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ABSTRACT

Accidental contamination of soils with petroleum hydrocarbons results from oil pro-
duction and shipping. Growing plants in these soils may enhance the rate and extent of
remediation of these soils reducing their potential to contaminate surface and ground
water. The objective of this study was to identify plants that are native, naturalized, or
that have been successfully introduced to north central Texas which will emerge and
grow in crude oil contaminated soil. A greenhouse study was conducted in seed flats with
the dimensions of 55 x 28 x 3.2 em (L x W x H) containing 20 individual rows. Rows were
filled with a Windthorst sandy clay loam soil amended with 0 (control), 0.5, 5, or 10%
unweathered crude oil (soil dry weight basis). Soil moisture was maintained near —
30kPa. Nineteen plant varieties were seeded in separate rows at a rate of ten seeds per
row. Treatments were conducted in triplicate in a completely randomized design. Emer-
gence and plant height were measured on days 7, 14,21, and 28. After 28 days emer-
gence had decreased by 79%, 90%, and 98% in soils with 0.5%, 5%, and 10% respec-
tively when compared to controls. Decreases in plant height were 72%, 86% and 96%
in soils with 0.5%, 5% and 10% crude oil respectively. Plant species with the greatest
emergence and plant height in soil with crude oil were Kenaf#2 (Hishiscus cannabinus
var. tainvng #2) and Kenaf #3 (Hisbiscus cannabinus var. sf 459), which were the only
seedlings that emerged in the treatment with 10% crude oil. These two varieties are
recommended for use on crude oil spills of 10% or less (soil dry weight basis) in north
central Texas. Delaying seeding for a few days following a spill and tilling the contami-
nated soil may remove toxic volatile components of the crude oil from soil and improve
seedling emergence, plant growth, and enhance phytoremediation.

KEYWORDS: Germination, Survival, Bioremediation, Phytoremediation,
Petroleum Hydrocarbons

INTRODUCTION

Texas leads the United States in crude oil production. According to the year 2000
statistics, Texas has approximately 160,000 oil wells that annually produce over 400,000,000
barrels of oil. (Railroad Commission of Texas, 2001). Due the high level of production in
the state, there is an increased risk of accidental contamination of soil from production and
shipping. Contaminated soils are an environmental concern because it is a potential
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source for surface and ground water contamination that can endanger humans, wildlife,
and area vegetation. The soils in areas of contamination require remediation to return
them to a non-hazardous state. Remediation often involves excavation and transporting
contaminated soil to an incinerator or landfill. However these options are relatively expen-
sive. The cost to remediate one ton of soil by incineration is $200-1500 while landfilling
ranges from $100 — 400 (Schnoor, 1997). Another remediation option is to treat the con-
taminated soil on-site. This remediation technique is much less expensive and typically
cost between $10-35 per ton (Schnoor, 1997). One type of on-site remediation uses plants,
which is called phytoremediation, and has been described as an economic, potentially
effective, low-maintenance approach to treating soils contaminated with crude oil (Banks
etal., 2000). )

Phytoremediation is still a relatively new technology, but has been shown to enhance
the disappearance of crude oil from soil. A study in Germany found ryegrass significantly
reduced the concentration of petroleum hydrocarbons compared to an unvegetated con-
trol in a laboratory study (Giinther, 1996) and in a field study phytoremediation signifi-
cantly accelerated the disappearance of petroleum hydrocarbons compared to unvegetated
controls (Schwab and Banks, 1999). However, phytoremediation is not always successful.
In field lysimeters, phytoremediation using Johnsongrass, ryegrass, and a Johnsongrass-
ryegrass rotation did not enhance the disappearance of a mixture of hydrocarbons from
soil (Corapcioglu et al., 1999). A limitation of phytoremediation is that plant emergence
and growth can be inhibited by contaminants. For example germination of tall fescue
decreased from approximately 85% in uncontaminated soil to 35% in a nutrient solution
containing 60 mg TNT L while shoot growth decreased from 4.4 mm d-' to approximately
0.2mmd"' (Peterson et al., 1996). For phytoremediation to be successful there is aneed to
identify plants that are capable of growing in crude oil contaminated soil.

The objective of this study was to identify plants that are native, naturalized, or that
have been successfully introduced to north central Texas which will emerge and grow in
crude oil contaminated soil.

MATERIALS AND METHODS

A Windthorst sandy clay loam soil (Fine, mixed, thermic Udic Paleustalfs) with no
known history of crude oil contamination was selected for this study (Table 1). This soil
was collected from the Tarleton State University Hunewell Ranch near Stephenville, TX.
The soil was air dried and passed through a 2-mm sieve. Soil organic matter content was
determined by the Walkley-Black method (Nelson and Sommers, 1982). Soil pH was mea-
sured from a 1:1 soil to distilled water solution using a glass electrode and pH meter
(McLean, 1982). Particle size distribution was measured by the hydrometer method (Gee
and Bauder, 1986).

Table 1. Physicochemical properties of a Windthorst sandy clay loam soil.

Sand! Silt! Clay! oc? pH’
Yo %
50 20 30 2.63 7.2

! Hydrometer method

? Organic carbon

* pH meter using 1:1 soil:distilled H O ratio
2

Experiments were conducted in a greenhouse. Experimental units consisted of 20-row
seed flats filled with contaminated soil in every other row. Soil was contaminated with 0
(control), 0.5, 5, or 10% north central Texas Crude oil that was unweathered. The total
petroleum hydrocarbon content, considered the toxic portion of the crude oil was found to
be 80.7% using EPA method 418.1 modified for soil (EPA, 1979). Plants that thrive in north

Texas Journal of Agriculture and Natural Resources, Vol. 14,2001
38



central Texas were selected for this study (Table 2). Seeds were obtained from Turner
Seeds of Breckenridge, TX and from the Texas A&M University Stephenville Research
and Extension Center. Plants were seeded at a rate of 10 seeds per row. One species was
seeded per row. Seeds were sown from just below the soil surface to approximately 2 cm
deep with the larger seeds being sown at the deepest depth. Soils were kept at near field
capacity (-30 kPa) by subsurface irrigation. Treatments were completely randomized and
conducted in triplicate. The number of emerged seed and plant height were measured on
days 7, 14,21, and 28. Means emergence and plant height were separated using Duncan’s
multiple range test with means considered significantly different at ot = 0.05.

Table 2. Species screened to identify emergence and growth as measured by plant
height in crude oil contaminated soil

Scientific Name Common Name
Armadillo burr medic Medicago polymorpha
Buffalograss Buchloe dactyloides var. texoka
Hairy vetch Vicia villosa
Hubam sweet clover Melilotus albus
[llinois bundle flower Desmanthus illinoensis
Johnsongrass Sorghum halepense
Kenaf#2 Hisbiscus cannabinus var. tainvng #2
Kenaf #3 Hisbiscus cannabinus var. sf 459
Lablab Lablab purpureus
Laredo soybean Glycine max var. laredo
Madrid yellow clover > Melilotus sp.

Morning glory Ipomoea sp.

Rose Clover Trifolium hirtum

Sorghum triumph Sorghum bicolor var. triumph

Sunflower macro Helianthus annuus var. macrocarpus

Sunflower mammoth Helianthus annuus var. mammoth

Sunflower maximillian Helianthus maximiliani

Tall Jose wheatgrass Agropyron elongatum

Ragweed Ambrosia psilostachya
RESULTS

Emergence

Increasing the soil’s concentration of unweathered crude oil from 0 to 10% signifi-
cantly decreased seedling emergence of the 19 plant species (Tables 3-6). Plant emer-
gence was highly variable across plant species. For example, 76.7% of the Sorghum
triumph seeds emerged and were still surviving 28 days after planting compared to 26.7%
for Lablab in the controls (Table 6). In the 0.5% crude oil treatment emergence was
reduced by approximately 80% relative to the control during the 28 days after planting and
only 9 of the species emerged. The treatment with 5% crude oil decreased emergence by
approximately 90% relative to the control and the number of species emerging was 6. In
the 10% crude oil treatments, emergence decreased by approximately 98% relative to the
control and only two species, Kenaf #2 and Kenaf #3, emerged.

In the 0.5% crude oil treatment, Kenaf #2 had the greatest percentage seedling emer-
gence (Tables 3-6). Kenaf#2 emergence was 36.7% on day 7 and remained at that percent-
age during the remainder of the 28 day experiment. Kenaf #3 had the second greatest
percentage emergence of 23.3%, which was observed at each time period. Lablab also had
23.3% germination on day 7 and 28, but was 20.0% on day 14 and 21

Texas Journal of Agriculture and Natural Resources, Vol. 14, 2001
39



Table 3. Seedling emergence 7 days after seeding in crude oil contaminated soil.

Plant Species —— Crude Oil (%)——— Regression®
0 0.5 5 10 ] B,
—— Emergence (% of sown seeds)®
Kenaf #2 20.0cdfg  36.7a 13.3a 0.0 28.6 -2.86 076
Lablab 30.0bed  23.3b 13.3a 0.0 273 =276 097
Kenaf #3 26.7bedf  233b  33ab 0.0 239 274  0.88
Sunflower mammoth 26.7 bedf  16.6bc 3.3ab 0.0 209 -23%9 082
Laredo soybean 13.3 dfgh 33d  33ab 0.0 8.48 -0.91 0.54
Tall Jose wheatgrass 60.0a 6.7cd 0.0b 0.0 31.8 -3.91 0.39
Johnsongrass 6.7 gh 3.3d 0.0b 0.0 4.71 -0.57  0.69
Sorghum triumph 633a 0.0d 0.0b 0.0 30.4 -3.76 031
Sunflower macro 35.0bc 0.0d 0.0b 0.0 16.8 -2.08 031
Morning glory 40.0b 0.0d 0.0b 0.0 192 -238 031
Hubam sweet clover 36.7bc 0.0d 0.0b 0.0 17.6 -2.18 031
[llinois bundle fllower 13.3 dfgh 0.0d 0.0b 0.0 6.39 -0.79 031
Buffalograss 333 bc 0.0d 0.0b 0.0 16.0 -1.98 031
Hairy vetch 13.3 dfgh 0.0d 0.0b 0.0 6.39 -0.79 031
Madrid yellow clover 13.3 dfgh 0.0d 0.0b 0.0 6.39 -0.79 031
Armadillo burr medic 10.0 fgh 0.0d 0.0b 0.0 4.80 -0.59 031
Rose clover 6.7 gh 0.0d 0.0b 0.0 4.80 -0.40 031
Ragweed 33gh 0.0d 0.0b 0.0 1.59 -020 031
Sunflower max 00h 0.0d 0.0b 0.0 na -000  na
Average 238 6.0 19 0.0 14.5 -1.69 0.53
Average decrease in — 74.9 919 1000
emergence relative
10 control

“Constant (83,), slope (B,), and correlation coefficient () of fitted first-order linear
regression curves

"Means within a column with the same letter are not statistically different from each
other (Duncan’s test, p < 0.05)

Table 4. Seedling emergence 14 days after seeding in crude oil contaminated soil.

r 1 70 1Rt
Plant Species 0 Cmdﬁ.g)ll (/o)s——m B, chress]i?n P
Emergence (% of sown seeds)® —

Kenaf #3 26.7def  23.3b 10.0b  6.7a 244 -1.99 090
Kenaf #2 26.7def  36.7a 233a  0.0b 336 -3.09  0.86
Lablab 26.7def  20.0b 10.0b  0.0b 23.7 -2.45 0.96
Sunflower mammoth 26.7def  6.7cd 33¢c  0.0b 16.4 -1.88 053
Sorghum triumph 76.7a 0.0d 33¢  0.0b 374 -4.50 031
Tall Jose wheatgrass 63.3ab 13.3bc 0.0c  0.0b 364 -4.45 0.48
Laredo soybean 533bc  6.7cd 0.0c 0.0b 28.6 -3.52 0.41
Sunflower macro 35.0de  3.3cd 0.0c  0.0b 18.3 225 0.38
Johnsongrass 20.0efg  3.3cd 0.0c  0.0b 11.1 -1.36 044
Morning glory 40.0cd 0.0d 0.0c 0.0b 19.2 -2.38 031
Buffalograss 40.0cd 0.0d 0.0c  0.0b 19.2 -238 031
Hubam sweet clover 36.7cd 0.0d 0.0c  0.0b 17.6 2,18 031
Hairy vetch 20.0efg 0.0d 0.0c  0.0b 9.61 -1.19 031
Madrid yellow clover 13.3fgh 0.0d 0.0c  0.0b 6.39 -0.79 031
Armadillo burr medic 13.3fgh 0.0d 0.0c  0.0b 6.39 -0.79 031
Illinois bundle fllower 13.3fgh 0.0d 0.0c  0.0b 6.39 -0.79 031
Sunflower max 6.7gh 0.0d 0.0c  0.0b 6.39 -0.79 031
Rose clover 6.7gh 0.0d 0.0c 0.0b 32 -040 031
Ragweed 3.3h 0.0d 0.0c__ 0.0b 1.59 <020 031
Average 289 6.0 20 04 144 -1.69 048
Average decrease in o 79.3 9095 988

emergence relative

to control

“Constant (B,), slope (B,), and correlation coefficient (r*) of fitted first-order linear
regression curves

"Means within a column with the same letter are not statistically different from each
other (Duncan’s test, p < 0.05)
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Table 5. Seedling emergence 21 days after seeding in crude oil contaminated soil.

Plant Species —— Crude Oil (%)——— Regression®
0 0.5 5 10 B B, [
—Emergence (% of sown seeds)®
Kenaf #2 2.67 def 36.7a 23.3a 3.3ab 333 278 085
Kenaf #3 23.3ef 233b  13.3b 6.7a 234 -1.73 098
Sunflower mammoth 26.7def 6.7cd 33¢c  0.0b 16.4 -1.88 053
Sunflower macro 40.0 cd 3.3cd 33¢c  0.0b 213 249 038
Johnsongrass 26.7 def 3.3cd 33c 0.0b 149 -1.70 041
Sorghum triumph 76.7a 0.0d 33¢  0.0b 374 450 031
Lablab 26.7 def 20.0b 0.0c  0.0b 21.8 <262 0.79
Tall Jose wheatgrass 63.3 ab 13.3bc 0.0c 0.0b 36.4 -4.45 0.48
Laredo soybean 533 bc 6.7cd 0.0c 0.0b 28.6 -3.51 0.40
Madrid yellow clover 36.7 de 3.3cd 0.0c  0.0b 19.1 -2.35 0.38
Buffalograss 70.0a 0.0d 0.0c  0.0b 33.6 -4.16 031
Morning glory 40.0 cd 0.0d 0.0c 0.0b 19.2 -2.38 0.31
Armadillo burr medic 20.0 fg 0.0d 0.0c  0.0b 9.6l -1.19 031
Hairy vetch 16.7 fgh 0.0d 0.0c  0.0b 8.02 -0.99 031
Mllinois bundle flower 13.3 fgh 0.0d 0.0c  0.0b 6.39 0.79 031
Rose clover 6.7 gh 0.0d 0.0c  0.0b 322 -040 031
Sunflower max 6.7 gh 0.0d 0.0c  0.0b 322 -040 031
Ragweed 6.7 gh 0.0d 0.0c  0.0b 322 040 031
Hubam sweet clover 34h 0.0d 0.0c__ 0.0b 3.22 -0.40 031
Average 30.7 6.1 2.6 0.5 1.63 -0.20 0.47
Average decrease in — 80.0 91.5 983
emergence relative
to control

“Constant (B), slope (B,), and correlation coefficient (1) of fitted first-order linear
regression curves

PMeans within a column with the same letter are not statistically different from each
other (Duncan’s test, p < 0.05)

Table 6. Seedling emergence 28 days after seeding in crude oil contaminated soil.

t Speci ———— Crude Oil (% Regression®
s 0 59 P— 5 R e
— Emergence (% of sown seeds)®
Kenaf #2 26.7def 36.7a 0.0a 6.7a 34.1 -2.34 0.71
Kenaf #3 23.3ef 233b  10.0b 6.7a 22.7 -1.79 091
Rose clover 6.7g 0.0d  6.7bc  0.0b 44 -0.28 0.11
Johnsongrass 26.7def 6.7cd  33bc  0.0b 16.4 -1.88 0.53
Sunflower macro 40.0cd 33d  33bc  0.0b 213 -2.49 0.38
Sorghum triumph 76.7a 00d 33bc 0.0b 374 -4.50 031
Lablab 26.7def 23.3b 0.0c  0.0b 233 -2.79 0.81
Tall Jose wheatgrass 50.0¢c 13.3¢ 0.0c  0.0b 30.0 -3.66 0.52
Sunflower mammoth 26.7def 6.7cd 0.0c  0.0b 15.8 -1.93 0.51
Laredo soybean 53.3bc 3.3d 0.0c  0.0b 27.1 -3.34 035
Buffalograss 66.7ab 0.0d 0.0c  0.0b 32.0 -3.96 0.31
Morning glory 40.0cd 0.0d 0.0c  0.0b 19.2 -238 031
Madrid yellow clover 33.3de 0.0d 0.0c 0.0b 16.0 -1.98 0.31
Armadillo burr medic 20.0efg 0.0d 0.0c  0.0b 9.61 -1.19 0.31
Hairy vetch 16.7fg 0.0d 0.0c  0.0b 8.02 -0.99 031
Hubam sweet clover 15.0fg 0.0d 0.0c  0.0b 7.21 -0.89 0.31
Sunflower max 6.7g 0.0d 0.0c  0.0b 7.21 -0.89 031
Ragweed 6.7g 0.0d 0.0c  0.0b 322 -040 031
lllinois bundle flower 5.0g 0.0d 0.0c___ 0.0b - 240 -0.30 0.31
Average 298 6.1 3.0 0.7 17.5 -1.97 047
Average decrease in - 79.4 900 976
emergence relative
to control

“Constant (B,), slope (8,), and correlation coefficient (2 ) of fitted first-order linear
regression curves

"Means within a column with the same letter are not statistically different from each
other (Duncan’s test, p < 0.05)
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In the treatments with 5% crude oil, Kenaf #2 had the largest percentage germination
during the 28 days after planting (Tables 3-6). Its germination percentage on days 7, 14,
and 21 was 23.3%, which increased to 30.0% on day 28. Kenaf#3 had the second greatest
percentage emergence on days 14, 21, and 28 with 10, 13.3, and 10 % emergence respec-
tively. Lablab had the third highest percent emergence with 13.3 and 10 % on days 7 and
14 respectively. However, it was unable to survive in the 5% crude oil treatment and died
by day 21.

Only the two Kenaf varieties emerged in the treatments with 10% crude oil (Tables 3-6).
Their emergence was delayed relative to the control treatment as neither one had emerged
onday 7. By day 14, 6.7% of Kenaf #3 had emerged where it remained for the duration of
the experiment. Kenaf#2 first showed emergence on day 21 with 3.3%, which increased to
6.7% on day 28. ’

Linear regression was fit to the data to show correlations between soil crude oil con-
centration and emergence (Tables 3-6). In general, correlation (r’) shows a good fit for
treatments where emergence was observed in contaminated soil. For example, the correla-
tion coefficient for Kenaf #2 and Kenaf#3 was 0.71 and 0.91 respectively on day 28 (Table
6). Correlation was poor for varieties that did not emerge in oil contaminated soil. Slopes
(B) of the regression lines are shown in Tables 3-6 for each plant species and may be useful
in predicting emergence of a given species in soil with a known crude oil content.

Plant Height

Plant height decreased as the crude oil content of soil increased (Tables 7-10). For
example, when averaging plant height across all plant species and comparing soil treated
with 0.5, 5 or 10% crude oil to controls, plant height decreased by 72.0, 75.0, and 96.2 %
respectively.

Plant species with the greatest plant height varied during the 28 day trial (Tables 7-10).
In the treatments with 0.5% crude oil, Lablab showed the greatest plant height followed by
Kenaf#2 and Sunflower mammoth. On day 7, in treatments with 5% crude oil, plant height
was greatest in Lablab followed by Kenaf#3 and Kenaf#2. On day 14, Lablab and Kenaf
#2 had the tallest plant height followed by Kenaf #3. Although Lablab had the greatest
height on day 14, it had only grown 3 mm during the previous 7 days and its leaves were
becoming necrotic. Lablab died in the 5% treatment by day 21, resulting in Kenaf #2
having the greatest height followed by Kenaf #3 and Sorghum triumph. This order re-
mained through day 28. Only the two Kenaf varieties were able to grow in the 10% crude
oil treatment. By day 14, Kenaf #3 was the only species to grow in the 10% crude oil
treatment, but by day 21 Kenaf #2 had also emerged and had the greatest plant height
through day 28.

A fitted regression analysis, plotting crude oil content vs. plant height, showed good
correlation for most species that germinated in crude oil contaminated soils. For example
the correlation coefficient (r?) for Kenaf #2 ranged from 0.68 (day 28) to 0.93 (day 14).
Slopes (B) of the regression lines are shown in Tables 7-10 for each plant species and may
be useful in predicting plant height of a given species growing in soil with a known crude
oil content.

DISCUSSION

Because Texas law considers soils with 5% petroleum hydrocarbons or less no longer
in need of remediation, some reduction in seedling emergence and plant height was ex-
pected, but not to the extent that was found. Other studies have observed more modest
reductions in emergence (Salanitro et al., 1997, Giinther et al., 1996, and Banks et al., 2000).
A likely explanation for the low seedling emergence and plant height was the use of
unweathered crude oil in this study. Commonly in lab studies, crude oil is heated to
artificially weather the crude oil, which removes the more volatile fraction, including
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Table 7. Influence of soil crude oil concentration on plant height 7 days after seeding.

Plant Species ———— Crude Oil (Yo)———— Regression®
0 0.5 ] 10 B, B, r
PlantHeight (mm)® —
Lablab 41.8a 49.1a  450a 0.0 504 -4.25 0.75
Kenaf #3 20.7cde 20.1ec 163b 0.0 22,0 -1.99 091
Kenaf #2 22.5bed 395b 1056 0.0 30.5 -3.20  0.77
Sunflower mammoth 432a 32.3b 33c 0.0 359 -4.18  0.83
Tall Jose wheatgrass 28.3bed 9.7d 0.0c 0.0 18.0 -2.18 058
Johnsongrass 9.3efg 7.0de 0.0c 0.0 7.62 -092  0.79
Laredo soybean 9.4efg 1.7de 00c 00 528 -0.65 045
Sorghum triumph 34 4ab 0.0e 0.0c 00 16.5 -2.04 031
Moming glory 31.8abe 0.0e 0.0¢ 0.0 153 -1.89 031
Sunflower macro 26.6bed 0.0e 0.0c 0.0 12.8 -1.58  0.31
Hairy vetch 17.0def 0.0e 0.0c 00 8.17 -1.01 031
Hubam sweet clover 8 3efg 0.0e 0.0¢ 0.0 3.99 -049 031
Madrid yellow clover 711 0.0e 00c 00 341 -042 031
[llinois bundle flower 6.91g 0.0e 0.0c 00 3.31 -041 031
Armadillo burr medic 5.9fg 0.0e 0.0c 0.0 2.83 -035 031
Buffalograss 5.0fg 0.0e 0.0c 0.0 2.40 -0.30 0.31
Ragweed 5.0fg 0.0e 0.0¢ 0.0 240 -030 031
Rose clover 3.8g 0.0e 0.0c 0.0 1.83 -0.23 031
Sunflower max 0.0g 0.0e 0.0c 0.0 na na na
Average 17.2 84 40 0.0 0.77
Average decrease in - 50.7 75.0 100.0
height relative
to control

“Constant (B). slope (B,), and correlation coefficient (i) of fitted first-order linear
regression curves

"Means within a column with the same letter are not statistically different from each
other (Duncan’s test, p < 0.05)

Table 8. Influence of soil crude oil concentration on plant height 14 days after seeding.

Plant Species ——— Crude Oil (%)}——— Regression®
0 0.5 5 10 i B, r!
- — PlantHeight gmm)h T
Kenaf #3 55.3de 28.6d 0.0b 48a 44.4 -3.80  0.74
Lablab 106.8b 90.8a 48.0a 0.0a 101.0 -102 099
Kenaf #2 61.0de 58.5b 46.1a 0.0a 64.1 -5.86  0.93
Sorghum triumph 148.6a 0.0f 10.7¢  0.0a 733 -8.65 031
Sunflower mammoth 118.2b 54.8b 33d 0.0a 82.1 981 068
Laredo soybean 80.3¢c 35.8¢cd 0.0d 0.0a 54.7 -6.63  0.66
Sunflower macro 111.8b 32.7d 0.0d 0.0a 68.4 -834 054
Tall Jose wheatgrass 65.7cd 17.0e 0.0d 0.0a 392 -4.79 052
Johnsongrass 30.4fg 11.7e 0.0d 0.0a 19.9 241 061
Morning glory 78.3¢ 0.0f 0.0d 0.0a 376 465 031
Hairy vetch 47.0ef 0.0f 0.0d 0.0a 226 -2.80 031
Illinois bundle flower 24 4gh 0.0f 0.0d 0.0a 11.7 -1.45 031
Madrid yellow clover 19.6ghi 0.0f 0.0d 0.0a 9.41 -1.17 031
Buffalograss 15.2ghi 0.0f 0.0d 0.0a 7.30 -090 031
Hubam sweet clover 15.2ghi 0.0f 0.0d 0.0a 7.30 -0.90 031
Armadillo burr medic 9.7hi 0.0f 0.0d 0.0a 4.66 -0.58 031
Ragweed 8.0hi 0.0f 0.0d 0.0a 3.84 -048 031
Rose clover 8.0hi 0.0f 0.0d 0.0a 3.84 -048  0.31
Sunflower max 5.7 0.0f 0.0d 0.0a 2.74 -034 031
Average 53.1 17.4 73 03 34.6 -390  0.60
Average decrease in 67.3 863 995
height relative
fo control

*Constant (B ), slope (B,), and correlation coefficient (r?) of fitted first-order linear
regression curves

"Means within a column with the same letter are not statistically different from each
other (Duncan’s test, p < 0.05)
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Table 9. Influence of soil crude oil concentration on plant height 21 days after seeding.

Plant Species ——— Crude Oil (%)}——— Regression®
0 0.5 5 10 B, B, P
— PlantHeigh | —

Kenaf #2 86.0d StlHZehg : {étt,'r,% 22.7a 91.4 -5.67 0.72
Kenaf #3 80.3de 34.5¢d  57.1b  20.3a 623 -3.67 0.42
Sorghum triumph 222.7a 0.0f 343c 0.0b 1133 -12.6 0.30
Sunflower macro 167.4bc 437¢ 183d 0.0b 103.5 -11.9 0.54
Sunflower mammoth 169.0b 70.8b 6.0e 0.0b 1142 -13.6 0.65
Johnsongrass 55.0ef 17.0df 6.0e  0.0b 352 -4.04 0.58
Lablab 144 3bc 115.3a 0.0f 0.0b 121.3 -14.5 0.80
Laredo soybean 157.1bc 71.7b 0.0f 0.0b 107.8 -13.1 0.66
Tall Jose wheatgrass 80.5de - 19.lcdf 0.0f 0.0b 473 -5.78 050
Madrid yellow clover 25.5gh jof  oo0f 00b 136  -1.67 040
Morning glory 146.6bc 0.0f 0.0f 0.0b 70.4 -8.71 0.31
Hairy vetch 137.3¢ 0.0f 0.0f 0.0b 66.0 -8.16 031
Illinois bundle flower 41.2fg 0.0f o00f 0.0b 198  -245 031
Buffalograss 27.6fgh 0.0f o00f 0.0b 133 -164 031
Hubam sweet clover 239gh 0.0f 0.0f 0.0b 11.5 -1.42 0.31
Ragweed 20.7gh 0.0f 0.0f 0.0b 9.94 -1.23 0.31
Sunflower max 12.7gh 0.0f  00f 00b 6.10  -0.75 03I
Rose clover 12.5gh 0.0f 0.0f 0.0b 6.00 -074 031
Armadillo burr medic 10.4h 0,0f 00f 0.0b 3.00 -0.62 031
Average 85.3 24.0 11.0 2.3 534 591 054
Average decrease in S 71.8 87.1 973

height relative

—to control

*Constant (B ), slope (B,), and correlation coefficient (r*) of fitted first-order linear
regression curves

"Means within a column with the same letter are not statistically different from each
other (Duncan’s test, p < 0.03)

Table 10. Influence of soil crude oil concentration on plant height 28 days after seeding.

Plant Species —— Crude Oil (%)———— Regression®
0 0.5 5 10 B, B, rt
1 b

Kenaf #2 1ood  OESEIE  463a 1140 553 068
Kenaf #3 111.8d 40.1cde  75.5b  28.5b 823 474 034
Sorghum triumph 250.2a 0.0f 42.0c 0.0c 127.9 -141 030
Sunflower macro 215.0b 527  343c 0.0c 1333 -14.9 0.53
Johnsongrass 84.9e 32.0de 9.7d 0.0c 57.0 -6.54  0.64
Rose clover 20.8f 0.0f 9.3d 0.0c 1.7 -1.08 0.26
Lablab 148.0¢c 174.7a 0.0d 0.0¢c 149.8 -17.8 079
Sunflower mammoth 208.2b 87.0b 0.0d 0.0c 139.2 -16.9 0.64
Laredo soybean 208.3b 43 3cd 0.0d 0.0c 119.6 -146 047
Tall Jose wheatgrass 105.5de 22 8e 0.0d 0.0c 61.0 -7.45 0.48
Morning glory 168.7¢ 0.0f  0.0d 0.0c 81.0 -10.0 031
Hairy vetch 148.8¢ 0.0f 0.0d 0.0c 71.5 -8.85 031
Buffalograss 37.2f 0.0f 0.0d 0.0c 17.9 -2.21 0.31
[llinois bundle flower 37.0f 0.0f 0.0d 0.0c 17.8 =220 031
Madrid vellow clover 35.5F 0.0f 0.0d 0.0c 17.1 -2.11 0.31
Sunflower max 27.3% 0.0f 0.0d 0.0c 133 -1.65 031
Ragweed 25.7f 0.0f 0.0d 0.0¢c 12.3 -1.53 031
Hubam sweet clover 19.8f 0.0f 0.0d 0.0¢ 9.51 -1.18 031
Armadillo burr medic 14.6f 0.0f 0.0d 0.0¢c 7.01 -0.86 031
Average 104.1 29.1 14.9 39 65.4 -7.07 0.53
Average decrease in 72.0 85.7 96.2

height relative

|
*Constant (B,), slope (B,), and correlation coefficient (r*) of fitted first-order linear
regression curves
"Means within a column with the same letter are not statistically different from each
other (Duncan’s test, p < 0.03)
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many of the phytotoxic compounds found in crude oil (Rhykerd et al., 1998, Rhykerd et al.,
1999). By not weathering the crude oil used in this study, exposure of seeds to this volatile
fraction of crude oil may have reduced emergence relative to other studies.

The crude oil contaminated soil in this study drastically reduced plant growth. This
increases the time required to establish a plant canopy, which is an important component
of successful phytoremediation. The plant canopy decreases the impact of raindrops on
soil and reduces the potential of surface runoff and erosion that can contribute to surface
water contamination (Cunningham et al., 1995).

Delaying seeding following crude oil spills and tilling contaminated soils may improve
seedling emergence, plant growth, and enhance remediation. Delaying seeding may en-
hance seedling emergence because the majority of volatile compounds, many of which are
phytotoxic, escape from soil within 24-48 hours following a spill. Additionally, tillage,
which has been shown to increase bioremediation of crude oil contaminated soils (Rhykerd
etal., 1999), may further enhance the removal of volatile compounds from soil exposing

volatile compounds that had been trapped in the soil.

CONCLUSIONS

Vegetative cover on contaminated soil is necessary to promote phytoremediation and
reduce surface runoff and erosion. However, this study found seedling emergence and
plant height were significantly reduced in soils with increasing crude oil content. Ofall the
species tested in this study, Kenaf #2 (Hisbiscus cannabinus var. tainvng #2) and Kenaf
#3 (Hisbiscus cannabinus var. sf 459) showed the greatest seedling emergence and plant
height. These species are therefore recommended for use to establish vegetation and
promote phytoremediation on soils with up to 10% crude oil contamination. To improve
seedling emergence and plant growth, it is recommended that following a spill, seeding be
delayed to allow for volatilization of a majority of the phytotoxic fraction of crude oil.
Tilling the contaminated soil during this delay is further recommended to enhance the rate
and extent of volatilization.
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