bedrock(5),
Each core was divided into segments of 0-2 feet, 2-7 feet, and subse-
quent five foot segments to the end of the core 1.

Each sample as collected was labeled with a four-part
eleven digit identification code in the form 00-0000-0000-0. In the
identification system, the first two digits specify the section at RMA,
the next four digits are the number of feet east of the section's
southwest corner + 1000, the following four digits are the number of
feet north of the section's southwe?t corner + 1000, and the last digit
is the designator of sample depth(!s5). If the depth designator is
1, the 0-2 feet sampling depth is indicated. For samples deeper in
the profile, the depth designator is increased by 1 for each subsequent
5 foot segment. Thus, 26-2320-3640-2 designates a soil sample col-
lected from section 26, 1320 feet east of the SW corner, 2640 north of
the SW corner, and at a depth of 2-7 feet.

The cored soil segments were air dried (no direct sun-
light), passed through a no. 4 screen to remove large stones and obtain
some mixing, and then passed %hree times through a chambered sample
splitter to ensure homogeneity 1, Subsamples of approximately 1000
grams were subsequently placed in capped 2-liter glass jars and shipped
to greenhouses at Boyce Thompson Institute, Yonkers, New York.

2. Primary Testing

The phytotoxicy test procedure used by Boyce Thompson
Institute for the evaluation of RMA soil samples is an adaption of
herhicids\screening procedures which have been used since the early
1940's(17) ;
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Indicator plants selected for this study were sugar beet,
Beta vulgaris L., cv. Great Western; mustard, Brassica nigra L., cv.
FTorida groaaleaf; perennial rye grass, Lolium perenne L., cv. NK-100;
and foxtail millet, Setaria italica (L.) Beaouv. cv. Golden (all
available from the Stanford Seed Company). These plants represent both
the monocotyledonous (rye grass and foxtail millet) and dicotyledonous
(sugar beet and mustard) classes of plants. Foxtail millet and mustard
are standard screening plants used at Boyce Thompson Institute. Sugar
beet and perennial rye grass have been previously used at Boyce Thomp-
son Institute and are samples of plant species that could be grown at
RMA. These indicator plants are best classfied as having intermediate
sensitivity to phytotoxins(17). They also fu1f311 other listed
requirements for phytotoxin indicator test plants 4,15

Soil samples from RMA were placed in fiber trays (19 cm X
13 cm X 7.6 cm), firmly pressed, and marked with 4 rows. Seeds of rye
grass (about 100 seeds), foxtail millet (about 100 seeds), mustard
(about 100 seeds), and sugar beet (about 25 seeds) were sown into
separate rows and covered to a depth of approximately 1 cm with soil
sample. (A11 seeds were coated with the fungicide, Arasan, prior to
planting). The trays were sprinkled to optimum moisture level for seed
germination and placed in a greenhouse. Greenhouse temperature was
maintained at minimums of 15°C and 21°C during the night and daytime,
respectively. In the case of controls, the soil used for planting was
greenhouse compost.

Observations were made at weekly intervals on the emergence
of seedlings, growth rate, chlorosis, foliage necrosis, formative
effects, and other abnormalities. After 3 weeks, plants were measured
for median growth and removed from the soil. Roots were examined for
necrosis and any abnormality, such as stubby growth (root hair suppres-
sion), and maximum root lengths recorded. Plants grown in greenhouse
compost served as the basis for comparison in all observations and
measurements.

3. Secondary Testing

In cases when it was not clear whether plant responses
were due to phytotoxic substances or to inherently difficult soils,
secondary tests were conducted. Examples of the latter include; 1)
soils of high clay content developing a crust and thus inhibiting seed
emergence and 2) soils poor in nutrients which would result in poor
growth of the plants. To eliminate these problems, secondary testing
involved some modifications of the primary test procedure. Problem
soil samples were seeded with the same plant species as in primary
testing but after the seeds were sown, they were covered with a thin
layer of washed sand to prevent crusting of the soil surface. This
allowed for a more normal emergence of seedlings. In addition, after
the seeds were covered, the trays were watered with a balanced ferti-
lizer (Miracle-Gro) to make up any nutrient defici®ncies of the soil.

11
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A1l trays were subsequently placed in the greenhouses and phytotoxicity
assessed in the same manner as in the primary tests.

Confidence in any particular phytotoxic test result
increases with the number of evaluation criteria demonstrating an
observable phytotoxic change between indicator and control plants.
Highest confidence is in those tests where all four indicator plants
develop phytotoxic symptoms in both the initial and the modified repeat
test. A difference in growth of 20% between indicator test plant and
control plant was generally not considered significant unless accom-
panied by other phytotoxic signs. A difference in growth of 100% was
considered very significant.

C. DATA ANALYSIS

Factors affecting the interpretation of plant response data
have been outlined in Section II-A and some of them are quantitatively
evaluated here. These factors include: 1) control experiments, 2)
normalization of test data, 3) blocking effects, 4) secondary tests,
and 5) precision. Treatments presented here are basic and appropriate
to the reproducibility of the data evaluated. The analyses deal
principally with median top growth data. Several more sophisticated
statistical analyses have been applied to emergence ratings, mean top
growth, and median top growth but these analyses were discarded in
favor of simpler tabular and graphical displays. In general, the plant
response data show a consistent overall pattern with a level of preci-
sion which might be expected of tests with the degree of replication
evidenced.

1. Control Experiments

The plant growth tests were conducted in groups of soil
samples referred to here as blocks. For each block of tests, two
(occasionally one) control tests were performed with seeds sown in
greenhouse compost. Median top growth data (Table 1) and maximum root
growth data (Table 3) for these controls were examined to obtain an
estimate of the reproducibility of test results (Tables 2 and 4) for
controls.

Mean top growth data of Table 1 were analyzed by computing
the standard deviation (n-1 statistic) of each data pair (triplet for
B19) for each species. Standard deviation values for primary and
secondary tests were computed for each species as:
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TABLE 1 - Continued

Length (cm)
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TABLE 2
STANDARD DEVIATION VALUES FOR MEDIAN TOP GROWTH OF CONTROLS

Tests Blocks Standard Deviations

Sugar Beet Mustard Millet Rye Grass

Primary B3 - B15 0.56 0.91 1.02 1.99
: Secondary B16 - B20 1.06 2.27 2.62 3.19
] fetal B3 - B20 0.73 1.42 1.63 2.38
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TABLE 3 - Continued

Length (cm)
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TABLE 4
STANDARD DEVIATION VALUES FOR MAXIMUM ROOT GROWTH OF CONTROLS

Tests Blocks Standard Deviations
Sugar Beet Mustard Millet Rye Grass

Primary B3 - B15 0.82 1.84 1.88 1.51
Secondary Bl16 - B20 1.08 1.25 2.46 1.76
Total B3 - B20 0.90 1.70 2.06 1.59
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and listed in Table 2. Standard deviations were higher for secondary
than for primary tests.

Approximate estimates of the overall coefficient of varia-
tion may be calculated for each species. Mean values, m, of mean top
growth for controls in blocks Bl to B20 are 7.2, 7.4, 9.1, and 11.8 for
sugar beet, mustard, millet, and rye grass, respectively. Corresponding
values for the coefficients of variation are 10, 19, 18, and 20% for
sugar beets, mustard, millet, and rye grass, respectivelv. One should
thus not be at all surprised at variations of *20% for median top
growth values or, in other words, differences of }20% between two
tests within the same block should not be considered significant.

The frequency of erratic responses may be judged by noting
their occurrence for controls. Since the coefficient of variation, CV,
is not normally distributed one cannot estimate the frequency of
occurence of erratic events from CV values. For sugar beets block Blé6
had values of 7.2 and 4.2. For mustard extreme values were for B8,
11.0 and 7.1, and for B18, 8.0 and 14.5. For millet, block B1l6 had
values of 6.5 and 0.0. For rye grass extreme values were for B7, 3.8
and 12.9; for B16, 13.3 and 8.5; and for B18, 15.4 and 7.0. Thus, out
of 72 pairs (and triplets) of values, seven were large enough to be
termed erratic (30% < CV < 141%). This could be interpreted to mean

| that approximately 10% of the test values will be erratic (CV 2 30%).
0f most importance are two of the values; millet, block B16, with
values of 6.5 and 0.0 and rye grass, block B7, with values of 3.8 and
12.9. The implication in these two cases is that one value for each is
sufficiently normal to indicate the absence of a phytotoxin whereas the
other is low enough to indicate the presence of a phytotoxin. Thus,
based on data for controls, we may estimate that the approximate rate at
which a false indication of phytotoxin presence might occur is one to
two percent. Strictly speaking, estimates concerning reproducibility
should come from replication of RMA sample test results. Since this is
not possible we must rely on control test data.

Maximum root growth data for control species was analyzed
to see if results were similar to those obtained for median top growth.
Table 4 shows standard deviations of 0.90, 1.70, 2.06, and 1.59 for
sugar beets, mustard, millet, and rye grass, respectively. Median
values, m, of maximum root growth for blocks Bl to B20 were 4.52, 5.65,
6.63, and 7.88 for sugar beet, mustard, millet, and rye grass, respec-
tively. From these, the following estimates for coefficients of
variation are obtained: 20, 30, 31, and 20% for sugar beet, mustard,
millet, and rye grass, respectively. Examination of Table 3 indicates
i . that the frequency of erratic data for maximum root growth of controls
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is similar to that observed for median top growth. In the interest of (4
conserving available resources, and expecting similar conclusions from !
root growth data, further examination of root growth data was deemed ?
unjustified at this time. '

2. Normalization of Test Data

The procedure employed (in the original report) for
normalization of test data consisted of dividing measured test values
by corresponding mean values for controls. A slightly different
procedure (described below) was utilized in the present report in an
effort to reduce the effects of erratic values observed for some
control runs. In both cases the purpose of the normalization procedure
was to eliminate effects of light, temperature, and other temporally
common factors by comparing growth of each test plant to that of control
plants of the same species planted at the same time and place.

To obtain estimates of the magnitude of seasonal varia-
3 tions in the growth of controls, the median top growth values for
F controls were separately plotted for each species versus time as the
| abscissa. Reasonably smooth curves could not be drawn through the
| resulting points. To achieve some degree of averaging of the data, the
data were pooled. For each control run the median top growth values
_ were summed (Table 5). These data were then plotted versus calendar
i month and arbitrary curve was drawn through the plotted points (Figure
2). This provides a good visual display of within-block, between-tray
reproducibility and a measure of growing conditions in the greenhouse.
Block 16 shows unusually poor reproducibility. Blocks 13 and 14 show
unusually poor growth responses. Since the reproducibility was good
s for these two blocks it was assumed that growth conditions were poor
for these particular blocks as a group and not just for the controls.
Totals by species were computed from Table 1. These were divided by
the grand total for Table 1 to obtain the percentage of composite
growth response due to each species. These values are 20.3, 20.7,
25.7, and 33.3% for sugar beets, mustard, millet, and rye grass,
respectively. To obtain the normalization value for each species and
test block the species-percentage values were multiplied by the
smoothed-composite-values of Figure 2. Normalization values for each
species are listed in Table 5.

3. Blocking Effects

Blocking effects can bias test results if non-random

designs are employed. For any block of tests there are environmental

, factors which can affect that block differently from other blocks. To

“ some extent blocking effects are compensated by normalization proce-

b dures such as those described above. The degree of compensation

' approaches 100% only if the cultural conditions are uniform within the

block and the controls respond in the same way as the test plants to
those factors for which compensation is attempted.
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TABLE 5
COMPOSITE MEDIAN TOP GROWTH VALUES FOR CONTROLS

Smoothed
Start Primary Secondary Growth Value from Sugar £
Date Tests Tests Values Figure 1 Beet Mustard Millet G ;s
2/10 Bl 25.5 27 5.5 5.6 6.9 9.0
2/18 82 30.5 28 5.7 5.8 7y 9.3
3/24 83 25.5 - 25.5 28 5.7 5.8 7.2 9.3
3/31 84 26.8 - 25.7 28 5ol 5.8 7.2 9.3
4/01 BS 29.6 - 28.7 28 5.7 5.8 7.2 9.3
4/13 B16 33.9 - 16.7 30 6.1 6.2 7.7 10.0
4/21 B17 43.2 - 36.5 32 6.5 6.6 8.2 10.7
v 5/05 86 36.5 - 35.9 37 7.5 157 9.5 12.3
1 5/13 87 30.2 - 39.0 39 1.9 8.1 10.0 13.0
5/19 88 47.6 - 37.6 41* 8.3 8.5 10.5 13.7
5/26 89 52.1 - 49.6 a4* 8.9 9.1 11.3 14.7
6/08 B18 45.0 - 45.5 47* 9.5 9.7 121 15.7
6/18 B19 47.9 - 50.2 - 49.6 49 9.9° 10.1 12.6 16.3
7/20 B10 42.9 - 37.9 44 8.9 9.1 13.3 14.7
7/22 811 45.2 - 42.4 43 8.7 8.9 11.1 14.3
7/28 812 41.2 - 42.4 42 8.5 8.7 10.8 14.0
8/26 B13 31.9 - 33.5 32 6.5 6.6 8.2 10.7
8/27 814 22.6 - 21.4 23 4.7 4.8 5.9 7.7
9/01 815 21.1 - 17.9 20 4.1 4.1 5el 6.7
9/20 B20 31.3 - 33.7 32 6.5 6.6 8.2 10.7

* In the original construction of Figure 2, a plotting error was made which
resulted in smoothed values of 41, 44, and 47 for blocks B8, B9, and BlS,
respectively. More appropriate would have been 42, 46, and 49. Since the
| differences are less than 10% recalculation of normalized values and statistical
E | treatments involving the blocks was judged to be unwarranted.
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Compensation for blocking effects is less successful when
there is lack of uniformity of cultural conditions within a block. The
within-block between-tray differences can be readily evaluated by
referring to Figure 2 and Table 5. Most tests show good reproduci-
bility for controls. However, at least four blocks (Bl6, B17, B7
and B8) show significant spread in these composite median top growth
values.

Interspecies effects are well demonstrated by reference to
Table 1. For block B1l6 growth responses for sugar beet, mustard, and
rye grass in the second control are roughly 60% of the responses in the
first control. Millet response is zero in the second control and near
normal in the first control. Could this have ben caused by a disease
specific to millet, bad seed, or cultural conditions? A similar case
is the response of rye grass in the controls for block B18.

It is thus possible to demonstrate two types of biasing
effects using data from replicate control tests. Other effects are
probable but not demonstrable with available data. The most important
of these possible biasing effects is the possibility of fungal disease
in only a portion of the test block. The result of such a biasing
effect is that some test trays may show poor growth responses not
because phytotoxins were originally present in the soil but because of a
nonuniform pathogenic infection or nonuniform cultural conditions. This
might be particularly true wher test soils might, for instance, have
markedly different water retention characteristics than the control
soils composed of greenhouse compost. What might constitute serious
over- or under-watering for test samples might cause no bad effect on
better soils like greenhouse compost. The practical consequence is that
if biasing occurs for samples from a given section at RMA which are
included in the same block it will not be possible to distinguish this
biasing or blocking effect from a phytotoxic effect. If, on the other
hand, core samples from each section are randomly distributed between
blocks, any blocking effects would be randomly distributed throughout
many sections and would not bias results for a major part of any given
section. In fact, the blocking effect would stand out as an anomaly
not likely to be due to the presence of a phytotoxin.

4. Secondary Tests

Secondary tests were instituted to compensate for two
possible poor soil factors (crusting and nutrient deficiency) which
could be confused with phytotoxin effects. The modifications consisted
of a sand covering and use of fertilizer. There seem to be no condi-
tions under which one would expect a secondary test to produce plant
growth responses less than responses in the corresponding primary test.
Comparison of primary and secondary test results provides a good
opportunity to estimate the frequency of occurence of erratic responses
due to factors other than the presence of phytotoxins.
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Criteria for judging the significance of secondary tests
are: (1) if a secondary response is superior to a primary response, this
could be due to correction of crusting conditions, correction of
nutrient deficiencies or random effects; (2) if a secondary response is
inferior to a primary response, this could be due only to a random
effect; and (3) if both the secondary and primary tests produce a
very poor response it is likely that a phytotoxin is present.

5. Comparison of Primary and Secondary Tests

The first step in the comparison of primary and secondary
tests is to quantitatively describe averag? effects and ranges for the
effects. A two-way analysis of variance 28) for all samples tested
in secondary tests is given in Table 6. Normalized responses are
used. In primary tests the average responses (Primary Means) were
approximately 40 to 60% of the respective values for controls. In
secondary tests the average responses were significantly higher. The
average improvement in secondary tests was in the range of 21 to 44
units. On the average it seems that poor results in primary tests were
due in major part to nutrient deficiencies or crusting which was
alleviated in the secondary tests.

Confidence limits on mean difference values (Table 6)
provide a good indication of the scatter in the effects of the secon-
dary tests. For example, for sugar beets the 95% confidence limits on
values of the difference between secondary and primary test reponses
are -62 to 144 units. Thus, for any single pair of tests the addition
of fertilizer and sand could result in a decrease in apparent plant
vigor or an increase. The corresponding 95% confidence limits on the
mean difference are 28 and 50 units. Thus, on the average, fertilizer
and sand are beneficial to plant growth. A significant number of
samples seem to have nutrient deficiencies or are prone to crusting.
However, the wide confidence interval for the effects of secondary tests
indicates that within the test samples there are some uncontrolled
factors causing large random effects some of which could (in cases
where secondary tests were not performed) cause effects similar to
those of phytotoxins.

Individual values of secondary test responses relative to
primary test responses can be analyzed to assess the range of apparent
effects caused by the use of fertilizer and sand. In Table 7, test
effects are listed individually for all secondary test data on sugar
beet in the order of tests as given in Tables B16-B20 of Appendix B.
The first column indicates the difference between primary and secondary
tests whereas the second column indicates the mean effect for both
tests. Normalized primary and secondary responses can be back-calcu-
lated from these data. Thus, the first difference value, 62, and mean,
76, corresponds to (from Appendix B, Table B16) sample number 36-1880-
4080-2, with a secondary response of 6.5 length = 107% of the control
normalization value. The primary response (from Appendix B, Table Bl)
was 2.5 cm length = 45% of the control normalization value. The differ-
ence value is 107-45 = 62. The mean value is [(107 + 45)/2] = 76.
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The data of Table 7 are plotted in Figure 3. The signifi-
cance of the secondary test effects can be deduced by considering the
effects expected of phytotoxins, poor soil, and uncontrolled random
variation. For tests with phytotoxins present, mean response values
should be low, e.g., less than 25, and difference values should be near
zero because fertilizer and sand should not be expected to effectively
counteract a phytotoxin unless it is present at low, ineffective
concentrations. There are four data points (out of a total of 58
secondary tests) which satisfy both criteria.

For tests with poor soils one would expect a significant
difference value; e.g., 25 or greater, independent of the mean response.
Forty-three data points meet this criterion.

For tests with significant uncontrolled random variation,
data points could be anywhere on Figure 3. One could arbitrarily
define the detectable uncontrolled random variation region to be that
shown in Figure 3. This corresponds essentially to the region with
difference values less than 25 (insignificant effect of sand and
fertilizer) and mean responses above 25 (mild or no depression of
growth response). There are 12 data points in this region. Only two
could be callied truly erratic. These two data points indicate that
under some conditions and in some not well understood fashion, the
addition of fertilizer and sand can be apparently toxic to plants. The
other ten point could easily represent moderately poor to normal soils
for which addition of sand and fertilizer do not improve growth
responses.

It seems reasonable to conclude that test replication in
the form of secondary tests is very helpful in differentiating between
the effects of phytotoxins and poor soils. A reliable criterion seems
to be that any sample with a mean response (mean of primary and secon-
dary responses) of less than 25 and absolute difference values less
than 25 may be considered to contain a phytotoxic substance. There is,
of course, still the possibility that physical characteristics of the
soil may be responsible for such a response but a qualified botanist
would surely note this when examining the soil.

One may also conclude that the majority of samples sub-
jected to secondary tests did not contain phytotoxic substances at
toxic concentrations. Thus, soil at RMA (from those areas tested) is
not especially fertile and in some areas phytotoxins are present.

6. Precision

The precision with which the bioassay tests (25) can
detect phytotoxins is dependent on the type of tests performed (primary
and/or secondary), the severity of the growth retardation, the unique-
ness of abnormalities noted, test design factors such as compounding
with blocking effects, and the patterns of response of plants for nearby
core samples. Estimates of the precision attainable through the use of
various criteria are presented in Table 8.
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TABLE 7

SUMMARY OF SECONDARY TEST EFFECTS ON NORMALIZED MEAN

TOP GROWTH VALUES FOR SUGAR BEETS

Difference
(Secondary Response
minus Primary Response)

Mea
Respo

Difference
n (Secondary Response Mean
nse minus Primary Response Response

76
64
74
41
89

29
91
77
94
74

100
112
123
91
77

98
134
128

75

91

100
105
91
66
78

69
73
61
105
77

9 14
20 15
7 65
-4 38
22 11
0 0 |
33 64 -T
3 84 ;
27 85 |
46 63 |
|
16 32 |
43 45 !
45 23 i
46 72 ,
52 60 |
|
62 69
42 64
39 58 :
71 56
49 59
20 67
-38 19
49 62
40 71 :
36 60 |
1 75 |
42 74
-14 67

* Original secondary test data were taken, in order, from Tables B16-B20
of Appendix B. Corresponding primary test data are taken from Tables
B1-B15. Data normalized, by block, as described in the present report.

These data are plotted in Figure 3. |
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Lot

Definitive evidence for the existence of a phytotoxic
substance in any sample requires a primary test, a secondary test, and
severe growth retardation. For cases of significant but not severe
growth retardation for several contiguous samples one could state that
a phytotoxin (at marginally toxic concentrations) is present but only
if the sample tests were performed in several test blocks in a random
fashion. The occurrence of unique abnormalities characteristic of
phytotoxin damage could be a criterion of high precision but will be
unconvincing unless supporting references documenting the uniqueness of
the abnormalities is provided. For the present series of tests growth
retardations of less than 50% are not reliable indicators of phyto-

toxins. The effects of poor soil and random variations are of that
order of magnitude.
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IIT RESULTS AND DISCUSSION

Growth retardation an abnormalities were observed on plants grown
on soil samples collected from several sections of Rocky Mountain
Arsenal. Utilizing criteria similar to those of Table 8 it has been
possible to definitively determine the occurrence of phytotoxins in
soil samples from sections 26 and 36. Phytotoxic effects were absent
or not definitively determined for soil samples from any other sections.

A cross reference guide of Boyce Thompson Institute sample number
versus core location and depth segment has been prepared (Table 9).
For samples showing good growth* a G (primary test) or g (secondary
test) has been placed next to the sample number. For samples showing
poor growth** a P (primary test) or p (secondary test) has been placed
next to the sample number. Reference to Table 9 indicates several
things: good growth occurs at all depths but more frequently near the
surface; poor growth occurs infrequently in or is absent in samples
from sections 5, 6, 8, 9, 23, 24 and 35; and poor growth occurs frequen-
tly in samples from sections 26 and 36.

A. AREAS WITH CONFIRMED PHYTOTOXIC CONDITIONS

There is 1little doubt that section 36 is contaminated with
apparent phytotoxins. Data from Table 9 show poor growth in 21 primary
tests and in 10 secondary tests. This poor growth occurs in samples
from contiguous core segments. Areas of poor growth indicated in
Table 9 correspond with areas of known gross contamination; i.e., the
Time pits and Basin A regions (5). An extensive discussion of growth
retardation and abnormalities observed in test plants grow on soil
samples from section 36 is included in the Boyce Thompson report 25),
Evidence for the presence is overwhelming. There is no need to argue,
on a sample-by-sample basis, which results are due to phytotoxins, poor
soil, and or blocking effects. Section 36 is contaminated with potent
phytotoxins in well defined areas.

Data of Table 9 indicate poor growth for section 36 for core
samples in 7 primary tests and 2 secondary tests. This poor growth is
limited to samples adjacent to or downgradient from (northeast of)
Basin f. These areas and core 26-3934-4922 are known to be contami-
nated It is curious that bioassays were not performed on samples
from core 26-3934-4922. Growth responses an bnormalities are dis-
cussed briefly in the Boyce Thompson report 25), It is clear that
phytotoxins occur in soil samples from around the periphery of Basin F
and downgradient therefrom.

* Two or more species with greater than 80% of the control growth response.

** One or more species with less than 20% of the control growth response.
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B. AREAS WITH NO CONFIRMED PHYTOTOXINS

No signs of phytotoxicity were observed in tests of soil
samples from sections 5, 6 and 8.

Poor growth (Table 9) was observed in primary tests for one
sample from section 9. A secondary test was not performed for this
sample. On the basis of Table 8 criteria one must conclude that this
could well be a case of poor soil. There is, in fact, no compelling
reason to believe that phytotoxins were present. Since no other
samples from this section showed severe growth retardation one would be
inclined to discount the probability of the occurenc of phytotoxins in
section 9 samples. If a definitive determination is required, a
secondary test must be performed.

Growth responses for section 22 samples were analagous to
those for section 9. Similarly, there is no compelling evidence to
indicate the presence of a phytotoxic substance and if a definitive
determination is required, a secondary test must be performed.

No signs of phytotoxicity were observed in samples from
section 23.

Two samples from section 24 showed poor growth responses in
primary tests (Table 9). However, secondary tests of these samples
(Table 9) indicate that these respones were due to poor soils.

Two samples from section 35 showed poor growth in primary
tests (Table 9). Both of the samples were tested in block B3.
"... Obvious stunting of rye grass and millet ressmbled effects pro-
duced by herbicides effective against grasses "(25), In the absence
of secondary tests; with possible blocking effects; without similar
results from adjacent cores; and without a detailed description of or
reference to herbicide-like symptoms, one is forced to question the
occurrence of phytotoxins in soil samples from section 35. Phytotoxins
may well be present but their presence has not been conclusively
demonstrated.

Conclusions regarding the presence or absence of phytotoxins
are presented in Table 10.
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IV SUMMARY AND RECOMMENDATIONS

Phytotoxicity tests of soil samples from RMA show that, generally,
phytotoxins appear to be absent (or below toxic concentrations), except
in section 26 near Basin F and in section 36 near the lime pits and
Basin A (See Table 10). Growth retardation in primary tests of soils
from other sections appears to be related to poor soil.

The OTSG coring program involved a very low density of cores in
most sections of the arsenal. It was thus an initial effort to deline-
ate the extent of contamination in known areas and to obtain background
levels of pollutant in the areas of the arsenal thought to be unpol-
luted. It thus seems likely that the Tlack of completely definitive
chemical analyses and biocassays for a few core samples coes not detract
from the general conclusions which have otherwise been obtained. For
these reasons one may consider the Boyce Thompson phytotoxicity investi-
gations to be complete. Further phytotoxicity testing of the 0TSG
samples is not warranted.

In a more intensive coring and analysis program such as the one now
being conducted at RMA it may be advisable to consider refinements in
the phytotoxicity test procedure. If phytotoxicity tests are performed,
it would be beneficial to utilize a randomized block design and to
consider an improved growth test in which physical factors affecting
growth are minimized. It might, for instance, be beneficial to mix sand
or other soil amendments with the test soil prior to testing. Use of
fertilizer was an important improvement over the primary test procedure.
It is important that tests be conducted by qualified investigators (such
as Boyce Thompson personnel) who can diagnose and describe pathological
signs in plants.
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APPENDIX A (25)

PHYTOTOXICITY DATA ‘

Data in Appendix A are the emergence ratings, growth ratings, and
other notes on growth and development of the indicator plants growing
in soils from RMA. Data are visual indications of indicator plant
development on a relative scale of 1 to 10 as compared with control
plants growing in greenhouse compost and include height, color, and
fullness of leaves. Observations were recorded weekly fo- three weeks
following planting.

In some instances, the soil's physical conditions or plant
diseases prevented normal indicator plant growth and development.
Where these conditions were observed, identifying notes so indicate.

Useful symptoms for identifying phytotoxicity include stunting of
top growth; chlorosis of leaves; necrosis of leaves, stems, and roots;
and failure of seeds to germinate and grow. Less useful symptoms are
yellowing and purple coloration of leaves and stems, as these may
represent nutrient deficiencies. Differences of 20% in growth or
emergence are probably not significant. Differences of 100% in growth
or emergence are probably very significant.

Differences in response among indicator plants grown in the same
test soil may refiect a difference in plant susceptibility to a parti-
cular phytotoxin. Certain plants may not be sensitive to specific
contaminants or may require higher concentrations of contaminants
before phytotoxicity symptoms develop.
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APPENDIX B(25)
GROWTH MEASUREMENTS

Data in Appendix B are the growth measurements of tops and roots
of indicator plants grown in test soils. Growth measurements were
taken from the same plants utilized in developing visual indications of
plant injury reported in Appendix A. Observations of root abnorma'i-
ties were recorded as notes.

Median top growth represents a measured value (cm) of the tops of
typical plants within the row of a specific indicator plant. Maximum
root growth represents a measured value (cm) of the roots of indicator
plants following removal from soil and washing. All measurements were
taken three weeks after planting.

Useful symptoms for identifying phytotoxicity include root stunt-
ing, supression of root hair production, clubbing of roots, and root
reduction. Differences of 20% in growth are probably not significant.
Differences of 100% in growth are probably very significant.

Differences in response among indicator plants to the same test
soils may reflect differences in plant susceptibility to a particular
phytotoxin. Certain plants may not be sensitive to specific contami-
nants or may require higher concentrations of contaminants for phyto-
toxicity symptoms to develop.

Although no explanation is available to fully account for those
instances where root growth is enhanced, it may be due to differential
watering or nutrient availability. Enhanced root growth is not recog-
nized as a phytotoxic effect from soil contaminants.
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APPENDIX C
GLOSSARY

Appendix C is a glossary of terms used to indicate growth and
development of plants grown in test soils from RMA. The probable
phytotoxicity ratings for various soils were established by observation
of emergence and growth at weekly intervals, measurements of plant tops
and roots following three weeks growth, and recognition of symptoms to
distinguish between phytotoxin and other environmental stress injury.

In Appendices A and B several terms were used to describe similar
phenomena. In this glossary, terms having the same meaning are listed
as synonyms to the preferred term. Where possible, term definitions
differentiate whether the term describes plant injury due to phyto-
toxins or other environmental stresses.
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GLOSSARY

Chlorosis - absence or loss of chlorophyll from leaves and stems.

Clubbing - see clubbing of roots.

Clubbing of roots - deformation of plant roots during development where
roots are shortened in length and enlarged in circumference.
Synonym: clubbing.

Damping-off disease - death of newly emerged seedlings associated with
growth environment but not due to phytotoxins in soil.

Decreased growth - small increase in plant size that was less than
growth of control plants.

Delayed or inhibited aermination due to wetting problems - failure of
seeds to germinate and seedlings to emerge from soil at rate
evident in control plantings because of physical properties of
soil preventing moisture uptake by roots. Does not indicate
presence of phototoxins.

Emergence - penetration of plant up through soil as result of seed
germination and initial seedling growth.

Epinasty - downward bending of plant leaves and petioles associated
with growth differential in upper and lower sides. Probably due to
presence of phytotoxins.

Extreme suppression of root growth - see severe root reduction.

Foreign odor - distinct abnormal emanation from soil as sensed by the
nose.

Growth - increase in plant size.

Hypocotyl swelling - localized increase in size of dicot plant hypoto-
cyls due to cell enlargement or cell division, probably due to
presence of phyhtotoxins.

Leaf tip necrosis - death of cell tissue on grass leaf tips.

Leaf necrosis by disease organism - death of cell tissue in leaves due
to phytotoxic effects of disease organisms.

Maximum root growth - greatest length of plant roots.

Median top growth - measure of top growth constituting the middle value
of plants within the test.
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GLOSSARY (Cont'd)
Necrosis - death of cell tissue in leaves and stems.

No growth - failure of plants to increase in size.

Purple pigmentation - development of purple coloration in leaves and
stems. Probably not due to presence of phytotoxins.

Reduced root growth - see suppressed root development.

Root growth greatly suppressed - see severe root reduction.

Root growth inhibition - see suppressed root development.

e e O et ool

Root growth suppression - see suppressed root development.
Root hair suppression - see suppression of root hair production.

Root stunting - retarded development of main and branch roots relative
to control plants.

| Severe root reduction - large decrease in root growth as evidenced by
, greatly reduced length as compared with controls. Synonyms: root
i growth greatly suppressed, extreme suppression of root growth.

Severe root stunting - extreme retardation of main and branch roots
relative to control plants.

Stunting - reduction in plant height.
Stunting resembling that produced by herbicide - reduction in plant

. height in a manner similar to that previously observed when plants
; were grown in soil containing herbicides.

Suppressed root development - decrease in root growth as evidenced by
reduced length as compared with controls. Synonyms: suppression
of root growth, root growth suppression, root growth inhibition,
reduced root growth.

Suppression of root growth - see suppressed root development.

Suppression of root hair production - failure of root hairs to develop
on roots. Synonym: root hair suppression.

Yellowing - loss of chlorophyll and development of yellow coloration
primarily in lower leaves. Synonym: chlorosis.

Yellowing distinct from herbicide - yellowing probably associated with
soil mineral deficiencies. Synonym: induced chlorosis.
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APPENDIX D

ENVIRONMENTAL FACTORS RESTRICTING INTERPRETATION OF PLANT SIGNS
AS INDICATORS OF THE PRESENCE OF PHYTOTOXINS

The investigator must use extreme care in distinguishing phyto-
toxicity or growth changes in plants from those having other causes.
Many environmental conditions occur which can alter test plant growth
from that of control plants growing in greenhouse compost and thus give
symptoms indicating phytotoxins where none exist. Table D-1 is a
summary of soil, atmosphere, and plant variables that can give false
signs. Table D-2 is a listing of plant signs observed in the present
study that could be related to non-phytotoxic causes.

Not all possible plant signs resulting from various environmental
conditions are presented. Many signs are specific for one or only a few
types of plants. Some signs only express themselves as the plant
continues to grow and develop through maturity and seed production and
thus would not be evident in the present study where plants were grown
only 3 weeks. Naturally occuring concentrations of heavy metals, plant
nutrients, and plant residues can cause phytotoxic activities at Rocky

Mountain Arsenal.

For more complete descriptions of environmental factors restricting
interpretation of phytotoxic plant signs, the reader should examine the
listed references.
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TABLE D-2

CROSS REFERENCE OF PLANT SIGNS WHICH MAY BE CONFUSED WITH PHYTQTOXICITY
WHEN COMPARED TO CONTROL PLANTS GROWING IN POTTING COMPOST

Plant Sign Possible Cause
Chlorosis nutritional deficiencies,

unfavorable soil pH,
flooding or drought conditions

Decreased growth nutritional deficiences,
unfavorable soil pH,
flooding or drought conditions

Leaf tip necrosis nutritional deficiencies,
drought conditions

P R R T N = B R D N N Ty

Necrosis nutritional deficiencies,
drought conditions,
pathogenic organisms

No growth nutritional deficiencies,
unfavorable soil pH,
flooding or drought conditions,
pathogenic organisms

Purple pigmentation nutritional deficiencies

Root stunting nutritional deficiencies,
unfavorable soil pH,
flooding or drought conditions,
pathogenic organisms,
poor soil aeration

Root reduction nutritional deficiencies,
unfavorable soil pH,
flooding or drought conditions,
pathogenic organisms,
poor soil aeration

Stunting nutritional deficiencies,
unfavorable soil pH,
flooding or drought conditions,
pathogenic organisms,
poor soil aeration

Suppressed root development nutritional deficiencies,
unfavorable soil pH,
flooding or drought conditions,
pathogenic organisms,
poor soil aeration

Suppressed root hair production nutritional deficiencies,
unfavorable soil pH,
flooding or drought conditions,
pathogenic organisms,
poor soil aeration
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