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Cover: View looking downslope on the summer
oil spill plot in the Caribou-Poker Creeks
Research Watershed, Alaska. Elevated
crosswalks allowed access to the plot.
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SUMMARY

In February and July of 1976 two experimental 7570-L (2000-gal.) spills of hot
Prudhoe Bay crude oil were conducted in subarctic interior Alaska in the

Caribou-Poker Creeks Research Watershed. Information was obtained during the
subsequent three-year study concerning the following:
1. Movement of the oil downslope with time
2. Movement and current presence of oil in the soil profile

3. Change in oil composition with time
4. Responses of various soil microbiological populations
5. Botanical effects of oil contamination
The following results and conclusions were obtained.
1. There are distinct differences between the effects of a winter oil spill and

those of a summer spill.
2. In both winter and summer spills, oil flowed downslope following the micro-

topography of the site for distances of 35 and 41.5 m, respectively. The summer
spill impacted an area nearly one and one-half times as large as the winter spill
(303 m2 vs 188 m2). Downslope movement in the summer spill was primarily in the
organic soil. In the winter spill, initial movement occurred beneath the snow,
over and through the moss layer, resulting in a much larger area of surface flow
(76.3 m 2) relative to the summer spill (30.3 m2). Oil movement stopped after one
day in the winter spill. The oil then remained immobilized until snowmelt, when
it moved further downslope, this time generally in the organic soil.

3. The total area impacted by these spills was surprisingly small. This was pri-
marily due to the ability of the thick moss layer and organic soil to absorb large

quantities of oil. In addition, evaporation of volatiles reduced the volume and
mobility of the oil. The average oil content in the impacted areas for the winter
and summer spilis was 41 and 25 Lm 2 respectively (or 24 and 40 m 2 of soilimI of
oil).

4. The location of oil in the soil profile differed in the two spills. In the upslope
portion of the winter spill plot, the oil resided primarily in the moss and organic
soil. Further downslope, where movement occurred after spring breakup, the oil
resided primarily in the organic soil. In the upslope portion of the summer spill,
most of the oil is in the organic soil, but oil has penetrated as deep as 8 cm into
the mineral soil. Areas further downslope in the summer spill find oil in a narrow
band in the organic soil.

5. Thc initial heat input of the hot crude oil did not significantly affect either
the frozen soil surface in the winter spill or the depth of thaw in the summer spill.

6. After two full thaw seasons, increased depths of thaw have been observed in
the oiled area, with the greatest thaw below visibly oil-blackened areas. If this
trend continues, thermokarsting and reduction in slope stability could result.

7. Compositional change in the spilled crude oil during the first two years is
primarily a result of the evaporation of volatiles. No observable translocation of
water-soluble components was found below the area of physical oil movement.
The type of oil degradation usually attributed to microbial activity was not
observed in the first two years after the spill
8, The oil will probably remain largely intact for long periods in the soil unless

some measures are used to accelerate oil degradation
9 During the first growing season after the winter spill, the filamentous fungal

population was inhibited, whereas the heterotrophic bacterial population was
stimulated. After the summer spill there was a brief initial depression of both the
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filamentous fungal and bacterial populations, This was followed by a general en-
hancement. In both oil spill plots, denitrifying, proteolytic, oil-utilizing and
cellulose-utilizing microorganisms (including yeasts) were favorably affected by
the oil spills.

10. During the second and third growing seasons following the oil spills, the
filamentous fungal populations were inhibited in both oiled plots. Inhibition was
greater in the winter than in the summer plot. The heterotrophic bacteria and
yeasts were stimulated in both oiled plots, with greater stimulation in the summer
plot. The numbers of denitrifying bacteria, oil-utilizing bacteria and oil-utilizing
yeasts remained elevated in the oiled plots.

11. After an initial decrease 24 hours after the oil spills, in vitro* soil respiration
generally increased in both oiled plots relative to the control for the duration of
the study. Soil respiration in situt increased in the oiled plots only where plants
killed by the oil were not removed. This indicates that the increased substrate
from dead plant material is at least partially responsible for the increased soil
respiration.

12. The effects of crude oil on indigenous soil microbial populations and their
activities appear to be both direct and indirect. The filamentous fungal popula-
tion may be inhibitc by toxic crude oil components and reduced aeration. Other
microbial populations and in vitro soil respiration may be stimulated by the addi-
tior of carbon substrate in the oil and from plants damaged or killed by the oil.

13. Vegetation mortality was highest within areas of surface flow in the
upslope portions of the plots. Damage to vegetation was delayed and reduced ill
areas which were both further downslope and impacted by subsurface flows.

14. In general, deciduous species showed the most rapid injury Evergreen
species displayed delayed symptoms. Injuries have continued to appear Up to the
present, with additional mortality of black spru-e in the winter spill site through

the third growing season.
15. Rooting characteristics, as well as aboveground growth form, significantly

influence sensitivity to the oil. Cottongrass tussocks, with their vertical rooting
habit, appear to be the most oil-resistant species on this site.

16 There is no evidence of the recovery of vegetation in areas of surface flow
in these spills. Other c ,de oil spills in Alaska have shown some vegetative
recovery within the sa e time frame, possibly because of greater soil moisture.

17. Because of the c( mplex interactions among the effects of crude oil spills, a
variety of scientific disciplines is necessary to assess environmental impact

* In the laboratory
t In place. on the site
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THE FATE AND EFFECTS OF CRUDE OIL
SPILLED ON SUBARCTIC PERMAFROST
TERRAIN IN INTERIOR ALASKA

L.A. Johnson, E.B. Sparrow, T.F. Jenkins, C.M. Collins,

C.V. Davenport, T.T. McFadden

INTRODUCTION U.S. Army Cold Regions Research and Engi-

neering Laboratory received funding from the

During the last 15 years, oil exploration and U.S. Environmental Protection Agency's Arctic
development, spurred on by increasing demand Environmental Research Station to study the
for oil and declining petroleum reserves in fate and effects of crude oil spilled on per-
temperate regions, has been increasing in the mafrost terrain. This study was specifically de-
Arctic and Subarctic. One large pipeline for signed to simulate the size and location of anac-
transporting crude oil, the Trans-Alaskan Pipe- tual crude oil spill from a functioning pipeline.
line System (TAPS), was completed in 1977 and An open olack spruce stand, representative of in-
other smaller ones have been constructed in terior subarctic AJaska, was seJected in the
Canada and the Soviet Union. These projects Caribou-Poker Creeks Research Watershed. Two
have resulted in spills of crude oil, and more spill plots were designated and 7570 L (2000 gal.)
spills are inevitable, of hot (570 C) Prudhoe Bay crude oil was applied

Regulatory agencies and scientists became in- to each. One spill was conducted in winter and
terested in ascertaining the environmental ef- one in summer to assess differences in behavior
fects of petroleum spills as soon as development and impact of crude oil at the two temperature
of petroleum reserves began in the northern re- extremes of the subarctic climate.
gions. In the early seventies, a number of small- The four overall objectives of the study were:
scale studies were begun to document the ef- 1. To document the physical effects of crude
fects of spills (Deneke et al. 1975, Hutchinson et oil spills on a black spruce forest in the interior
al. 1974), while other studies examined biologi- of Alaska, emphasizing the mode of transport,
cal recovery after spills (Hunt 1972, Cook and the size and shape of the area of impact after
Westlake 1974, McGill 1977) Other individuals different periods of time, and the effects on the
recorded the effects of refined petroleum spills underlying permafrost
along a military pipeline in Alaska (Deneke et al. 2. To determine the fate of petroleum spilled
1975, Rickard and Deneke 1972, Hunt et al in subarctic terrestrial environments
1973). However, before 1975 only one study, in 3. To evaluate the effect of crude oil spills on
the Mackenzie Valley of Canada, had attempted soil microbial populations and their activities
to experimentally determine the effects of larger 4 1o evaluate the effects of crude oil spills on
petroleum spills (MacKay et al 1974, Hutchin- vegetation
son et al 1974, Cook and Westlake 1974). Re- In oil-er to meet these multidisciplinary objec-
cently a collection of articles summarizing past tives the tollowing personnel were engaged on
and ongoing oil spill research in Alaska, in- the project
cluding interim reports of the research presented 1 Geologist to determine the physical extent
here; has been published (Arctic, vol. 31, no. 3. of oil ,pread and the thermal effects on underlv-
1973) In 1975 the Alaskan Projects Office of the ing permafrost (Charles Collins)
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Figure 1. Location of oil spill site.

2. Engineer: to determine the factors influenc- The study site is an open black spruce (Picea
ing the thermal regime of the soil and the design mariana (Mill.) Britt, Stearns & Pogg.) stand (Fig.
of spill systems (Terry McFadden) 2) with a shrub understory of Labrador tea (Le-

3. Chemist: to determine the changes in the dum decumbens (Ait.) Hult. and Ledum groen-
chemical composition of the petroleum with landicum (Oeder) Hult.), resin birch (Betula
time and over the extent of the spill (Thomas glandulosa Michx.), and blueberry (Vaccinium
Jenkins) uliginosum L.) A few scattered willows (Salix

4. Microbiologists: to determine the response spp.) occur in i.e area Mosses and lichens cover

of soil microbial populations to winter and sum- 50% or more of the ground surface and various
mer oil spills (Elena Sparrow and Charlotte herbs can be found. Cottongrass tussocks (Erio-
Davenport) phorum vaginatum L.) have scattered distribu-

5. Botanist: to determine the effects of the tion but are of local importance (Troth et al.
crude oil upon the existing vegetation species 1975).
and the extent of their recovery (Larry Johnson) Elevated crosswalks were installed at 5-m in-

tervals across the treatment plots to allow direct
access to the entire surface of the plots with

METHODS minimum disturbance by surface trampling (Fig
2)

Site description The soil on the site is typical of the Saulich
The study site lies in the lower reaches of the series found in the lower slopes of the watershed

Caribou-Poker Creeks Research Watershed, 48 (Rieger et al 1972). A typical profile consists of
km northeast of Fairbanks, Alaska (Fig 1) The 25 to 5 cm of moss (01), 8 to 0 cm of reddish-
site is about 300 m above sea level and situated brown peat (0), 8 to 0 cm of brown mixed organ-
on a moderate (7-8 ° ) west-facing slope Two ic and silt loam (A,), and grayish silt loam exten-
study plots, each 10 m by 50 m with the long axis ding to permafrost (C ,) (Iig 3) The soil, a histic
downslope, were established for oil application pergeli( ( ryaquept, is poorly drained, with an ac-
Control areas were designated nearby The tive laver depth of 15 cm to 50 cm, depending on
closest stream is Poker (reek, 800 m downslope the thickness of the organi mat and proximity
of the site An abandoned water diversion dit( h to shrubs and trees Both the organic and miner-
lies between the Study site and Poker Creek, al soils are acidic, generally about pH 4 (Troth et
guarding against inadvertent oil (ontamination al 1975, Riegeretal 1972)

I2
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Figure 2. View looking downslope prior to oil applfication on summer spill plot.
Note elevated crosswalks installed for access to plot.

01 - Moss
02- Reddish-brown Pat Orai

A, - Brown Mixed organic and Silt Loom Ornc
C2 - Gray Silt Loom

Figure 3. Typical profile of Saulich soil at
Caribou-Poker Creek spill sites.
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Oilapplication In July 1978 small pits were excavated at se-

The crude oil for the study was obtained from lected sites on the two spill plots to determine

Prudhoe Bay and hauled by truck in 208-L the vertical distribution of the oil in the soil pro-

(55-gal.) drums to an area near the site. The oil file. The depth of oil penetration was deter-

was transferred to a 7570-L (2000-gal.) tank and mined visually

transported to the spill site on a large tracked

vehicle. The oil was heated to 570 C, using heat Thermal characterization

tapes, in a closed system to preserve the volatile Vertical thermocouple arrays were installed

components, and was spilled through a 5-m with individual thermocouples at five levels (see

length of perforated pipe (Fig. 4) at about 170 AppendixA, Fig Al andA2 and TableAl).

L/min over a 45-minute period. The winter spill Changes in the depth of thaw in the plots were

was conducted on 26 February 1976 at an ambi- determined by probes conducted during the

ent air temperature of about -5"C (23 0 F). The thaw periods Six cross sections were laid out 1,

summer spill was carried out on 14 July 1976 to 1, 6, 9, 14 and 20 m downslope from the spill

approximately coincide with the peak of the point in each plot and frequent probes were

growing season and maximum yearly tempera- made at l-m intervals each summer

tures. The air temperature during the summer

spill was 250C (77 0 F). In each test 7570 L (2000 Oil and oily soil characterization

gal )of oil was spilled. Initial oil samples were obtained at the time
of the spills, cooled rapidly to preserve their in-

Physical characterization tegritv with respect to volatile components, and

After the spill, the rate of oil flow downslope characterized along with samples collected later

was determined by probing the soil with wooden by the following techniques:

dowels at predetermined locations on a 1-m grid 1 Headspace analysis for volatiles by gas

(Fig 5) The presence of the ( rude oil was readily chromatography

discerned hy sight and smell, and confirmed by 2 Silica gel,'alumina column chromatography

UV-fluorescence (Deneke et al 1975) when to obtain major oil components (alkanes, aromat-

questionable. ics, asphaltenes and NSO's)

figure 4. Oil being spilled along a 5-m length of perforated pipe at winter

plot Note in the background the tank in vhich the oil was heated prior to

the spill

4
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Figure 5. Fo'fowing oil flow downs/ope on the sum-
mer plot by visually inspecting wooden dowels.

3. Characterization of the alkane fractions by Gas chromatographic analysis was conducted as
capillary flame ionization gas chromatography follows:
(Apiezon L and Dexsil SCOT columns) Analytical column: 5% Durapak, Carbowax

4. Characterization of all oil fractions by 400 on Porasil C (9 ft x '/, in.)
scanning infrared spectroscopy. Oven temperature: programmed from -200 C

Soil cores were collected initially, and then to 150 0 C at 100 /min
periodically over a three-year period. Each sam- Flow rate: 20 mL/min of helium carrier gas
pie was taken with a 5.7-cm-diameter corer, Detector: flame ionization
divided visually into overlying moss (01), brown The remainder of the soil sample was manual-
organic layer (02 and A1), and grayish-brown silt ly extracted with chloroform (Mallinckrodt, nan-
loam (C2), and individually stored in prewashed ograde). For oily soils, extractions were con-
glass canning jars. The samples were iced im- tinued until the color of extract was visually
mediately and kept frozen until analysis Addi- similar to that from a control soil (up to 15 in-
tional samples were collected in July 1978 from dividual extractions). The extracts were corn-
small soil pits dug at selected points in the con- bined and the chloroform removed by evapora-
taminated areas. tion. The amount of residue, containing material

The soil samples were analyzed as follows. A C15 and greater, was determined gravimetrically.
subsample was taken, placed in a scintillation The dry weight of the soil was obtained by
vial, sealed with silicone rubber septum mater- oven-drying the extracted soil at 1050 C for at
ial, and equilibrated at room temperature (ap- least 24 hours. Percent oil was calculated by
proximately 220 C) for 24 hours. The headspace dividing the chloroform extractable residue by
was sampled with a gas-tight syringe, and ana- the dry weight of soil.
lyzed by gas chromatography (McAuliffe 1971). The extracted oil was fractionated as follows.
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The amount of asphaltene material was re- small pits on each spill plot (and in a control
moved by pre( ipltation with pentane and deter- area), just beyond the farthest downslope point
mined gra, metricallv I he remainder of the ma- where visible oil was detectable in the soil pro-
terial was tra( tionated by sill a gel-alumina col- file, and allowing water to collect in the pits
umn (hronlatographV i a manner similar to that Several of these water samples were analyzed
des ribed by Halley et al (197)) In our study, for total organic carbon by combustion infrared
the (olumn was sequentially eluted with 100 mL anal,sis using a Beckman 915 Total Organic Car-
ot pentane, 150 mt ot benzene, and 100 mL of bon Analyzer The dissolved volatile material
methanol (Mallinkrodt. nanograde), with the (<C8 ) was determined by a modified stripping
amount of material in ea h fraction determined technique according to Leggett (1979)
gravimetrc ally

The alkane traction was further characterized Soil microbiological methodology

by gas chromatography Several 50-ft x 002-in
SCOT columns were used, including Dexsil 300 Collection and processing of
GC and Apiezon L Identification of individual soil microbiological samples
peaks was initially obtained by comparison to Soil samples were collected from the A1

standard samples and confirmed later by gas horizon (zone of organic matter accumulation)
chromatography/mass spectroscopy (HP 5992) and from the upper 5-7 cm of the CI horizon in
Ratios of pristane (2, 6. 10, 14 tetramethylpen- each test plot Soil in the oiled plots was
tadecane) to n-C 17 (heptadecane) were obtained sampled where the concentration of oil ap-

by measuring the peak heights of these com- peared to be highest (the first 5 to 10 m down- t.
ponents in the Apiezon L chromatograms The slope from the line of oil application) The soil
peak heights (and thus their ratio) are not abso- sampling dates in 1976 were 27 February, 17
lute measurements and are dependent on the de- June, 14 July, 12 August. and 27 September, in
gree of separation achieved for these two com- 1977 the dates were 9 June, 5 July and 1 August

ponents The higher numbers reported elsewhere in 1978 the dates were 27 June and 12 July Each
for this ratio (lenkins et al 1978) were obtained oiled plot was first sampled within 24 hours of

on a different analytical column of the same the oil application During the winter sampling
variety (February), a gasoline-powered corer was used to

Infrared spectra of all the fractions, obtained obtain soil cores (frozen) During the growing

by silica gel-alumina fractionation, were deter- season (June to September), soil samples were
mined on a PE 167 scanning IR spectrophoto- taken with a hand-operated corer Several soil
meter (ores were randomly taken from each plot Soil

Inorganic analysis of soil was done on dried, cores were examined, then separated into A1 and
sieved (2 mm) mineral (C2) and organic (02, Al) C2 sections and placed in separate containers

soils which had been treated with chloroform to The soil cores were kept at 40C and processed
remove the oil. Soil pH was obtained with a digi- within 24 hours During the sample processing,
tal pH meter (giass electrode) on a 5 1 (distilled plant roots were removed, the soil cores com-

water to dry soil) suspension according to lack- posited, and subsamples taken for microbial and
son (1958) Exchangeable Ca + +, Mg + +, Na +  chemical analyses All dilutions and plating for
and K + were obtained by further extraction of a microbial analyses were done in a 100 C environ-
subsample of the dried soil with 1N ammonium mental room to minimize possible heat injury to
acetate (Jackson 1958) and determination by psychrophilic microorganisms
atomic absorption spectrometry (PE 303). Ex-
changeable ammonium was determined on a se- [numeration of soil microorganisms
cond soil subsample by extraction with 1N KCI Changes in microbial numbers were moni-
and determination by the automated phenate tored using dilution plate count (surface-spread)
method (Technicon Industrial Method 98-70W and most-probable-number (MPN) techniques
1973) Soil nitrate was determind in the KCI ex- Plate count agar (Difco) with cycloheximide (50
tract by the automated cadmium reduction mg/L) plus additional agar (5 g/L) was used for
method (Technicon Industrial Method 271-73W counting heterotrophic and anaerobic bacteria
1973). All values for Ca+,Mg + , Na + , K+, NH4+ , Martin's medium (Martin 1950) was used for
and NO+ are reported on a dry weight soil basis enumerating fiamentous fungi and yeasts A

Soil water samples were collected in July gelatin medium and the procedure described by
1977. These samples were obtained by digging Rodina (1972) were used to count proteolytic

6
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bacteria A nitrate medium and a five-tube MPN Soil respiration measurements
procedure (Alexander 1965) were employed to In vitro respiration rates of the soil samples
determine the abundance of denitrifying were determined by measuring carbon dioxide
bacteria Five replicate plates or five tubes per evolution rates in biometer flasks (Bellco Glass,
dilution were used for microbial enumeration ex- Inc.) according to the procedure of Johnson and
cept for the anaerobes, which were done in Curl (1972) Five replicate determinations were
triplicate All groups were incubated at 200 C for done on samples from each soil horizon in each
one week and 40 C for two weeks except the testplotincubatedat40 Cand20C.
denitrifiers, which were incubated for one month In situ soil respiration was determined by
at both temperatures Anaerobiosis for deter- measuring carbon dioxide evolution rates. Open-
mining the abundance of anaerobic bacteria was ended cylinders (7.5 cm in diameter) were sunk
attained by evacuating Brewer jars, flushing with into the test plots. The live moss plant layer was
nitrogen gas containing 5% carbon dioxide, and clipped before the ten cylinders were embedded
using copper sulfate treated steel wool (Parker into the control plot to ensure that only litter,
1955) root, and soil respiration were being measured.

The enumeration of oil-utilizing microorgan- Two sets of cylinders were embedded in the oiled
isMs was a two-step process using a five-plate lots, one with the killed moss layer removed (five
MPN procedure Initially, samples were plated cylinders per plot) and one with the killed moss
on a modified silica gel medium containing 1% layer intact (ten cylinders per plot) Carbon diox-
Prudhoe Bay crude oil After one month of in- ide evolution rates were determined according
cubation (at both 40( and 200 C). these plates to Coleman (1973), with the exception that the
were replicated onto plate count agar to alkali jars were suspended (from the rubber stop-

estimate the bacterial population and onto Mar- pers used to cap the cylinders) instead of being
tin's medium to estimate the tungal populations placed on the soil surface Control cylinders con-
The replica plates were subsequently incubated, taining only jars of alkali were run simultaneous-
one week for the 20'C plates and two weeks for ly during the 24-hour period that respiration

the 40C plates The presence of one or more ol- rates were being measured

onies on the rephli a plate (onstituted a positive
test Soil-water, pH, and oil determination

Silica gel plates were prepared a(cording to in soil microbiological samples
the procedure ot Funk and Krulwic(h (1964) with Water content of soil samples was determined
the mineral salts medium of Bushnell and Haas using the gravimetric method described by Gard-
(1941) Our moditi(ation was the addition of a ner (1965) The pH of fresh soil samples was

sufficient quantitv of (ollo dal sili(a (Cab-O-Sil measured using a glass electrode in a 1 1

MS obtained from ( abot (orp. Boston, Mass ) to soil-distilled water suspension(Peech 1965)

the mineral medium to make a tinal (oncentra- Oil content in the soil samples was deter-
tion of 1% colloidal silic a in the gel plates The mined gravimetrically on benzene extracts of

colloidal sili a was added to help maintain dis- soil Three replicates of approximately 15 g of

persion of oil in the gel plates In making the wet soil from each soil sample were dried at
silica gel plates, the components were auto- 1051C for 24 to 48 hrs Each replicate soil sample
(laved separately and allowed to come to room was then extracted four to five times with 50-mL

temperature before use Sterilized oil (Robertson portions of benzene The extracts were com-

et al 1973) was added to the mineral-(olloidal bined, evaporated to dryness in a fume hood at

silica medium and the medium was mechanic al room temperature, and the residue weighed The

Iv mixed to disperse the oil then the other (ur- per ent dry residue obtained from the unoiled

ponents were added, the mixture shaken, and soil was subtrac ted from the percent dry residue
the plates poured Celing oc(urred within one from oiled sod to give corrected percent oil from
minute This was important in maintaining dis- oiled plots The weight of the oil contributing to

persion of the oil in the plates the dry weight of sod was taken into considera-

The numbers of cellulose-utilizing mi ro- tion in the c al( ulation of the oven-dry weight of

organisms were estimated on sili a gel plates us oiled soils
ing the five-plate MPN procedure The silica gel
plates contained 1% cellulose (Sigmacell-lype Sftatstical anal4ses of microbiological data
20M) as a sole ( arbon sour e The (olloidal sili a ( ounts of m (roorganisms and in vitro soil

wasnotadded respiration rates are expressed on the basis of

7



Figure 6. One-meter-square quadrat used for sampling vegetation.

the oven-dry weight of the soil Plate counts, soil monthly during 1978, in order to record the time
respiration rates, and water content (untrans- and extent of oil-related injuries Visual esti-
formed data) were statistically analyzed using mates of damage were made and photographs
analysis of variance and Dun an's multiple were taken of affected quadrats
range test (Duncan 1955) Confidence limits were Samples of the current year's spruce needles
calculated for the MPN counts In the compan- from trees within and outside the winter and
son of two MPN estimates, a non-overlap of the summer spill areas were taken in 1975 and 1976
95% confidence limits was (onsidered ndica- 1hese were analvied for total nitrogen, phos-
tive of a significant difference between the esti- phorus, and potassium using a Technicon Auto-
mates (Cochran 1950) analyzer to determine if the spills significantly

affected nutrient content

Vegetation Dr Arthur Linkins. Virginia Polytechnic Insti-
Prior to the spill, the vegetation of both plots tute, took several soil (ores from both the winter

was characterized using a number of 1-m-square and summer oil spill plots during the 1977 grow-
quadrats (Fig 6) All quadrats were sampled ing season I hese were used to evaluate ectotro-
again in luly 1978 Data were ( olle(ted a( ( ord- phi( root respiration for species including black
ing to methods of Ohmann and Ream (19711 as spruce, blueberry, and Labrador tea Root respi-
previously used in the resear( h watershed T roth ration rates and respiratory quotients (ratio of
et al 1975) Nomenclature follows Hulten 1968) carbon dioxide released to oxygen absorbed)
for herbaceous species, Viere( k and little (11972) were determined in a Gilson differential respiro-
for shrub and tree spe( ies, (-rtim et al ( (17 ,) for meter using the dire( t KOH method
moss species, and Hale and (ulberson 11966) for Dead bla(k sprue on the plots were marked
lichen species in August 1977 In August 1978 both plots were

Pre- and post-spill measurements were made reexamined to determine it any additional
of percentage of cover and frequen( ot vegeta- spru( e had died I he number of dead spruce was
tion species The number of stems or individuals recorded through 1977 and for 1978
was also recorded for some shrub and her- Soil )its were dug within the plots during luly
baceous species 1978 to determine vertical and horizontal root

The site was visited during the growing distribution Root distribution was then (om-
seasons, biweekly during 1976 and 1477 and pared with oil distribution

8
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Figure 7. Snow melting near the header during hot crude oil application on
the winter plot.

RESULTS AND DISCUSSION over and within the moss layer. The total area af-
fected by the oil was about 188 m2 or about 24

Oil movement m 2/m 3 of oil. with an average oil concentration
The winter spill was conducted on 26 February of 41 L/m 2 in the impacted area.

1976. The 570C oil was applied from a 5-m-wide The summer spill was conducted on 14 July
header with 6-mm holes spaced every 10 cm The 1976 in the same manner as the winter spill. A

oil was spilled on top of a snowpack which was similar spill rate of 170 L/min was used and the
approximately 45 cm deep The hot oil rapidly oil temperature at the header was also 57 0 C. As
melted holes in the snow, with the snow melting the oil spilled onto the surface, it rapidly pene-

and collapsing 1 to 2 m downslope of the header trated to the peat (02) horizon and moved down-
(Fig. 7). The oil moved downslope under the slope beneath the moss. Oil disappeared from
snow without disturbing the snow surface Most view less than a meter downslope from the spill
of the mivement occurred just above and within point and was only visible downslope in surface
the moss (02), above the frozen organic (02, A1 ) depressions where pools formed Oil movement
and mineral (C2) horizons Although the oil was continued rapidly for approximately 24 hours, at
not visible from the surface, its presence be- which time it had moved 28 m downslope After
neath the snow was observed by probing and is 48 hours the oil had moved only an additional 6
plottedwithrespecttotimeinFigure8a m Oil continued to move downslope until

The movement of oil continued at a gradually winter freezeup in October 1976, at which time

decreasing rate for 24 hours following the spill it had moved another 7 m Oil movement plot-
before it became immobilized over an area ex- ted with respect to time is shown in F igure 8b
tending 18 m downslope of the header The oil The total area affected by the summer spill
remained stationary throughout the remainder was 303 m2 or 40 m2,"mI of oil, more than one
of the winter and did not resume its movement and one-half times the area affected by the
until snowmelt in May 1976 With the onset of winter spill The average (oncentration of oil in
warm weather, portions of the oil gradually the impa(ted area was about 25 i,m2 , con-
moved an additional 17 m downslope The oil siderably less than in the winter spill The areas
moved beneath the moss layer and was visually affe ted by the oil in both cases compare
undetectable at the surface This is in contrast to favorably with the range of 20 to 10() m2imI of
the initial winter oil movement which occurred oil predicted by MacKay et al (1974) However.
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Figure 8. Plane views of the downslope movement of oil during the summer and

winter spills, showing the total areas affected by' oil.

the subsurface flow found in the summer spill Figure 1t) five locations were chosen and
differs from that observed by MacKay et al labeled with site coordinates across-slope and
where the oil f lowed over water-saturated moss downslope (see Fig 9 for locations) as follows:
The differences observed are probably a result Summer 1-2*. 8-9t (Fig 10a)
of a lower moisture content in the moss and uip- A site with no visible oil on the sur-
per soil layers of the summer spill This allowed face, near the edge of a visibly im-
the oil to quickly penetrate to the organic soil pat ted oil area
where dlownslope flow occurred If the moss Summer 4-5, 8-9 (Fig l0b)
layer had been very wet at the time of the sum- A location in the upper portion of the
mer spill, it would probably have caused the oil suJmmer plot which had 80% of the
to float on top of the moss and flow downslope surface visibly impacted by oil
on the surf ace Summer 7, N4 (Fig 10c I

Only 10% of the l)4-m 2 summer spill area A location near the bottom of the
had oil visible on the surface On the other hand, oiled area which was impacted by oil
40% ot the 188-in winter spill had visible surta( v movemnent several days after the spill
oil I he dittereru ion visible oil on the surf a(e re Aintel,8-9. t 1- t2(Fig 10d)
11cc ts the difterent modes of oil movement in A site imrpa( ted from above at the
the two spills time of the winter spill which had a

In July 11078 the vertio al penetration (ot oil inti) heavily oil-impa( ted suface
the soil prot Ic' was determined at several points ~ .__-

in the two %pill1 plot's A diagram (It the lo( atiiin At ioss lopt, ooiUnald 0i X 9a

(it oil in the soil prof ili at eat h site is shown in t I))n1j .,,,inaivII igM 4A)
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Figure 9. Plane views of the summer and winter spills showing surface and subsurface oiled areas.

Winter 15, 34 (Fig. 10e) oil flowed through the overlying moss and pene-
This location was affected by trated the mineral soil to a depth as great as 8
previously immobilized oil cm (Fig. lob). Oil generally penetrated only 1 cm
which began moving through the into the mineral soil further downslope (Fig. 10c).
organic layer following spring Oil movement upwards from the organic soil in-
breakup, several months after the to the overlying moss was also reduced down-
spill. slope to approximately 1 cm.

The diagrams from locations downslope on Oil contamination from above occurred in the
the summer spill (Fig. 10 a-c) confirm that move- first 18 m of the winter plot as shown in Figure
ment occurred predominantly in the organic 1Od. The major portion of the oil in this section
layer. Upslope, in the heavily oil-impacted zone, was found in the moss layer, with significant
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amounts in the upper part of the organic layer.
Little oil was found in the mineral soil.

The distribution of oil in the lower portion of

Verticol Penetration of Oil Into Soil Profile the winter plot was quite different. This area was
impacted by oil that began to move again after

(a) Summer 1-2,8-9 breakup. Oil in this region was in a narrow band
0 Moss about 3 cm thick within the organic layer (Fig.

IN -! Oil 10e). No oil was found in either the moss or
mineral soil in this section of the plot.

C2 Mineral While the average concentrations of oil in the
summer and winter plots were 25 and 41 L/m2 it
is clear that this oil was not uniformly spread

621 over the contaminated zone. Areas such as sum-
Permafrost mer 4-5, 8-9 have much higher amounts of oil,

(b) Summer 4-5, -9 while those such as winter 15, 34 have very little.
O It is useful to compare the physical behavior

11 of these controlled spills with two actual spills
2o. Oil from the Trans-Alaskan Pipeline System (TAPS)
2'7M: at Valve 7 (19 July 1977) and Steele Creek (15

C2 Mineral February 1978). At Valve 7 more than 300,000 L

4"J Permafrost (80,000 gal.) of crude oil was sprayed under high
pressure as far as 1200 m downwind, but the oil

(c) Summer7, 34 only saturated the vegetation within an area 230
0 0 Moss m from the valve (Walker et al. 1978). In con-
14 -an, "Oil9cm thick trast, at Steele Creek more than 1,900,000 L

(500,000 gal.) of crude oil sprayed down into the
C2 Mineral gravel workpad. Although some minor amounts

sprayed into the air, most of the oil seems to
45 Permafrost have flowed on or under the surface. While

some oil flowed in the upper organic layers of
(d) Winter 8-9, 11-12 the soil underneath the snow (similar to the

0 Moss O i -
0cm 

thi
ck CRREL winter spill) large amounts also flowed

over the top of the snow surface. Evidently the
C2 Mnera oil, which had reached a temperature of only

100 C (500 F) in the pipe, cooled sufficiently

before reaching the snow so that it could flow
52 over it. The behavior of these actual spills seems

to combine aspects of both the experimental

winter 15, 34 spray-spills conducted by Deneke et al. (1975)
r- and the experimental point-spill studies reported

0 O, Moss here.

20-
2 -A Organic l 'Oil 3-4cm thick Effects on permafrost

C2 Mineral Very little modification of the underlying fro-
4 9 ______ zen ground occurred during the actual spills.

Permafost During the winter spill, most of the heat of the
oil was dissipated by the melting of snow. There

Figure 10. Vertical penetration of oil in- may have been some minor thawing of the
to soil profile. petmafrost table in the upper levels of the sum-

mer plot at the time of the spill. However, the ac-

tual thermal mass of oil, even at 50'C, was
negligible compared to the thermal mass of the
underlying permafrost. In addition, the oil
moved downslope so rapidly that there was little

concentration or pooling which could supply
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Winter One full thaw season (1977) following the sum-

Oi-offectedoreo Surface odoreQ LImnet' mer spill, significant increases occurred in the
3m average thaw depth in the winter and summer

spill plots as compared to 1976, 21.2% andThaw 50-. 9/20/77 "

Depth 17.5% respectively. Data from the control plot

- *--- - are unavailable for 1976. We assume there was
9/26/78_ little or no change in depth of thaw from 1976 to

Summer 1977 in the control plot. This is based on the lack

0 2 4 6 a of change from 1977 to 1978 and the equivalent
degree-days of thawing for 1976, 1977 and 1978.

E After the second full thaw season, additional
50 - smaller increases in the thaw depths occurred in

' - T.D. the winter and summer plots. Thaw depths in the

summer plot increased by 9.4% over the
too previous year and by 13.2% in the winter plot

Control with its greater oiled surface area. Although
0 , 4 , 0 others have reported little increase in the

thickness of the active layer beneath crude oil

0spills (Hutchinson and Freedman 1975, Freed-

50 man and Hutchinson 1976), measurements in this
T.0.- study show continued increases in thaw depths

100 several years after the initial spills.
Two years of these data are insufficient to pre-

Figure 11. Cross-section thaw depths in dict the long-term effects of the oil on perma-

1977 and 1978, 3 m downs/ope of oil ap- frost. The thawing trend underway may stabilize

plication. or even reverse itself if, for example, vegetation
starts to reestablish on the spill areas. Continua-
tion of the present trend could result in catas-

enough heat to thaw the permafrost table. In- trophic thermokarsting. However, stabilization

sulation, such as the moss and peat layers above of thaw seems most likely as long as the organic

the permafrost, increases the time and the mat above the mineral soil is not destroyed.

amount of heat required to penetrate to the

permafrost. Compositional changes

Oil-blackened surface areas have a lower The Prudhoe Bay crude oil used in the study

albedo than non-affected vegetation, causing was characterized by a number of chemical

the surface to warm more than in non-affected methods in order to assess changes due to

areas This can result in long-term increases in weathering on slope. These included fractiona-

depth of thaw. Figure 11 presents the maximum tion with respect to major classes of compo-

thaw depths in 1977 and 1978 for cross sections nents by column chromatography and further

of the two spill plots and a control area 3 m characterization of each fraction by gas chrom-

downslope. The greatest thaw depths in the atography and infrared spectroscopy. Some of

winter and summer plots generally correspond the pertinent data obtained are summarized in

to the surface-oil impacted areas Table 2. A gas chromatogram of the original oil

Table 1 summarizes the average thaw depths is shown in Figure 12.

of the six cross sections in each of the three plots The major processes thought to contribute to

at 1, 3, 6, 9, 14 and 20 inl downslope as well as the weathering of oil after a terrestrial spill are evap-

percent change in thaw depth from 1976 to 1977 oration of volatiles, solubility and translocation

and from 1977 to 1978 The profiles were ob- of water-soluble components, and microbiologi-

tained at thermally equivalent times during each cal degradation. Of these, the loss of volatiles

year at near maximum thaw depths On 28 Sep- was found to have the largest initial impact.

tember 1976 there had been a total of 3575 de- Photochemical degradation, many times the

gree-days of thawing On 20 September 1977 controlling factor in degradation of oil in marine

there had been .1567 degree-days of thawing, spills, is negligible in terrestrial systems where

And on 26 September 1978 there had been 3576 the amount of oil exposed to sunlight is small.

degree-days of thawing. Samples of the original oil, oil from pools in

13



Table 1. Average thaw depth (cm).

Distance Avg Avg
downslope Change, Change, Change, change,

(i) 1976 1977 1978 76-77 (%) 77-78 (%) 76-77 (%) 77-78 (%)

Winter 1 554 73 3 878 + 323 +198
cross 3 53.9 674 81 4 +250 +208
sections 6 54.2 b7 4 749 + 24.4 +11 1

9 49.5 56.1 629 +133 +121 21 2 132
14 44.9 53.4 57.6 +189 + 7.9
20 47.2 52.6 547 +11 4 + 4.0

Average thaw 509 61.7 699
for year

Summer 1 48.6 58.0 65.8 +19.3 + 134
cross 3 436 57.6 60.3 +321 + 47
section 6 45.2 52.4 60.3 +159 +151 17 5 94

9 46.6 54.9 62 3 +178 +13,5
14 481 54.4 571 +131 + 5.0
20 51.3 55.4 58.6 + 8.0 + 58

Average thaw 472 55.5 607
for year

Control 1 623 63.7 + 2.2
cross 3 61.6 61 9 + 0.5
sections 6 52.0 52.4 + 1 6

9 52.0 52.4 + 0.8 + 07
14 54.6 53; -20
20 55.6 563 + 1 3

Average thaw 57 1 57 5
for year

Degree days 3575 3567 3576
of thawing

Table 2. Initial characteristics of Prudhoe
Bay crude oil used in study.

Specific gravity 089
Sulfur 1 0%
Volatiles (C,-C,) 8%

(C,-C,") 15%

Major components of residue (C,,-C,,)
Alkanes 33%
Aromatics 10%
Asphaltenes 22%
Soluble NSO 11%
Insoluble NSO 4%

Pristane/n-C,, ratio 065
pH 72
Alkane/aromatic ratio 1 12
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Figure 12. Gas chromatogram of the original oil used for the Caribou-Poker spills obtained on a Dex-
sil SCOT column (50 ft x 0.02 in., temperature programmed from 75oC to 350 0C at 40 C/main).

the spill area, oily soil, and control soil were ana- Table 3. Significant amounts of volatiles in the
lyzed by headspace gas chrumatography to C,-C8 range were still present in the mineral and
characterize changes in the most volatile frac- organic soils at that time. No detectable vola-
tion [Ct through C8). Changes in the presence of tiles were present in the surface moss after 17
these components in the equilibrium headspace months however
at a given temperature are a direct reflection of An analysis of volatiles in the soil from the
their change in concentration in the liquid (oil) summer spill plot was also obtained Initially,
phase Results of these analyses are shown in the volatiles were present in much higher con-
Figure 13 and Table 3. These chromatograms, centrations than in the winter spill since fresh oil
obtained for samples collected from a surface penetrated the soil In contrast, oil in the winter
pool of oil on the winter spill site, show a rapid spill remained on the surface for several months
loss of methane and ethane (C1 and C2) in the until warmer temperatures allowed it to pene-
first few hours Components in the C -C8 range trate into the organic and mineral soil The loss
(propane-octanes) declined through the first day, rate of volatiles in the summer spill soils, in gen-
with reduction" h. a factor of four in the first two eral, was greater than that found for the winter
months Only small amounts of these compo- spill Thus there were lower concentrations of
nents (C3-C 8) were observable in the five-month volatiles after 12 months exposure in the sum-
sample The retention of these volatile sub- mer spill plot (Fig 15 and Table 3) than in the
stances of low molecular weight for some time winter spill plot after 17 months (Fig 14), for
after the spill undoubtedly n,:,;ntained greater both the organic and mineral soils
fluidity in the oil This resulted in a substantial A substantial retention of volatiles well after
amount of oil resuming movement downslope at the spill conflicts with results reported for arctic
spring breakup This pool of oil on the winter tundra soils at Barrow. Alaska (Sexstone and
slope was sampled again and analyzed for vola- Atlas 1977) At Barrow, complete loss of the vol-
tiles 17 months after the spill No detectable atile fraction (C i0) was reported in the first 24
components in the Ci-C8 range were found at hours This may be explained by differing
that time Estimates of the percent of volatiles in methods of oil application, or the location of the
the C1-C8 range lost with time, based on these oil in the top 2 cm of the soil at Barrow Oil at
chromatograms, are presented in Table 3 Two Barrow was applied evenly through a perforated
months after the spill, over 10% of this volatile plate, resulting in a thin film in closer contact
material was still present in the surface oil with the atmosphere Their results may be

Analyses were also obtained tor the oil in the questionable, however, due to the use of a sol-

soil profile from the control and spill plots No vent extraction method not well suited for analy-
volatiles in the C1-C8 range were ever clete( ted in "is of compounds in the '.Ci range (MacKay and
any of the control soils Results from the winter 0im 1976)
,,pill soils indicate a slower loss of volatiles when In another sti dy at Prudhoe Bay, retention of
(ornpared with the surfa(e pool of oi[ Results C, and C10 components in the soil a year after
from this analysis, for soils collected 17 months spillage has been reported (Sexstone et al 1978)
after spilage, are presented in I igure 14 and While ( ]-( components were not found in their
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Figure 13. Heads pace chromatograms of oil taken from a pool on
the winter spill plot. (5% Durapak 400 on Porasil C, 9 ftx 7, in.,

temperature programmed from -20o to 150 0 C at 10Oimin.J a)

methane, b) ethane, cJ propane, d) isobutane, e) n-butane, f) iso-

pentane, g) n-pentane, h) C6 alkanes, i) C + benzene, j)
C. + toluene.

analysis, soil samples collected from these spili biologically significant.
plots 12 months after spillage and analyzed in Runoff is undoubtedly responsible for some

our laboratory did reveal low levels of C6-C 8  translocation of water-soluble material out of
material(Fig a 16) the spill areas. Attempts at measuring the

Thus, it appears that volatiles are retained amounts of materials removed by this mechan-

much longer in the soil profile than originally be- inm were unsuccessful. Water samples collected

lieved. Some of these volatile substances, partic- at locations just downslope of visible oil move-
ularly the lower molecular weight aromatics (i e ment were analyzed by a simplified stripping
benzene, toluene, xylenes), are thought to be method developed by Leggett(1979). No detect-
very toxic to plants and microorganisms. Their able quantities (>1of g/mL)of individual compo-

continued presence well after the spill may he nents were found in any sample An attempt at
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Table 3. Loss (%) of volatiles from spill plots.

Percentage of vola tiles eVaporated

Oil
lime after Surface in Oil in Oil in
spillage oil moss organic soil mineral soil4

Winter Spill Plot

Original oil 0
1 Hour 08
I Day 346
2 Months 886
5 Months 993 982 71 3 75 2

17 Months 100 100 966 949

Summer Spill Plot

Original oil 0
1Hour 1 7
2 Hours 176
3 Hours 262
4 Hours 17.2

22 Hours 466 I
2 Days 64.6
3 Days 590
2 Months 89 2 89 8
8__/2_Months_999 __99.1_983

1 2 Months 99.9 99.1 993

Note: Volatiles are considered the components in the C,-C,
range and account for about 8% of the oil by weight

X 20

a. Surface Moss
Ce

IL20

C 5

b. Mirai SoilI

Figure 14. Heads pace chromatograms of oily soil from
the winter spill plot, 77 months a fter spillage. GC condi-

tions were identical to those given for Figure 13.
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$x20

C8

a. Surface Moss
C8

b. Organic Soil

x 20

C. Mineral Soil

Figure 15. Headspace chromatograms of oily soil from the
summer spill plot, 12 months after spillage. GC conditions
were identical to those given for Figure 13.

utilizing total organic carbon analysis to look at (McAuliffe 1977) where evaporation proved to
the total dissolved material was also unsuccess- be the predominant process for short-term
ful due to large concentrations of organic car- changes in oil composition.
bon (>50 mg/L) in the natural soil solution of this Several types of microorganisms including
region. bacteria, actinomycetes, yeasts, and fungi are

In general, the most water-soluble compo- capable of degrading many of the organic com-
nents of the oil are also the most volatile. This ponents of crude oils (Davis 1967). The total
was demonstrated in a study of the aqueous sol- amount of oil present on the site at one time
ubility of Prudhoe Bay crude oil (MacKay and cannot be directly measured without destroying
Shiu 1976). A decrease in solubility was found the site. Hence, it is impossible to directly deter-
from over 29 mg/L for fresh oil to less than 0.06 mine changes in the amount of oil due to micro-
mg/L for oil in which the volatiles had been re- bial activity. Laboratory studies, however, have
moved by evaporation. The loss rate of equally shown preferential decomposition of certain
volatile substances, which differ widely in solu- fractions of the oil. Bailey et al. (1973) and Kator
bility, can be used to assess the importance of et al. (1971) have shown that the alkane fraction
this mechanism relative to volatilization. Losses (saturates) decompose quicker than other com-
of two very soluble components of the oil, ben- ponents. Shorter chain n-alkanes (straight chains)
zene and toluene, were found to be similar to were found to decompose fastest of all. Iso-
the losses of alkanes of equal volatility but prenoid alkanes (branched chained species),
much lower solubility. Thus, at least for the such as pristane, have been shown to be more re-
lower molecular weight oil fraction, the contri- sistant to microbiological degradation (lobson
bution of solubility to loss rate is less significant et al. 1972)
than volatilization. Next to the alkane fraction, aromatic compo-

Results obtained from silica gel-alumina nents tend to degrade fastest, with degradation
chromatography (to be presented later) indicate of asphaltene and NSO material being very slow.
that compositional changes of relatively water- An increase in asphaltene material as a by-pro-
soluble material versus highly insoluble material duct of decomposition of more degradable ma-
in the oil extracted from soil samples are insigni- terial has even been reported (Bailey et al 1973).
ficant. These results are consistent with informa- Assessment of the extent of microbial degrada-
tion reported by Raymond et al. (1976) who tion is thus possible, in principle, by analysis of
worked in a more temperate climate where no oil compositional changes with time
loss of material was observed via runoff or The method chosen to investigate these
leaching in oiled field plots. They also agree with changes was fractionation using silica
results obtained for spills directly onto fresh gel-alumina (olumn chromatography This pro-
water (Phillips and Groseva 1977) and salt water cedure subdivides the residue obtained by

18
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Table 4. Alkanelaromatic and pristane/n.C,, ratios* for
toppedt soil extracts (Caribou-Poker Creek area spills).

Winter mineral soil Winter organic soil
Sampling (CJ (0,A J Winter moss

date a b a b a b

15 July 76 1.03 059 110 - 1 22 0.57
17 Sept76 129 056 127 058 1 23 061
29 Mar 77 - - 1 05 053 1 25 058
5 Apr 77 108 0.58 1 29 - 1 28 062

13 July 77 104 053 117 055 101 067

1 Aug 77"* 1.17 050 1.09 056 - -

5 Jan 78 - - - - 084 071

27 June 78"* 1 11 0.54 098 055 - -

Summer mineral soil Summer organic soil
IC) [0,4 d Summer moss

a b a b a b

15 July 76 1 12 061 1.12 0.59 1 03 059

17 Sept 76 1.05 056 1.05 064 1 12 058
29 Mar 77 - - 1 36 0.56 099 056

5 Apr 77 0,98 0.54 1,00 055 - -

13 July 77 - - 104 0.51 1 02 063
1 Aug 77" 0.77 068 1.14 060

5 Jan 78 - - 087 060 094 076
27 June 78"* 1.10 071 0.96 0.58 - -

a Alkane/aromatic ratio (the measured precision of this ratio is ±0 03)

b Pristane/n-C,, ratio (the precision of this determination is estimated to

be ±0.03)
* Original topped Prudhoe Bay oil had ratios of 1.12 for alkanelaromatic

and 0.b5 for pristane)n-C,.
t Topped extracts are those in which the volatile fraction (<C,,) has been

removed by evaporation.
These samples were collected as described in the soil microbiological

methodology All others were collected as described in the oily soil
characterization section

chloroform extraction of the oily soils into its the first two years with respect to these para-

major organic components: alkanes, aromatics, meters. The only possible exception could be the

asphaltenes and NSOs. The ratio of alkane to ar- oil in the summer mineral soil, where some in-

omatic material was chosen as an indicator of crease in pristane/n-C17 ratio was observed in the

compositional change with time. These ratios, 1 August 1977 and 27 June 1978 samples.

obtained from samples collected July 1976 Samples taken in July 1978 (to be discussed

through June 1978, are presented in Table 4. The later, see Table 6) do not confirm this trend. Oil

Prudhoe Bay oil used for the spill has an initial in the moss may also show some small change.

1.12 alkane/ aromatic ratio. Additional sampling in the next several years

A second method based upon gas chroma- will be required to confirm that observable com-

tographic analysis of the alkane fraction was de- positional change is occurring due to microbial

veloped to follow the ratio of pristane, an iso- activity.

prenoid alkane, to n-C17. Since these species If these parameters are accepted as a measure

have similar volatility and very low solubility, a of the effect of microbial activity, little composi-

change in their ratio should indicate microbio- tional change due to microbial activity can be

logical degradation. The results of these analy- inferred thus far. If, however, microbial degrada-

ses are also presented in Table 4. Initially, tion is occurring in a more non-specific fashion

Prudhoe oil had a 0.65 pristanen-C17 ratio. relative to the various oil components, these pa-

The results of these determinations indicate rameters might not be useful to discriminate this

very little or no compositional change through type of weathering. Some recent evidence does
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X20 C7  C8

Figure 16. Headspace chromatogram of oily soil taken from
the Prudhoe Bay spill site, 12 months after spillage. CC condi-
tions were identical to those given for Figure 13.

Figure 17. Chromatograms of oil extracted from soil taken from
several Alaskan oil spill sites (Apiezon L SCOT column, 50 ft x
0.02 in., temperature programmed from 1750 to 2.500C at

4°C/rain).

suggest that degradation in field conditions can from some of these spills, as well as from initial
be less preferential (Raymond et al 1976, Prudhoe crude, are shown in Figure 17. The r- -
Horowitz and Atlas 1977) than has been ob- sults of these analyses are shown in Table 5.
served in laboratory studies. The results from the 1970 Barrow spills show

In order to assess the effectiveness of these considerable changes in the pristane/n-C,7
parameters in detecting changes due to micro- ratios. The value for plot 313 shows nearly a ten-
bial activity, several other oil spill plots in fold increase to 5.1, The other Barrow spills also
Alaska (some dating back to 1970) were sampled have ratios elevated above those found in the
and analyzed in a manner similar to the Caribou-Poker spills The chromatograms from
Caribou-Poker spills. Chromatograms for oil which these values were obtained for Barrow
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Table 5. Alkanelaromatic and pristaneln-C,, ratios for samples from other Alaskan spills.

Spill Sample Alkanearomatsc Pristane n-(.,, Oil in sod

Sample date date ratio ratio (%)

Barrow 113 1970 July 1977 084 5 1 44
Barrow 311 1970 July 1977 100 080 -
Barrow 152D 1971 July 1977 096 081 1 1
Fox 1971 July 1976 092 0b3 249
Prudhoe oil used

for Prudhoe spill July 1976 096 064 --

Prudhoe 2CR 1976 July 1977 106 055 7 7
Prudhoe SCR 1976 July 1977 097 056 11 b

Caribou-Poker Feb 1976 1976-1978 (see Table 41 (see Table 41 Moss 137-267
winter spill Organic 7 3-190

Mineral 10-9 8

Caribou-Poker July 1976 1976-1978 (see Table 4) Isee fable 41 Moss 69-207
summer spill Organic 9-311

Mineral 1 S-34

plots 313 and 311 are presented in Figure 17. The Poker spills were taken in the upper, heavily im-
chromatograms for Barrow plot 313, in particu- pacted areas of both plots. Additional samples
lar, show a drastic change from original Prudhoe were collected in July 1978 to determine the

crude oil; the normal alkanes are much reduced vertical distribution and to assess if different

relative to branched chain material. The amounts of weathering were occurring at other

alkane/aromatic ratio shows much less change locations further downslope.

relative to the values typically found in .he The amount of oil in the soil horizons of the

Caribou-Poker spills. Barrow sample 313 did winter and summer spill plots was found to vary

show a decrease in alkane/aromatic ratio from drastically from location to location (Table 6). In

values generally greater than 1.0 for the general, the moss and upper organic soil in the

Caribou-Poker sites to about 0.84. These results upslope portion of the winter spill plot have the

indicate that the pristane/n-C17 ratio may be a greatest amount of oil, with amounts in the moss

useful tool to assess the effect of microbial varying from 137% to 267% on a drV weight of

activity on the oil composition in the soil. The soil basis. Amounts of oil in the organic and min-

alkane/aromatic ratio was found to be much less eral soil of the winter plot vary from 7.3% to
diagnostic. 190% and 3.0% to 9.8%, respectively.

Soil samples were also obtained from the Fox In the upper portion of the summer spill area,

spill site. This site is quite similar to the the largest amount of oil is in the organic soil

Caribou-Poker area, and is located on a subarc- and lower moss. Amounts of oil vary from 69%

tic permafrost location. The amount of oil pre- to 207% in the moss and from 9% to 311% in

sent in the soil at Fox is very high relative to that the organic layer. The mineral soil, on the other

at the Barrow site and again similar to the hand, contained much less oil, 1.5% to 3.4%.

Caribou-Poker area A chromatogram of the In the lower sections of both spill plots, the lo-

alkane fraction of the oil from this site is given in cation of oil in the profile is considerably differ-

Figure 17. Even after five years, there appears to ent. The oil in the winter plot resided in a narrow

be no evidence of significant microbial decay at band within the organic soil with an oil content
this location(Table 5). in this region of about 30% (Fig. 10). In the lower

The oil extracted from soil at the Prudhoe Bay portion of the summer plot, the oil was present

spill sites also shows little compositional change throughout the organic layer, with small

relative to the original oil after one year (Fig 17 amounts present in the lower moss and upper

and Table 5). The percent oil in the soil at this mineral layers as well. The moss and organic soil

site is similar to that of the Barrow spill areas contained oil in excess of 100%.

and much lower than that found in Fox or Analysis of the residual oil extracted from soil

Caribou-Poker This lower amount should make samples collected in luly 1978 at various loca-

a small change in composition due to microbial tions in the two spill plots showed little differ-

activity much more observable in the future ence in composition (Table 6). Thus, there does

TheanalysesreportedthusfarfortheCaribou- not seem to be a drastic difference in the
21



Table 6. Analyses of samples collected in July 1978.

Oil Alkanes

Samples (%) Prmsn-C,, l%) Alkarom

S 4-5,8-9 Moss 1830 071 i1 8 077

S 1-2.8-9 Moss 43 1 054 - -

S 7. 34 Moss 1350 067 319 094

S 4-5. 8-9 Organic 311 0 056 368 1 05

S,7, 34 Organic 1310 054 320 081

S 1-2. 8-9 Organic 579 - 329 097

S 1-2. 8-9 Mineral 24 - 221 089

S 8-9. 8-9 Mineral 220 - (00 096

W 8-9, 11-12 Moss 2460 061 324 093

W 8-9. 11-12 Organic 91 3 0 54 3,0 094

W 7, 34 Organic 308 - 306 101

W 8-9, 11-12 Mineral - - 33 5 098

S organic June 1978 21 1 058 309 096

S mineral June 1978 1 76 071 26 6 1 1

W organic June 1978 168 0 55 3.0 098

W mineral June 1978 389 054 31 0 1 06

amount of microbial or other types of weather- through 1977 (Table 8) and 1978 (Table 9). The in-

ing in various areas within the plots, creases in bacterial numbers in both oiled plots
were significant relative to the control plot, in-

Microbiological responses dicating a stimulatory effect, the stimulation be-

A preliminary examination of the data sug- ing greater in the summer. Our findings on the

gests that the microbial populations and their response of heterotrophic bacterial populations
activities showed similar responses at incuba- to oil agree with those of Sexstone and Atlas
tion temperatures of 40C and 200 C (200 C incuba- (1977) and Loynachan (19781.
tion results are presented in Appendix C). Also, The numbers of filamentous fungal propa-
respirdtory activity and some microbial popula- gules (Table 10) were reduced in both soil hori-

tions were stimulated to a greater extent at 40C zons immediately following the winter spill and
than at 20°C. Thus, only the 40 C data are pre- remained so throughout the growing season. The
sented here since 40C more closely approx- immediate impact of the summer spill was to re-

imates the soil temperature in the research duce fungal counts in the Al horizon, but by Sep-
watershed areas where our test plots are located tember fungal counts were five times higher
(Appendix A, Table Al). The dilution plate count than in the control. In the C2 horizon there was

method and MPN enumeration procedures were an overall increase in counts with an apparent

used in this study. Depite their limitations, these reduction occurring in August. However, in 1977

methods are sensitive to differences in microbial (Table 11) and 1978 (Table 12), fungal propagules

counts among the test plots or within a plot over were significantly reduced in both soil horizons
a period of time. Relative changes in numbers of of the oiled plots. The extent of oil inhibition on

microorganisms are more important than ab- the filamentous fungal population was greater in

solute numbers. the winter plot than in the summer plot. The in-

The effect of oil application on heterotrophic hibitory effect of oil spills on fungal populations

bacterial counts is shown in Tables 7-9. In 1976, (investigated by the dilution plate method) was

beginning immediately after the spill in the win- similarly observed by other workers (Antibus and

ter plot, the numbers of heterotrophic bacteria Linkins 1978, Miller et al. 1978), who used direct

increased relative to the control plot and the in- counting techniques to estimate the fungal pop-

creased counts persisted into September. In the ulations Warcup (1967) suggested that the dilu-

summer plot, after an initial depression of the tion plate method may not necessarily correlate

heterotrophic bacterial counts, there was a con- with fungal biomass or activity. However, ac-
tinual increase in numbers, with the highest cording to Montfgut (1960) and Griffiths and Sid-

counts occurring in September. These increased diqi (1961), the dilution plate counts can be used

bacterial counts in the oiled plots persisted as an indication of the fungal populations and

22

S . .



Table 7. 1976 heterotrophic bacterial Table 8. 1977 heterotrophic bacterial
counts (xlO'Ig soil) in oiled and unoiled counts (x1Ig soil) in oiled and unoiled
(control) plots. (control) plots.

Sampling Control Winter Summer Sampling Control Winter Summer
time plot plot plot time plot plot plot

A, Horizon A, Horizon

February, 28 5 4" - June 7 7 540"' 1400"'
June 68 120*' - July 1 9 240" 900"

luly, 39 430-* 2 8" August 1 0 99" 40.

August 24 170' 340' ...
September 0.7 210"* 640- C, Horizon

C, Horizon June 1 1 36-" 210''
july 03 63" 77"

February, 1 2 1 8" - August 04 40" 77''
June 2 2 2 1 -
July' 09 41'' 06" - Significantly different from the control at 1%
August 1 4 14"* 25- level

September 03 12 210'' Significantly different from the winter at 1%
level

'Within 24 hours after winter oil spill
'Within 24 hours after summer oil spill
Significantly different from the control at 5%
level
Significantly different from the control at 1%
level
Significantly different from the winter at 1%
level

Table 9. 1978 heterotrophic bacterial Table 10. 1976 filamentous fungal propa-
counts (xlO1g soil) in oiled and unoiled gule counts (x10'jg soil) in oiled and
(control) plots. unoiled (control) plots.

Sampling Control Winter Summer Sampling Control Winter Summer
time plot plot plot time plot plot plot

A, Horizon A, Horizon

June 29 220*' 480.. February" 130 92' -
July 1 6 190'' 150*' June 120 14" -

July' 120 18'' 49"
C, Horizon August 34 23" 31 *

June 08 58" September 24 10'' 100.

July 0.4 42" 21'' C, Horizon

Significantly different from the control at 1% February" 19 4'' -
level. June 24 07" -

' Significantly different from the winter at 1% July' 13 8'' 17''
level August 14 4' 5"
Significantly different from the winter at 1% September S 2'* 7'

level

Within 24 hours after winter oil spill
'Within 24 hours after summer oil spill
Significantly different from the control at 5%
level
Significantly different from the control at 1%
level
Significantly different from the winter at 5%
level
Significantly different from the winter at 1%
level
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Table 11. 1977 filamentous fungal propa- Table 12. 1978 filamentous fungal propa-

gule counts (x lOIg soil) in oiled and gule counts (xlO4 lg soil) in oiled and
unoiled (control) plots. unoiled (control) plots.

samphn' o untril V Inter Summer Sampling (ontrol A inter Summer
(rme pl it P/iJf plot time plot plot plot

A, Horizon A, Horizon

Jlune 10 .7 lune 78 9"" 56"

louh 64 11" V 4 juh 62 18" 41"

Atil) 1 4 liti*
C, Horizon

C, Horizon June 12 S " 74"

lune 1 i" Juiy 19 67" 12"'

Jok' 4 8 I 'i"" *

A lu't 1W ) i" 4" Signifi(dntlv difterent from the control at 1%

level
Signriti ,nik ditterent Iriali the (I ntrol dt 'n Signifi(antlV, different from the winter at 1%
he- I level

Si"lgnfit antl, dittirent trinr the (ointiiol jt I"

lew i'
sIIfptIi( rll l dltittren t triim the i inttr It 1%

their activities T he defitrifVing ba terial population con-
In 1976, yeast (ounts in both oiled plots signi- sstentlv showed significant increases in both the

ficantly increased above their initial levels and winter and summer plots relative to the control
relative to those in the control plot (Table 1 1) plot ( ig 1820) 1he significant increases in deni-
These increases in counts, relative to the con- tritying ha( terial numbers in the oiled plots sug-
trol, persisted in 1977 (Table 14) and 1978 (Table gest an in( rease in denitrification potential and
15) Numbers in the summer plot were con- indi(ate a stimulatorv eftect of oil This is in
sistently higher than those in the winter plot dur- agreement with findings of Lindholm and Norrell
ing the three consecutive grow ng seasons after (1971) However, the stimulatorN effect of oil on
the oil spills. The significant increases suggest the denitrifying ba( terial population seems to di
that an enhancement of the yeast population minish with time A de( rease in population
resulted from the oil applications A similar re- levels in both oiled plots is apparent in 1978. re-
sponse was noted by Campbell et al (1973) and lative to 1977 or 1976 levels, with 1977 counts
Scarboroughand Flanagan(1973) being lower than 1976 (ounts

The response of proteolytic bacteria was mon- Mi( robial populations (apable of utilizing (el-
itored only during 1976 In both oiled plots, lulose as a sole carbon source were monitored
there were significant increases in counts above only in 1976 Cellulose-utiliing bacterial
their initial levels and relative to the control numbers (ltg 21) increased in the winter plot
(Table 16). This indicates a general stimulation relative to the control This population was in-
of the proteolytic bacterial population by the itiallv unaffected in the summer plot. but bN
oil, with the extent of stimulation being signifi- September, there was a significant increase in
cantly greater in the summer plot than in the counts over the control On the other hand.
winter plot numbers of (ellulose-utiliing tungi ([ig 221 re-

The effect of the oil spills on anaerobic bac- oained ( orparable to the control in both oiled
terial counts was followed only in the months of plots The signiti(ant inc rease in (elluloe-utili

July and September in 1976 Significant in- zing bac teria suggests timulatorv erte( Is ot oil

creases in counts relative to the control plot o( - on this population

(urred in the winter plot during both months, in In 1976. oil-uticiing veast. and har teria (I ig

the summer plot. signifi( ant inc reases occurred 2 1 and 24 respe( ively) in the winter plot signit-

in September (Table 17) These results indicate cantly increased relative to the (ontrol In the

an enhancement of anaerobic bacterial growth summer plot. counts of these oil-Ltil/Iing popu

during the firsi growing season after the spills lations were initiallv c omparable to the c ontrol.

Loynachan (1978) reported similar findings but by Sptember inc reases had occurred the

24



Table 13. 1976 yeast counts (x105I8 soil) Table 14. 1977 yeast counts (x1OIg soil)
in oiled and unoiled (control) plots, in oiled and unoiled (control) plots.

Sampling Control Winter Summer Sampling Control Winter Summer

time plot plot plot time plot plot plot

A, Horizon A, Horizon

February* 1 9 4.7* - June 20 32" 140.

June 34 320"* - July 3.2 14" 64'

July' 1 3 31" 3.1-1- August 3.2 6.3" 54'.

August 09 44" 640".

September 11 12" 650.. C, Horizon

Horizon June 0.19 1.3" 23"

C July 0.16 2.7 * 3 6""

February* 09 1.0 - August 0.20 1.3" * 36"
june 0.8 2 9" -July 0.5 50" 0.7" Significantly different from the control'at 1%

August 0.4 74-'* 64.. level.

September 02 3 3-* 290* " Significantly different from the winter at 1%
level.

Within 24 hours after winter oil spill.
'Within 24 hours after summer oil spill.
Significantly different from the control at 1%
level
Significantly different from the winter at 1%
level

Table 15. 1978 yeast counts (xOIjg soil) Table 16. 1976 counts (xlOlg soil) of pro-

in oiled and unoiled (control) plots. teolytic bacteria in oiled and unoiled
(control) plots.

Sampling Control Winter Summer
time plot plot plot Sampling Control Winter Summer

time plot plot plot

A, Horizon

June 24 38" 300.. A, Horizon

July 3 3 23' * 95 .... February* 1 9 26 -

June 1 7 31' -

C, Horizon July' 1 0 100" 1 1"
June 08 10" 1.... August 09 57

"  1000-1
june 08 10'' 18'' September 10 95'' 1100
july 06 11'' 24"'..

Significantly different from the control at 1% C, Horizon

level February* 06 06 -
Significantly different from the winter at 1% June 04 63 -

level July' 07 23" 02"

August 02 5l" 110''

September 02 5 3" 370''

Within 24 hours after winter oil spill

'Within 24 hours after summer oil spili
Significantly different from the control at 1%
level

Significantly different from the winter at 1%
level
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10 A1 Horizon C2 iorzion

Table 17. 1976 counts (xlOlIg soil) of an-2
aerobic bacteria in oiled and unoiled 0

(control) plots. 7

Sampling Control Winter Summer 10 5o

time plot plot plot

A, Horizon

July' 51 54" 36"a
September 30 36" 42"

C, Horizon o
July' 20 7 7" 1 6
September 20O 4 5 * 10- 00

Within 24 hours after summer oii spill 10 2
Significantly different from the control at the Jul Sep Jul Sep
5% level
Significantly different from the control at 1% Figure 18. 1976 MPN counts of denitrify-
level.

"Significantly different from the winter ati1 % ing bacteria in oiled and unoiled (control)
level. plots. C -control plot, W -winter plot,

S -summer plot; brackets represent 95%
confidence intervals.

'06

Ai Horizon C2 Horizon

A, Horizon C2 Horizon

0

;5 10

i=i

o 102

8 J10.

C*sC*S CW5 CWS c*S C* S Jun Jul Jun Jul
Wi Jul Aug Jiun Jul Aug

Figure 19. 1977 MPN counts of denitrify- Figure 20. 1978 M4PN counts of denitrify-
ing bacteria in oiled and unoiled (control) ing bacteria in oiled and unoiled (control)
plots. C-control plot, W-winter plot, plots. C-control plot. W-winter plot,
S -summer plot; brackets represent 95% S -summer plot; brackets represent 95%
confidence intervalIs. confidence intervals.
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Figure 21. 1976 MPN counts of cellulose- Figure 22. 1976 MPN counts of cellulose-
utilizing bacteria in oiled and unoiled utilizing filamentous fungi in oiled and
(control) plots. C-control plot, unoiled (control) plots. C- control plot,
W--winter plot; S-summer plot; brack- W-winter plot- 5 -summer plot; brack-
ets represent 95% confidence intervals. ets represent 95% confidence intervals.
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Figure 23. 1976 M4PN counts of oil-u tiliz- Figure 24. 1976 MPN counts of oil-u tiliz-
ing bacteria in oiled and unoiled (control) ing yeasts in oiled and unoiled (control)
plots. C-control plot, W-winter plot, plots. C-control plot, W-winter plot,
S -summer plot; brackets represent 95% S -summer plot; brackets represent 95%
confidence intervals. confidence intervals.

27



108 A, C2 Horizon A, Horizon C2 Horizon

Horizon

Ai

-: -
i0~ 0

0' 10
6

.9 7
E1O1 110, 11L

cws cws W CWS Cws Cws CwS
1977 1978 1977 1978 1977 1978 1977 1978
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C-control plot, W-winter plot, trol plot, W-winter plot, S-sum-
S-summer plot; brackets represent mer plot; brackets represent 95%
95% confidence intervals, confidence intervals.

significant increases in the oil-utilizing bacterial respiration rate in the A1 horizon of the control

population continued through 1978 in both oiled plot in February, relative to the other months, is
plots (Fig 25). However, for the oil-utilizing not surprising in view of the evidence presented

yeasts significant increases relative to the con- by Greenwood (1968) that freezing and thawing
trol persisted through 1978 only in the A1 hori- of soil result in increased decomposition of
zon of the summer plot (Fig. 26). In the C2 hori- organic matter.

zon of both oiled plots, counts of this yeast pop- The enhancing effect of oil on soil respiration
ulation were significantly higher than the control observed in 1976 continued into 1977 (Table 19)
only in 1978. This effect is greater in the A1 horizon of the

In 1976, counts of the oil-utilizing fungal pop- summer plot than in the winter plot, paralleling

ulations in both oiled plots showed no signifi- the enhancing effect on microbial population
cant change relative to the control (Fig. 27). This The effect of oil spills on soil respiration in
trend continued through 1977 (Fig. 28). In 1978 situ is shown in Table 20 and Figure 29. In 1976
increases relative to the control plot occurred in and 1977, soil respiration rates were not signifi-

both horizons of the summer plot and in the C2  cantly affected by the addition of oil to cylin-
horizon of the winter plot However, the in- ders with the killed-moss layer removal.

creases may not be significant because of the However, respiration rates were significantly in-
unexplained decrease in control plot counts in creased in cylinders with the killed-moss laver in-
1978 relative to the preceding years. tact. These results suggest that the enhancing ef-

The effect of oil on the vitro soil respiration fect of oil on soil respiration in situ may be due
rate during 1976 is shown in Table 18. An im- to an increase in available substrate from plants
mediate depression of soil respiration rates was killed as a result of the oil spill It is interesting

apparent one day after the spill in both horizons to note that the in situ respiration rates 'A<re
of winter plot and in the C2 horizon of the sum- higher in the summer plot relative to the winter
mer plot. However, by the end of the growing plot in 1976 while the reverse was true in 1977 In
season, the overall effect of oil on soil respira- 1976 (Table 20), respiration rates within a st of
tion rates was one of enhancement The higher cylinders in the test plots had standard errors
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Table 18. 1976 in vitro soil respiration Table 19. 1977 and 1978 in vitro soil
rates (mg C02 124 hr per 100 g soil) in oiled respiration rates (mg C02 124 hr per 100 gI
and unoiled (control) plots, soil) in oiled and unoiled (control) plots.

Sampling Control Winter Summer Sampling Control Vt inter Summer
time plot plot plot time plot plot plot

A, Horizon 1977

February' 272 11 2* - A, Horizon

Julyt  80 166"* 202"* June 21 5 32 3" 79 9"
August 86 156"* 30 6" 1 July 144 17 1 35 1"**
September 38 15 6" 37 8"* August 146 167 41 5"*

C, Horizon C, Horizon

February' 26 nd - June 5.7 12 2" 256"-
July, 37 60" 1 2"" July 47 95- 8 S"

August 38 78" 6.2-* August 46 7 6- 6 6
September 24 5 6" 1 3 6"

1978
*Within 24 hours after winter oil spill AHorizon

oWithin 24 hours after summer oil spill________________________________
rd Not detectable by method used July 197 24 1 31 4"-

Significantly different from the control at the July 66 10 3* 11 4"

5% level Sgiiatydfeetfo h oto t5
Significantly different from the control at 1 % Sinflatydifrnvfoehecnrolt5
level level atydifrn fo hecnro t1
Significantly different from the winter at the Sinfcatedifrnvfoehecnrolt1
5% level level ntvdfern rm h ite t1

"Significantly different from the winter at 1 % leveifnl~ ifrn rmtewne t1
levelle l
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ranging from 0.31 to 1.81. This high variation
may be due to a methodology artifact or more DMOS LOYea

likely to the heterogeneity of the soil within With OeOW

each plot. Because of the suspected hetero-

geneity in the test plots, 1977 in situ respiration b

measurements were pooled (Fig. 29).
The soil pH of the site is generally 4.8 to 5 6. V

The addition of oil did not appear to cause a E 4 -C
significant change in pH (Appendix C, Table C7).

The soil water content 5 m downslope from the 3 a

point of oil application in the control plot from a a
1976 through 1978 is presented in Tables 21 and 2 -
22. These measurements show distinct dif-
ferences in water content among the three test
plots. During 1977 and 1978 water content in
both spill plots was less than in the control ex- o W r

cept for one sample date. Furthermore, the
water content in the winter plot was consistently Figure 29. Respiration in
lower relative to both the control and the sum- situ in oiled and unoiled
mer plots. (control) plots in 1977. His-

The concentrations of benzene-extractable oil (onro s in 1977. Hit-
in the oiled soil samples are presented in Table ters are significantly differ-
23. It is apparent that the oil concentrations in ent at the 1% level. Respi-
the A1 horizon were higher than those in the C2. ration rates are means of

The vertical migration of oil through the soil three consecutive weekly
horizon with time is evident. The distribution of determinations within each
oil in the soil layers of the winter plot is different set of cylinders.
from the summer.

Although the concentration of oil was greater
in the A1 layer, the impact of oil was not limited
to this horizon. Both A1 and C2 layers showed

significant increases in microbial populations
and respiratory activity, and in the case of the Table 20. 1976 in situ soil respiration (g C02 124 hr
filamentous fungal population, significant per in 2) in oiled and unoiled (control) plots.
reductions immediately following and up to the

third growing season after the oil spills. Control Control Summer
However, the response in the C2 layer was plot plot plot
sometimes slower to appear. The enhancing ef- Date a b c b c

fect of oil in the two horizons was generally
greater in the A, than in the C2 layer. 10 June 47 - 70 - -

The relationship of respiration rates to 16 July 37 - 5 1 - 5 7

microbial counts and the relationship of oil 3 August 48 46 58 5 7 86
°

12 August 22 3 3 48* 2 7 5 7""
concentrations to microbial counts and respira- 1 September 29 1 6 40 4 5 64

tion rates were also examined. Significant linear embedded after removal of livea Respiration cylindersemeddatreoalohe

correlations were found between in vitro soil re- moss layer
spiration rates and numbers of heterotrophic b Respiration cylinders embedded after removal of dead

bacteria or filamentous fungi (Appendix C, moss layer
Tables C8-C11). Similar!y, in the oiled plots, c Respiration cylinders embedded without removal of dead
significant linear correlations were found be moss layer

s Significantly different from control at 5% level
tween concentrations of oil and in vitro soil re- Significantly different from control at 1% level

spiration rates or microbial numbers (Appendix

C, Tables C14-C21).
The data indicate that the soil microbial popu-

lations showed a rapid and differing response

during the first year after the oil spills Immedi-
3tely after the summer spill, the initial de-
pression in numbers of heterotrophi( bacteria
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Table 21. 1976 soil water content (%) in Table 22. 1977 and 1978 soil water con.
oiled and unoiled (control) plots. tent (%) in oiled and unoiled (control)

plots.
Sampling Control Winter Summer

time plot plot plot Sampling Control Winter Summer
time plot plot plot

A, Horizon

February* 295 154" 1977

June 214 119" A, Horizon

July, 155 122-' 171 * June 243 102"* 177..

August 113 96 162*- July 168 77-* 137'
September 95 81*" 153*- August 194 74" 137..

C, Horizon C, Horizon

February' 56 70 - June 92 62" 105-1

June 114 56- - July 62 48" 58'
July, 71 71 99-1 August 60 46* 55.

August 62 63 53' ..
September 55 50 83- - 1978

* Within 24 hours after winter oil spill A,Horizon

'Within 24 hours after summer oil spill June 159 97" 190....

• Significantly different from the control at the July 146 86" 113* .
5% level
Significantly different from the control at 1% C, Horizon
level. June 64 59" 70-.

Significantly different from the winter at 1% July 58 55 51
level

Significantly different from the control at the
5% level
Significantly different from the control at 1%
level
Significantly different from the winter at 1%
level

Table 23. Oil content (%) 5 m downslope from point of oil application.

Sampling Winter Summer Sampling VV inter Summer
time plot plot time plot plot

1976 1977 (cont'd)
A, Horizon July 4 7 9 2

February" 80 - August 4 1 68

June 179 -

July' 88 12 2 C, Horizon
August 4 6 3une 22

September 5 1 65 July 29 08

C, Horizon August 1 ti 08

February" 0 2 - 1978

June 0 1 - A, Horizon
July' 1 5 1 1
August 1 0 02 June 90 80
September 1 4 09

1977 C, Horizon

A, Horizon June 2 1 09

June 125 250 lulv 1 4 01

a Within 24 hours after winter oil spill
b Within 24 hours after summer oil spill
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and filamentous fungal propagules, and in res- Evidence of oil damage to higher and lower
piratory activity, appears to be due to the toxici- plants has been provided by other studies (Hunt
ty of volatiles present in the crude oil. At the et al. 1973, McCown et al. 1973, Miller et al.
time of the spill in July, concentrations of vola- 1978, Antibus and Linkins 1978). Because of this,
tiles in the summer plot exceeded those in the the input of plant residues into the soil system in
winter plot. However, loss of volatiles in the oil-perturbed areas may be considerable. During
spilled oil was faster in the summer plot than in the first year of the spills in this study, damage
the winter plot. By the second growing -ason, to vegetation was similarly observed, the
greater concentrations of volatiles were present damage being more rapid and extensive in the
in the winter plot than in the summer plot summer plot (in the heavily oil-impacted areas).

At the end of the first growing season in the This coincides with our finding of greater in-
summer plot, counts of filamentous fungi and creases in microbial populations and soil respira-
heterotrophic bacteria significantly exceeded in- tion rates in the summer plot as compared to the
itial summer and control levels as did soil res- winter plot. The above points suggest that the in-
piratory activity. The number of filamentous crease in soil microbial populations and activity
fungal propagules was reduced immediately may be due not only to the presence of petrole-
after the spill in the winter plot and remained de- um substrate but also to substrates released
pressed throughout the initial plant growing from dying or dead plants. It can be postulated
season, although bacterial counts and soil res- that readily available carbon substrates are
piration rates were significantly higher than in released rapidly by the solvent action of oil on
the control by the end of the first season. During plant cell membranes. The burst of microbial
the second and third growing seasons, signifi- growth and respiratory activity observed shortly
cant reductions in filamentous fungal pro- after the oil spills may have been triggered by
pagules were evident not only in the winter plot the sudden release of readily utilizable carbon
but also in the summer plot while significant in- substrates from plants in addition to those pre-
creases in counts of heterotrophic bacteria and sent in the oil. A lag time may occur before oil is
yeasts occurred. utilized because of the time needed for the

It is apparent that filamentous fungi are sen- development of microbial populations capable
sitive to the presence of oil and were adversely of degrading oil and because of the adaptive
affected by the oil spills. The extent of inhibition nature of hydrocarbon enzymes (Zobell 1950,
by the oil was greater in the winter plot than in Van der Linden and Thijsse 1965). However, we
the summer plot. The effect of oil on this mi- did not determine this in our study We did
crobial population could be due to the direct observe significant increases in oil-utilizing bac-
toxicity of oil components or may be related to teria and yeasts two months after the summer
the aeration status in the oiled plots. Significant spill and five months after the winter spill In-
amounts of volatiles, particularly the C5-C8 frac- creases in these populations may have occurred
tions, were found up to the second growing sooner but earlier enumerations were only done
season in the organic and mineral soil layers of 24 hours after the spills.
both oiled plots. Concentrations were higher in Soil respiration rates measured in the test
the wirter plot. Other workers (Teh and Lee plots give an index of organic matter decomposi-
1973, 1974) have shown that mycelial growth tion under field conditions. The data on in situ
and spore germination of some fungi are in- respiration showed an enhancement of soil re-
hibited by n-hexane, n-heptane, and n-octane, spiratory activity in the presence of oil and
which are components of the volatile fraction of plants killed by the oil but no effect on respira-
oil. Also, filamentous fungi as a group are strict tion when killed-plant material was removed.
aerobes (with a few exceptions). When oxygen This suggests that the enhancing effect of oil on
diffusion becomes inadequate to meet the mi- 1976 and 1977 soil respiration in situ is indirect
crobial demand for aerobic metabolism, the and that increased respiration may be due to in-
fungi are first to suffer (Alexander 1977). The creased decomposition of carbon substrate re-
significant increases in numbers of anaerobic leased when vegetation was damaged by the oil
and denitrifying bacteria in the oiled plots sug- spills.
gest the possibility of decreased oxygen avail- This study has shown that growth of some
ability. The differences in the mode of flow, con- microbial populations has not been adversely af-
centration, and physical properties of the spilled fected. For the most part, growth has been in-
oil in the winter and summer plots may account creased by the oil applications. This suggests
for differences in aeration status that nutrient transformations carried out by
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these populations may be stimulated. However, and to areas of low relief in the path of above-
the actual activity of these functional groups is ground flowing oil (Fig. 9b). Lichens and mosses,
determined by a balance of the physiological re- which tend to be concentrated in low areas and
quirements of the microorganisms and the ex- have a low growth form, suffered particularly
isting environmental conditions. It is interesting heavy mortality. In contrast, cottongrass tus-
to note that in soil samples collected from the socks with a raised, upright growth form and
treatment plots, microbial counts correlated species growing on areas of higher relief kept
significantly with metabolic activity, i.e. soil re- most of their aboveground biomass above the
spiratory activity, oil. These species continued to grow and flower,

Future studies are required to determine the at least initially, despite being surrounded by oil
effects of spilled oil on different microbial pro- (Fig. 30).
cesses in the carbon and nitrogen cycles, such as Since oil flowed into depressions and low
nitrogen-fixation, denitrification, nitrification areas, aboveground vegetation on higher relief
and ammonification, and cellulose degradation. was not in physical contact with the oil. Below-

The soil microbial populations showed a dif- ground contact was difficult to accurately as-
ferential response through the third growing certain since the nature of the study would not
season after the hot oil spills. Although the ef- permit large-scale destructive sampling of roots
fects ranged from inhibition to stimulation, stim- and soil.
ulation of growth of the indigenous soil micro- However, the soil pits dug in August 1978 pro-
organisms and their activities seems to predomi- vided some evidence of species differences in
nate. The effects of oil appear to be both direct rooting habits and the extent of belowground oil
and indirect but the mechanisms involved need contact (Fig. 31). Very few (less than 10%) roots
further study. Additional information is neces- extended into the mineral soil (C2) and these
sary to determine whether microbial popu- were all observed to be less than 1 mm in diam-
lations continue to sustain their levels as oil eter. Some species (Vaccinium uliginosum,
damaged plant substrates are depleted, and Rubus chamaemorus, Picea mariana) had roots
whether they may then utilize oil as the main which were concentrated in the 01 and upper 02
substrate. With the vast amount of carbon pre- soil horizons but extended into both the A1 and
sent in crude oil, it is inevitable that nutrient C2 horizons. Since the oil in most cases flowed
limitations will occur. Consideration must be within the 02 horizon it contacted roots of most
given to type and timing of nutrient additions species to at least some extent.
and to other means of enhancing natural re- In contrast to the other species observed on
covery processes such as improving aeration. the site, cottongrass tussock roots have primari-

ly a vertical orientation instead of the more com-
Oil effects on vegetation monly observed horizontal growth. Eriophorum

Following application of the oil, vegetation vaginatumn produces new roots annually which
damage was assessed visually via changes in leaf grow down, following the receding frozen soil
color and leaf fall. There were three main time layers as the growing season progresses (Chapin
frames for injuries: 1) immediate, 2) occurring et al. 1979). In a soil pit 34 m downslope on the
during the initial growing season, and 3) cumu- summer spill plot, cottongrass roots that ap-
lative, occurring after the initial growing season. peared vigorous and white had grown into the C2

Toxicity probably catrf d immediate injuries horizon after penetrating 9 cm of oil-soaked soil,
while delayed injuries may either be due to in- mainly within the 02 horizon (Fig. 32). Thus (ot-
direct (physical) effects or to a combination of tongrass, by both its aboveground tussock
toxic and indirect effects, growth form and its belowground vertical

Virtually all aboveground foliage that came rooting strategy, minimizes the amount of bio-
into contact with the oil was quickly killed. mass which is in contact with oil. This un-
Turgidity was immediately reduced and foliage doubtedly helps to account for the low mortality
appeared dead within several days. In the winter of cottongrass in the contaminated areds.
spill the foliage was dead when it was first oh- Damage during the first growing season varied
served in mid-May after snowmelt Evergreens with such factors as species, position on slope,
such as cranberry retained the damaged foliage growth form, and season of spill. In general, de-
longer than deciduous species such as birch The layed injuries first appeared on foliage that was
zone of contact was generally limited to the above the path of the oil and near the top of the
immediate areas below the 5-m-wide oil feeder plot Injuries subsequently appeared farther
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Figure 30. Cottongrass tussocks growing despite being surrounded by su~r-
face oil and dead moss and lichens.

Figure 11. Soil pit for determining rooting habits and belovwground oil fl1o% e-
ment. Note dark band of oil just above light-colored mineral %oil
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Figure 32. Cottongrass (Eriophorum vaginatum) roots growing through oil-
soaked soil.

downslope and in areas of subsurface flow im- due to: 1) disruption of the metabolism of root
mediately adjacent to surface oil. Deciduous nutrient uptake, 2) coating of the roots by a
leaves turned brown and abscised before ever- hydrophobic layer of oil which physically in-
green leaves. For example, in the summer spill, terfered with nitrogen uptake, 3) immobilization

resin birch foliage turned brown 5 m downslope of nitrogen by increased microbial growth in re-
two weeks after the spill, but did not turn brown sponse to the addition of readily utilizable car-
at 10 m until four weeks after the spill. In con- bon substrates, or 4) some combination of these

trast, Labrador tea and cranberry leaves had effects.
only turned partially brown 10 m downslope at Cumulative injuries were largely limited to

the end of the growing season (six weeks) evergreen species. During the second growing
Damage to black spruce was delayed longest season increasing amounts of black spruce
Although spruce in the upper 2 m of the winter foliage became chlorotic, turned brown, and
spill began dropping needles by mid-June, the abscised Similarly, foliage of cranberry and
needles had not entirely dropped until Septem- Labrador tea continued to turn red and then
ber. On the summer spill, the needles turned brown throughout the second growing season so
brown on several spruce and many had chlorotic that some injuries were apparent as far down-

foliage by September. Most needles remained slope as 25 m on the winter spill and 35 m on the

on the trees at that time. summer spill. Cumulative injuries could be due
The nutrient analysis of black spruce foliage to a combination of direct oil-caused stress and

indicated a significant decrease from 1975 to problems of overwintering. This mechanism has

1976 in the total nitrogen content of the new also been suggested by other studies (McCown

foliage of trees exposed to oil (Table 24) Total et al 197.1, Linkins and Antibus 1978).

phosphorus and total potassium did not show The number and distribution of the black
consistent changes Although there was signifi- spruce trees and saplings killed by the oil is
cant year-to-year variability in total nitrogen, the shown in I able 25 The total number of black
magnitude of the nitrogen decrease on the oiled spru(e trees killed over three growing seasons is
plots was great enough to be statisti ally signifi- ,imilar on both spills, but mortality was delayed
cant at the 5% level when compared with either on the winter spill
the control plot during the same year, or with the I he roots of the black spruce are concen-
same plot from the previous year when it was tin trated in the 0, and 02 horizons and extend
oiled The de(rease in nitrogen ontent may be turther away from the stem than do the roots of



Table 24. Nutrient content of black spruce foliage.

Avg/Std error Avg/Std error Avg/Std error
Year Treatment (% N) (% P) (% K)

1975 Control 0.91/0.03 0.07/0.01' 0 56/004'

(unoiled) Summer 0.90/0.02 0.08/0.01" 0.5410.01-
Winter 0,94/0,03 0.09/0.00" 0 57/0.01"

1976 Control 1.05/0.04' 0.11/0.00" 0 35/000"
(oiled) Summer 0.75/0.061 0.10/0.01" 0 32/00& V

Winter 0.86/0.02' 0.10/000" 0 37/0 00'

• Figures with a common letter are not significantly different at the 5% level

using the t-test Comparisons are made within years and within columns

Table 25. Mortality of black spruce.

Through 1977 1978

Max. distance Total Max. distance Total 3-Year
downslope trees downslope trees total

(m) killed (i) killed mortality

Summer spill 10 26 10 2 28
Winter spill 9 20 20 10 30

most smaller species. Therefore, the black belowground plant parts. There was 76.3 m2 of
spruce are not as likely as other species to have surface flow on the winter spill in comparison to
their entire root systems surrounded by oil but 30.3 m2 on the summer spill. This implies that
are more likely to have some roots in contact the extent of severe vegetation injury (as defined
with the oil. The very slow mortality of the black by a decrease in total live ground cover) was
spruce may be due in part to chronic toxicity or greater on the winter spill. Stem counts of shrub
physical stresses that continue to increase for species readily indicated injury within surface
three or more years on a portion of the root flows. Blueberry was especially susceptible
systems (Freedman and Hutchinson 1976, Hutch- (Table 26). This could be explained by its
inson and Freedman 1978). previously mentioned very shallow rooting

Table 26 presents a comparison of vegetation habit. Resin birch and both species of Labrador
data from the permanent quadrats before and tea were also readily injured. Mosses and lichens
after the winter and summer spills. Quadrats were completely killed in quadrats with 80% of
were grouped into three categories: 1) areas im- oiled ground cover, but were only reduced in
pacted by surface flows of oil, 2) areas impacted areas of less extensive surface flow. Damage was
by subsurface oil flows, and 3) controls (un- most severe in the upper 10 m of the spills.
disturbed areas). Surface flow areas showed the Within this area, surface flows generally covered
most severe effects in both spill plots. Live a greater percentage of the ground and the
ground cover was most reduced on the upper 5 penetration of the oil into the soil was greater
m of the winter spill but was also reduced on (Fig. 10).
most of the surface-oiled summer spill area. Areas of subsurface flow had much less

It is difficult to accurately compare the sum- damage. Live ground cover was not reduced.
mer and winter spill iuadrats because the oil Mosses and lichens appeared healthy but shrubs
flowed off to the side of the winter plot. Only and black spruce were sometimes affected.
three permanent quadrats on the winter spill Blueberry and cloudberry had fewer live stems
were impacted in comparison to twelve on the while some black spruce trees and shrubs were
summer spill. However, damage was more killed.
severe in both spill plots on areas of surface flow In summary, damage appeared faster on the
where the oil could contact both above- and summer spill This could have been due to the
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Table 26. Pre- (1975 and 1976) and post-spill (1978) vegetation analysis
(average change).

Winter spill Summer spill

Species or Surface Subsurface Surface Subsurface
category Control flow flow' flow flow

Oil-covered ground* 0 80 0 43 0
Frequency of occurrence 0,0 0,100 0,0 0,100 0,0

Trees
Picea mariana (trees)-cover 0 -50 -10 -10 -5

number of individuals 0 -2 - -15 -1
occurrence 43,43 100,0 0,0 33,17 33.17
(saplings) cover -33 -40 - -15 0

number of individuals 0 -4 - -1 -0.5
occurrence 43,43 100,0 0,0 33,17 33,33

Medium and low shrubs
Betula glandulosa -cover 0 -20 0 -15 23

number of stems -0.6 -4 0 -7.5 -37
occurrence 100,100 50,0 100,100 100,67 100,200

Ledum groenlandicum -cover -4 -25 10 -5.6 2
number of stems -24 -82 -5 -25.7 -64

occurrence 71,71 100,0 100,100 100,83 83,83
Ledum decumbens-cover 0 - -10 -4 1.7

number of stems -14 - -4 -17.6 -172
occurrence 86,86 0,0 100,0 83,67 100.100

Vaccinium uliginosum -cover -2.9 -30 -20 -5 6 0
number of stems -5 3 -35.5 -105 -39.3 -137

occurrence 100.100 100,0 100,100 100,83 100,100
Vaccinium vitis-idaea L -cover -43 -25 0 -10 3.3

occurrence 100,100 100,50 100,100 100,100 100,100
Dwarf shrubs and herbs

Rubus chamaemorus L -cover 0 -10 0 -8.3 5
number of leaves 0.25 -3,5 -5 -15.8 -62

occurrence 57.57 100,50 100,100 100,33 100.83
Equisetum sylvaticum L -cover -10 -10 -10 -10 -10

occurrence 71,57 100,0 100,0 50.0 33,0
Petasites hyperboreus
Rydb.-cover 3 3 -10 -20 - -

number of leaves 0.67 -0.15 -3 - -
occurrence 14.28 100,0 100,0 0,0 0.0

Eriophorum vaginatum-cover -5 7 -15 0 0 0
occurrence 100,100 100,50 100.000 100,83 100,000

Cramineae-cover 14 - - 1 4 -

occurrence 0,14 0.0 0,0 0,14 0.0
Mosses

Total. cover -1 7 -60 10 -8 3 10
occurrence 100,100 100.50 100,100 100,100 100,100

Pleurozium schreberi (Brid)
Matt-cover -8.6 -35 10 -10 5

occurrence 100,100 100,50 100,100 100,100 100,100
Polytrichum spp -cover -1 4 -20 -10 -4 -3 3

occurrence 100,71 100,0 100.0 83,60 50.100
Dicranum spp -cover -4,3 -20 10 -5 1 7

occurrence 86,71 100.0 100,100 67.50 100,100
Sphagnum spp -cover 5 - - -67 10

occurrence 57.57 0.0 0,0 100.100 83,83
Lichens

Total: cover -129 -35 0 1.7 6 7
occurrence 100,100 100,50 100,100 100,100 100,100

Cladonia spp -cover -8 7 -30 0 1 7 5
occurrence 100,100 100,50 100,100 100,100 100,100

Cetraria spp -cover 1.4 -20 10 -5 -4
occurrence 100.100 100,50 100,100 100.67 83,50

Peltigera spp -cover -10 -20 -10 6 -2
occurrence 100,100 100,0 100,0 50,100 83,83

Total live ground cover 0 -60 0 -16 7 -3 3

Average change in percent vegetation cover
Pre-spill followed by post-spill frequency

1 quadrat only
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Figure 31. Steele Creek oil spill along the Trans-Alaska Pipeline System.
Note regrowth of bluejoint reedgrass in the foreground.

rapid flow downslope or to the oil remaining hot- result of root damage as pointed out by Mc-
ter for a longer period Both of these factors Cown et al (1973).
could increase the rate of uptake of toxic corn- No regrowth or invasion by new individuals
ponents by plant roots In addition, actively has occurred within areas of surface flow. Obser-
growing vegetation was subjected to greater vations of an earlier (1971) CRREL crude oil spill
contact with volatiles on the summer spill The at Fox, Alaska, showed a similar situation except
vegetation was dormant at the time of the winter that feather mosses had begun to encroach upon
spill, Many of the volatile components were lost part of the surface flow area after six growing
prior to the start of the first growing season seasons However, the Fox site was considerably
following the winter spill (Fig 13 and Table 3) wetter than the Caribou-Poker Creek site
On both plots, deciduous species showed a The two large accidental spills along TAPS did
quicker browning of foliage, with resin birch show more regrowth The Valve 7 spill, which
being the most susceptible Effects on blueberry was primarily a spray spill, showed extensive
and cloudberry were more delayed. Evergreen recovery of both sedge and shrub species in one
species continued to exhibit new injury symp- year The subarctic Steele Creek spill site was
toms throughout the second growing season. bladed by a bulldozer while the ground was
Foliage of Labrador tea and cranberry was still froien, and was subsequently burned twice, in
alive in the second season in areas where all Mav and June 1978 Portions of the spill were
deciduous foliage was dead Some foliage of later tilled and'or fertilized but were not seeded
species outside the areas of surface flows turned By September 1978 sedges and blueloint reed-
brown and abscised, primarily during the second grass l(alamagrostis canadensis) were growing
growing season back in some areas of the spill (Fig 33) At both

An important characteristic of both spills is of these sites soil moisture was much higher than
that no regrowth has been seen on any species in the Caribou-Poker spill site Therefore, the oil
which lost its foliage as a result of oil damage would not have penetrated as deeply into the
This result is in direct contrast to other reported soil so that regrowth (ould occur from
studies (Hutchinson and f reedman 1975 and belowground vegetative parts
1978, Wein and Bliss 197 3) and probablv is the Others have rel)orted that intensive point
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Table 27. Respiration of factors is not known
ectotrophic mycorrhizal Subsurface flows will make contact wih roots
feeder roots. of different species to varying extents because
Data for 0, and CO, given as the of differences in rooting habits In addition,
mean of three experiments (ML species may vary in their tolerances to contact
gasjhrpergdrvwt) RQ respir- with crude oil There may be critical levels of oil
atorV quotient (from A L L-in concentration below which plant species are un-
kins, Virginia Polvtechnic insti-tute) damaged. Both rooting habits and tolerances

can influence susceptibility.
The quicker damage to vegetation on the sum-

Control mer spill may be due in part to a high initial con-
0, 218 centration of volatiles However, the winter spill
co, 155 had higher levels of toxic components during the
RQ 0 71 second and third growing seasons. Viscous, tarry

Summer (6 m downslope) oil on surface areas of the winter spill reduced
infiltration and may have decreased soil0, 77 (65% decrease)

cO, 63 moisture. These factors may be responsible for

RQ 081 the delayed mortality of the black spruce on the
winter spill. By the end of the third growing

Summer (21 m downslope) season, the winter spill, with its 250% greater
0, 163 (26% decrease) area of surface flow, may have caused more
CO, 111 total vegetation damage than the summer spill
RQ 068 because of these differences.

Both the nature of injury and the lack of
Winfer (6 m downslope) vegetation recovery have important implica-
c, 152(31% decrease) tions for restoration following oil spills. The lack
CO, 154

RQ 102 of reinvasion by seedlings may be due to the
hydrophobic surface of the oil-soaked moss
layer (Deneke et a). 1975, McGill 1977). How-
ever, even if the hydrophobic surface were dis-

spills are less damaging than dispersed spray rupted to allow for germination as suggested by
spills (Hutchinson and Freedman 1978). How- McGill (1977) the problem of toxic components
ever, the Valve 7 spray spill showed good re- of oil within the soil might persist for a number
covery, probably because of low concentrations of years. In addition, restorative measures which
of oil per unit area. disrupt the surface organic mat on a permafrost

Root respiration was reduced at all oiled sites, site pose a threat to the thermal stability of the
with the summer spill showing the greatest de- area.
crease (65%, Table 27). Studies on respiration
quotients (RQ), although limited, suggest that
these RQ values were raised by exposure to the CONCLUSIONS
crude oil in this study, in contrast to arctic
studies which showed decreased RQ's (Linkins The response of a subarctic permafrost com-
and Antibus 1978). munity to a massive introduction of crude oil is

The results of the vegetation study are consis- represerted in Figure 34.
tent with the physical and chemical changes of Crude petroleum spilled onto subarctic per-
the oil as well as the microbial responses The mafrost slopes penetrates the moss layer. During
toxicity and indirect physical disruption of plant periods of thaw the oil moves into and saturates
functions by the oil. Distance downslope re- the lower organic layers of the soil. The oil then
duces both toxicity, since the most toxic compo- sp-oads downslope and largely follows drainage
nents ate volatiles which are rapidly lost, and chdnnels; this spread is concealed by the moss
physical disruption, since oil concentrations are cover, Thus the area actually contaminated is
reduced. Surface flows increase both toxic and always larger (2.5 to 10 times) than the area
physical effects since they lead to contact of oil where oil is readily visible on the surface. Topo-
with both above- and belowground plant parts. graphy will have a significant effect upon the
However, the relative importance of these two amount of land contaminated
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Figure 34. Flowchart representing the observed etiects of a massive crude oI
spill on a subarctic permafrost site These responses have been observed dur-
ing the first three growing seasons after the odi spill Dashed lines indicate
reactions that have not been confirmed.

In winter, snow cover reduces the initiaJ during the first three grossing sea,,ons after the
spreading, but such cover also provides ad- spill
ditional concealment as warm oil can penetrate It appears that a (rude oil (ontaminatlon "ill
the snow and move along and into the under- be damaging, although not (atastrophi( to a
lying moss and organic soil layers subarc tic (ommunity for many de( ades

Oil introduction into this ecosystem repre-
sents a strong perturbation Major changes in
microorganism populations are evident Foliage RECOMMENDATIONS
immediately in contact with the contaminant is
killed and slow death can occur to plants that Based on the results obtained in this, three
have roots exposed to the moving underground year study, the following re( ommendation,, are
oil mass. Some species appear resistant to the el- made
fects of crude oil in the soil. 1 Consideration should he given to a no

Crude oil contaminated areas in subarctic re- clean-up strategy for small spill% in suhar(ti(
gions may not be stabilized even several growing permatrost areas (a fews thousand gallons or
seasons after the spill Death of plants, microbial less), where no surfa(e water ( ourse is in\. olh Id
changes, oil compositional changes, and in- and ready a((ess is not availahl llro.viding a(
creases in the active layer may continue for an (ess to a site (an be more detrui ti\e to .nsi
undetermined time period tive permatrost areas than the spilled oil In an,

Although volatiles in crude oil near the soil case. the suze of the spill ,hould he ( onsidered
surface are lost rapidly after a spill, in the lower since very large spills ( ould have nmu h greater
soil horizons some of even the most volatile impact Also. the type of spill and prOdu(t
components of the crude can remair, for some spilled will have varying Oile( t. hosseser thee
time. No evidence of rapid biological degrada- were not a (onideration in this studs
tion of the oil has been obtained In addition, no 2 Reaction to large summer oil spill need% to
evidence of recovery by seedling establishment be rapid to minimize the area impa ted in the in
on oil-contaminated surfaces has been observed (ident sin( e the oil ssill (ontinue to movfe down-
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APPENDIX A: PHYSICAL AND THERMAL INFORMATION
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figure Al. Vertical thermocouple assembly. Figure A2. Spill sites.
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Table Al. Average soil temperatures (for first 10 m downslope).

Thermocouple Winter Summer

Date Level* spill spill Control

22 June 76 5. 12.7 0 C 8.8 10.1

4. 3.6 3.45 2.0

3. 0.5 0.1 - 0.1

2. - 0.1 -0.35 - 0.4

1. - 0.5 -0.6 - 0.5

20 July 76 5. 22.5 14.3 12.7

4. 6.6 6.3 3.6

3. 2.2 2.2 1.05

2. 1.3 0.7 0.15

1. 0.4 0.35 - 0.2

8 Oct 76 5. 13.2 12.1 11.2

4. 6.3 6.5 4.0

3. 2.4 2.8 1.55

2. 1.85 1.2 0.35

1. 0.7 0.3 - 0.2

28 Sept 76 5. 6.05 5.9 4.9

4. 2.5 2.25 1.3

3. 0.95 0.7 0.2

2. 0.5 0.4 - 0.1

1. 0.45 -0.1 - 0.2

2 June 77 5. 17.4 14.4 11.4

4. 6.2 4.7 1.7

3. - 0.3 0.5 - 0.05

2. - 0.4 0.15 - 0.2

1. - 0.55 -0.2 - 0.3

16 Aug 77 5. 17.55 21.1 13.15

4. 7.0 10.6 5.0

3. 3.3 4.85 2.0

2. 2.4 2.5 0.7

1. 1.1 1.3 - 0.4

12 July 76 5. 23.4 24.5 13.6
4. 10.15 15.85 5.7

3. 5.0 7.15 2.15

2. 3.5 2.8 0.3

1. 1.6 1.5 0.0

*See Figure Al
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APPENDIX 0: CHEMICAL INFORMATION

Table 81. Results from silica gel/alumina fractionation
of oily soil extracts from Caribou-Poker Creeks.

Major oil components(%
Sample Date Alkanes Aromatics Asphaltenes Sol. 'Insol.

Winter Min 15 July 76 30.4 29.4 16.4 8.9 14.8
Summer Min 15 July 76 22.9 20.4 34.8 13.6 8.3
Control Min 15 July 76 0.9 1.3 92.8 7.2 0
Winter Organic 15 July 76 2.9 30.0 11.7 8.7 16.7
Summer Organic 15 July 76 33.0 29.5 13.9 8.1 15.4
Control Organic 15 July 76 0.7 2.4 88.5 12.0 0
Winter Moss 15 July 76 42.1 34.4 8.4 9.5 5.6
Summer Moss 15 July 76 37.6 36.6 7.4 .12.8 5.6
Control Moss 15 July 76 1.1 0.7 87.0 17.9 0
Winter Min 9 Sept 76 41.1 31.8 10.6 8.8 7.8
Summer Min 9 Sept 76 27.6 26.4 18.8 10.4 16.6
Control Min 9 Sept 76 0.5 1.0 98.0 11.3 0
Winter Organic 9 Sept 76 42.1 33.1 8.0 8.7 8.1
Summer Organic 9 Sept 76 33.8 32.3 14.8 8.8 10.4
Control Organic 9 Sept 76 0.2 0.7 87.8 12.3 0
Winter Moss 9 Sept 76 40.0 32.4 11.6 9.5 6.4
Summer Moss 9 Sept 76 40.4 36.0 8.4 8.8 6.4
Winter Organic 29 March 77 36.6 34.9 10.7 9.5 8.2
Summer Organic 29 March 77 48.9 35.9 8.8 8.2 0
Control Organic 29 March 77 0.1 0.8 93.0 6.5 0
Winter Moss 29 March 77 44.9 35.9 10.3 8.4 0.4

Summer Moss 29 March 77 36.8 37.2 10.0 8.9 7.0
Winter Min 5 April 77 32.2 29.7 16.7 12.3 9.1
Summer Min 5 April 77 30.2 30.8 17.]. 10.8 11.1
Winter Organic 5 April 77 37.3 29.0 - 9.8 -

Summer Organic 5 April 77 32.6 32.5 12.2 13.3 9.4
Winter Moss 5 April 77 36.8 28.7 - 10.6 -

Winter Min 13 July 77 31.6 30.5 15.7 11.6 10.7
Winter Organic 13 July 77 38.2 32.6 11.0 10.7 7.5
Summer Organic 13 July 77 36.0 34.5 8.0 11.0 10.4
Winter Moss 13 July 77 34.4 34.1 10.8 11.0 9.7
Summer Moss 13 July 77 33.1 32.6 12.6 11.9 9.8
Winter Min 1 Aug 77 29.3 25.0 22.9 12.0 10.8
Summer Min 1 Aug 77 19.2 24.8 40.2 12.2 3.6
Winter Organic 1 Aug 77 30.6 28.0 19.6 12.4 9.4
Summer Organic 1 Aug 77 30.5 26.8 20.1 13.0 9.6
Summer Organic 5 Jan 78 32.8 37.6 10.6 1.0.2 8.7
Winter Moss 5 Jan 78 36.3 43.4 9.7 9.9 0.7
Summer Moss 5 Jan 78 33.4 35.4 9.2 10.9 11.1
Control Moss 5 Jan 78 0 6.9 59.7 58.3 0
Winter Min 27 June 78 33.9 30.6 16.1 10.4 9.2
Summer Min 27 June 78 26.6 24.2 25.0 10.0 14.3
Winter Organic 27 June 78 42.0 32.6 6.3 9.3 9.9
Summer Organic 27 June 78 34.4 32.6 8.6 10.0 14.4
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Table B2. Results from silica gel/alumina fractionation of
samples from Caribou-Poker (27 July 78).

Major oil components (%) NSO
Sample Alkanes Aromatics Asphaltenes Sol. Insol.

S 4-5, 8-9 Moss 40.8 38.3 2.1 7.1 11.8
S 1-2, 8-9 Moss 29.7 29.4 18.7 8.5 13.7
S 7, 34 Moss 35.0 36.5 6.0 7.5 15.0
S 4-5, 8-9 Organic 39.6 33.0 12.2 8.5 6.8
S 7, 34 Organic 40.7 32.1 8.6 8.9 9.7
S 1-2, 8-9 Organic 39.0 32.4 12.2 8.7 7.6
S 1-2, 8-9 Min 23.9 26.7 30.5 12.1 6.9
S 4-5, 8-9 Ifin 31.1 33.1 14.9 9.6 11.4
W 8-9, 11-12 Moss 35.0 36.5 6.0 8.4 14.1
W 8-9, 11-12 Organic 35.2 35.7 9.3 9.0 10.9
W 15, 34 Organic 32.3 31.9 11.9 10.4 13.5
W 8-9, 11, 12 Min 35.2 32.8 15.3 6.3 10.4

Table B3. Results from fractionation of samples from
other Alaskan spill areas.

Major oil components (%) NSO
Location Spill date Sample date Alkanes Aromatics Asphaltenes Sol. Insol.

Barrow 313 1970 July 1977 22.6 26.8 20.6 14.0 15.9

Barrow 311 1970 July 1977 34.4 34.3 10.8 10.9 9.5

Barrow 152 D 1971 July 1977 31.1 32.5 12.1 12.4 11.8
Fox 1971 July 1976 32.4 35.1 10.8 10.9 10.9

Prudhoe Oil
(orig. oil used July 1976 - 35.2 36.8 8.4 12.1 7.5
for spill)

Prudhoe 2 CR 1976 July 1977 37.5 35.5 7.1 10.9 8.9

Prudhoe 5 CR 1976 July 1977 36.1 37.2 7.7 9.8 9.2

Table B4. Oil in soil extracts (%).

Mineral Organic Moss
Sample date Win. Sum. Con. Win. Sum. Con. Win. Sum. Con.

15 July 76 9.81 1.65 0.73 89.0 57.6 1.35 266 207 2.49
17 Sept 76 6.52 3.85 0.45 33.5 7.09 2.03 249 211 0.91
29 March 77 - - - 24.1 181 2.29 255 147 2.12
5 April 77 4.03 3.38 0.10 115 26.9 0.76 137 - 0.82
13 July 77 4.70 3.00 0.10 190 283 0.70 234 194 1.90
1 Aug 77 3.6 1.5 0.2 7.3 12.4 0.6 - - -
3 Jan 78 - - - - 50.1 - 183 69.3
27 June 78 3.89 1.76 - 16.8 31.1 - - -
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Table B5. Soil pH.

Mineral Organic
Sample date Win. Sum. Con. Win. Sum. Con.

15 July 76 - - - 3.4 3.5 3.5
17 Sept 76 3.6 3.5 3.6 3.3 3.5 3.2
29 March 77 - - - 3.5 3.4 3.5
5 April 77 3.9 4.0 3.9 3.9 3.8 3.8
13 July 77 - - - - - 3.7

Table B6. Exchangeable cations in soil samples (meq/100 g).

+ +++- H +Sample Date Na K+ Ca' Mg NH
4

Winter Mineral 15 July 76 0.09 0.35 12.7 2.61 0.035
Summer Mineral 15 July 76 0.10 0.37 15.1 3.25 0.028
Control Mineral 15 July 76 0.09 0.24 18.5 3.18 0.044
Winter Organic 15 July 76 0.26 1.38 24.0 4.48 0.046
Summer Organic 15 July 76 0.32 1.48 89.2 13.5 0.051
Control Organic 15 July 76 0.19 1.20 43.6 7.74 0.034
Winter Mineral 17 Sept 76 0.07 0.14 4.3 0.90 0.065
Summer Mineral 17 Sept 76 0.07 0.15 6.5 1.91 0.081
Control Mineral 17 Sept 76 0.06 0.09 3.6 1.04 0.064
Winter Organic 17 Sept 76 0.10 0.33 8.4 2.86 0.073
Summer Organic 17 Sept 76 0.12 0.29 13.9 3.75 0.077
Control Organic .17 Sept 76 0.19 0.60 16.4 4.78 0.061
Winter Organic 29 Mar 77 - - - - 0.082
Summer Organic 29 Mar 77 ---- 0.010
Control Organic 29 Mar 77 -- - 0.060
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APPENDIX C: MICROBIOLOGICAL INFORMATION
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Figure Cl. MPN counts (200C) of denitrifying bacteria in oiled and
unoiled (control) plots. C = control plot, W = winter plot, S = summer
plot, brackets represent 95% confidence interval.
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Table Cl. 20*C Heterotrophic bacterial counts (x 10 6/g soil)
in oiled and unoiled (control) plots.

Sampling Control Winter Summer

time plot plot plot

1976 A1 Horizon

Februarya 12 11

June 27 300**

Julyb 28 440** 18*cc

August 16 280** 570**cc

September 13 260** 1300**cc

C2 Horizon
a2

February 7 5**

June 11 8

July 9 42** 7cc

August 8 24** 28**

September 3 19* 280**cc

1977 A HorizonI

June 29 720** 1800**cc
July 18 330** 1200**cc
August 22 180** 880**cc

C2 Horizon

June 6 44** 280**cc

July 4 94** 170**cc

August 2 55* 150**cc

1978 A 1 Horizon

June 24 370** 700**cc

July 25 380** 370**

C2 Horizon

June 10 72** 71**
July 6 56** 34**cc

a Within 24 hr after the winter oil spill.

b Within 24 hr after the summer oil spill.
* Significantly different from the control at 5% level.

** Significantly different from the control at 1% level.

cc Significantly different from the winter at 1% level.
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Table C2. 20'C filamentous fungal propagule counts (x 10 4/g soil)
in oiled and unoiled (control) plots.

Sampling Control Winter Summer
time plot plot plot

1976 A1 Horizon

Februarya 100 160
June 230 15**
Julyb 160 27** 60**cc
August 110 80* 75**
September 62 72 460**cc

C2 Horizon

Februarya 25 8**
June 33 3** -

Julyb 13 n.d. 35**
August 20 5** 11**c
September 7 3** 91**cc

1977 A1 Horizon

June 270 47** 300cc
July 170 41** 210*cc
August 150 21** 180*cc

C2 Horizon

June 35 20** 29**cc
July 10 8 20**cc
August 22 9 18**cc

1978 A Horizon
1t

June 170 420** 470**
July 160 500** 420**cc

C2 Horizon

June 25 2 26 n.d.
July 26 34** 37**

a Within 24 hr after the winter oil spill.
b Within 24 hr after the summer oil spill.

n.d. Not determined.
* Significantly different from the contr'l at 5% level.

** Significantly different from the control at 1% level.

c Significantly different from the winter at 5% level.
cc Significantly different from the winter at 1% level.

55



Table C3. 20°C yeast counts (x 10 5/g soil) in oiled and

unoiled (control) plots.

Sampling Control Winter Summer

time plot plot plot

1976 A Horizon

a 5. .
February 5.4 7.2

June 8.1 790**

Julyb 2.7 120** 5cc

August 7.0 340** 1500**cc

September 11 220** 1800**cc

C2 Horizon

Februarya  1.2 1.2

June 1.0 8.6**

Julyb 0.6 7.4** 0.6cc

August 1.4 25** 110**cc

September 1.1 22** 590**cc

1977 AI Horizon

June 3.1 210** 3100**cc

July 5.1 330** 5200**cc

August 4.0 250** 2900**cc

C2 Horizon

June 0.7 53** 930**cc

July 0.2 53** 400**cc

August 1.2 48** 500**cc

1978 A Horizon

June 14 3100** 3400**

July 12 3200** 2400**cc

C2 Horizon

June 1 410** 390**

July 2 280** 160**cc

a Within 24 hr after the winter oil spill.

b Within 24 hr after the summer oil spill.
** Significantly different from the control at 1% level.

cc Significantly different from the winter at 1% level.
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5Table C4. 20'C proteolvtic bacterial counts (x 10 /g soil) in
oiled and unoiled (control) plots in 1976.

Sampling Control Winter Summer
time plot plot plot

A1 Horizon

February 67 60
June 200 1300** -

July b  68 800** 110**cc
Auugust 34 150** 3900**cc
September 24 630** 4000**cc

C2 Horizon

Februarya 16 9.5 -

June 25 61 -

Julyb 17 210** 40**cc
August 8.1 n.d. 250**
September 8.2 64** 1400**cc

a Within 24 hr after the winter oil spill.
b Within 24 hr after the summer oil spill.
** Significantly different from the control at 1% level.
cc Significantly different from the winter at 1% level.
n.d. not determined

5
Table C5. 200C anaerobic bacterial counts (x 10 /g soil) in
oiled and unoiled (control) plots in 1976.

Sampling Control Winter Summer
time plot plot plot

A Horizon

July a  40 72* 19**cc
September 13 60** 1200**cc

C2 Horizon

Julya 7.7 14** 9.9cc
September 4.8 II** 21**cc

a Within 24 hr after the winter oil spill.
* Significantly different from the control at 5% level.

** Significantly different from the control at 1% level.
cc Significantly different from the winter at 1% level.

57



Table C6. 200 C in vitro soil respiration rates (mg CO2/24 hr
per 100 g soil) in oiled and unoiled (control) plots.

Sampling Control Winter Summer
time plot plot plot

1976 A1 Horizon
a

February 104.0 49.4*
Julyb 39.8 97.4** 146.0"*cc
August 25.8 42.0** 88.2"*cc
September 21.6 48.8** 12 1.0**cc

C 2 Horizon

February 10.0 3.2** -Julyb 12.2 20.2** 15.OcAugust 7.8 15.4** 9.Oc

September 5.6 18.0"* 33.6"*cc

1977 A1 Horizon

June 61.6 90.8** 223.8"*cc
July 40.5 55.7** 136 .2**cc
August 65.2 54.0** 128.7"*cc

C2 Horizon

June 7.3 11.4"* 37.5*cc
July 9.9 14.3.* 17.9*c
August 9.2 15.0** 19 .8 "*cr

1978 A I Horizon

June 41.0 68.8** 82.5**cc
July 11.1 17.2**

a Within 24 hr after the winter oil spill.
b Within 24 hr after the summer oil spill.
* Significantly different from the control at 57 level.

** Significantly different from the control at 17 level.
c Significantly different from the winter at 5% level.

cc Significantly different from the winter at 1% level.
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Table C7. pH of soil collected from oiled and unoiled
(control) plots.

Sampling Control Winter Summer
time plot plot plot

1976 A1 Horizon

Februarya 4.8 5.5 --

June 5.6 5.7 --

Julyb 5.5 6.2 6.1
August 5.4 5.7 5.5
September 5.2 5.7 5.7

C2 Horizona2

Februarva 5.2 5.2 --

June 5.0 5.5 --

Julvb 5.1 5.2 5.3
August 5.3 5.5 5.7

September 5.3 5.6 5.9

1977 AI Horizon

June 5.2 4.9 5.3
July 4.8 5.1 5.4
August 5.1 5.5 5.6

C2 Horizon

June 5.2 5.2 5.4
July 5.0 5.2 5.2

August 5.2 5.2 5.2

1978 AI Horizon

June 4.9 5.4 5.2
July 4.8 5.2 5.3

C2 Horizon

June 5.2 5.4 5.4
July 5.0 5.(0 5.2

a Within 24 hr after the winter oil spill.
b Within 24 hr after the summer oil spill.
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Table Cb. Correlation coefficients and regression equations relating in

vitro soil respiration rates to bacterial numbers in oiled and unoiled
(control) plots in 19 7 7a

.

Regression
equation b Treatment n r

4°C

Y = 6.67 + 2.06X Control 6 0.831*
Y 8.56 + 0.04X Winter 6 0.959**
Y = 7.90 + 0.05X Summer 6 0.927**

Y 9.31 + 0.05X All 18 0.927**

200C

Y = 0.25 + 2.36X Control 6 0.959**
Y = 12.71 + 0.12X Winter 6 0.938**
Y = 2.28 + 0.12X Summer 6 0.990**
Y = 19.34 + 0.IX All 18 0.943**

a June, July, and August data in both soil horizons were used.
b Y = mg CO /24 hr per 100 g soil; X 106 bacterial cells/g soil.

2

* Significant at 5% level.
**Significant at 1% level.

Table C9. Correlation coefficients and regression equations relating
in vitro soil respiration rates to bacterial numbers in oiled and
unoiled (control) plots in 19 76a

.

Regression
equation b Treatment n r

40C

Y = 2.27 + 1.72X Control 6 0.892*

Y = 7.10 + 0.03X Winter 6 0.863*
Y = 8.60 + 0.05X Summer 6 0.860*
Y = 6.09 + 0.05X All 18 0.858**

200C

Y = 0.05 + 1.45X Control 6 0.980**
Y = 10.20 + 0.17X Winter 6 0.952**
Y = 49.19 + 0.05X Summer 6 0.466
Y = 30.51 + 0.08X All 18 0.566*

a July, August, and September data in both soil horizons were used.
b Y = m, CO2 /24 hr per 100 g soil; X = 106 bacteria cells/g soil.

* Significant at 5Z level.
** Significant at 17 level. 60
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Table CI0. Correlation coefficients and regression equations relating
in vitro soil respiration rates to filamentous fungi propagule counts
in oiled and unoiled (control) plots in 1976a.

Regression
equation b Treatment n r

4 0 C

Y = 3.47 + 0.04X Control 6 0.724
Y = 5.47 + 0.53X Winter 6 0.822*
Y = 7.52 + 0.30X Summer 6 0.806
Y = 7.37 + 0.15X All 18 0.504*

200C

Y = 6.13 + 0.21X Control 6 0.980**
Y = 34.91 + 0.25X Winter 5 0.277
Y = 47.86 + 0.17X Summer 6 0.500
Y = 28.39 + 0.21X All 17 0.520*

a July, August, and September data in both soil horizons were used.
b Y = mg C02/24 hr per 100 g soil; X = 104 filamentous fungal propagules/g soil.

* Significant at 5% level.
** Significant at 1% level.

Table Cll. Correlation coefficients and regression equations relating
in vitro soil respiration rates to filamentous fungi propagule counts
in oiled and unoiled (control) plots in 19 77a

.

Regression

equation b Treatment n r

40 C

Y = 2.82 + 0.17X Control 6 0.980**
Y = 10.01 + 0.78X Winter 6 0.933**
Y = 1.14 + 1.58X Summer 6 0.906*
Y = 15.50 + 0.18X All 18 0.283

200C

Y = 6.72 + 0.23X Control 6 0.894*
Y = -4.44 + 1.77X Winter 6 0.843*
Y = 7.80 + 0.68X Summer 6 0.995**
Y = 15.20 + 0.46X All 18 0.794**

a June, July, and August data in both soil horizons were used.
b Y = mg CO /24 hr per 100 g soil; X = l04 filamentous fungal propagules/g soil.

2

* Significant at 5% level.
**Significant at 1% level.

61



Table C12. Correlation coefficients and regression equations relating
in vitro soil respiration rates to yeast numbers in oiled and unoiled
(control) plots in 19 76a

.

Regression
equation b Treatment n r

40 C

Y = 1.91 + 4.26X Control 6 0.710
Y = 6.89 + 0.25X Winter 6 0.792
Y = 7.45 + 0.04X Summer 6 0.853*
Y = 7.62 + 0.04X All 18 0.837**

200C

Y = 14.26 + 1.12X Control 6 0.374
Y = 29.47 + 0.09X Winter 6 0.382
Y = 48.67 + 0.03X Summer 6 0.412
Y = 31.12 + 0.04X All 18 0.545*

a July, August, and September data in bot soil horizons were used.
b Y = mg CO2/24 hr per 100 g soil; X 10 yeast cells/g soil.

* Significant at 5% level.
** Significant at 1% level.

Table C13. Correlation coefficients and regression equations relating
in vitro soil respiration rates to yeast numbers in oiled and unoiled
(control) plots in 1977 a

Regressiog
equation Treatment n r

40C

Y = 5.49 + 3.46X Control 6 0.781
Y = 9.03 + 0.72X Winter 6 0.964**
Y = 8.19 + 0.51X Summer 6 0.985**
Y = 9.96 + 0.50X All 18 0.964**

200C

Y = 6.04 + 11.01X Control 6 0.800
Y = 8.52 + 0.20X Winter f 0.768
Y = 21.44 + 0.03X Summer 6 0.768
Y = 31.43 + 0.03X All 18 0.775**

a June, July, and August data in both soi horizons were used.
b Y = mg CO2/24 hr per 100 g soil; X = 10 yeast cells/g soil.

** Significant at 1% level.
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Table C14. Correlation coefficients and regression equations relating
in vitro soil respiration rates to oil concentrations in oiled plots
in 1976 a .

Regressiog
equation Treatment n r

40 C

Y = 5.58 + 1.53X Winter 6 0.879*
Y = 9.85 + 1.84X Summer 6 0.607
Y = 7.13 + 1.84X Both 12 0.643*

20"C

Y = 2.71 + 10.21X Winter 6 0.990**
Y = 14.36 + 11.92X Summer 6 0.958**
Y = 6.19 + 1I.72X Both 12 0.945**

a July, August, and September data in both soil horizons were used.
b Y = mg CO2/24 hr per 100 g soil; X = % oil in soil.

* Significant at 5% level.

** Significant at 1% level.

Table C15. Correlation coefficients and regression equations relating
in vitro soil respiration rates to oil concentrations in oiled plots

a
in 1976

Regressio
equation Treatment n r

40C

Y = 5.62 + 2.17X Winter 6 0.980**
Y = 11.29 + 2.85X Summer 6 0.970**
Y = 6.60 + 2.89X Both 12 0.949**

200C

Y = 5.52 + 7.33X Winter 6 0.917**
Y = 29.39 + 8.53X Summer 6 0.943**
Y = 12.80 + 8.82X Both 12 0.922**

a June, July, and August data in both soil horizons were used.
b Y = mg CO2/24 hr per 100 g soil; X = % oil in soil.

** Significant at 1% level.
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Table C16. Correlation coefficients and regression equations relating
bacterial numbers to oil concentrations in oiled plots in 1976a

Regressior
equation Treatment n

4 0 C

Y = -51.29 + 54.11X Winter 6 0.997**
Y = 161.37 + 9.06X Summer 6 0.164
Y = 80.34 + 23.04X Both 12 0.421

200C

Y = -30.90 + 56.08X Winter 6 0.980**
Y = 259.92 + 22.46X Summer 6 0.210
Y = 124.15 + 35.14X Both 12 0.359

a July, tugust, and September data in both soil horizons were used.
b Y = 10 bacterial cells/g soil; X = % oil in soil.

** Significant at 1% level.

Table C17. Correlation coefficients and regression equations relating
bacterial numbers to oil concentrations in oiled plots in 1977

Regressiog
equation Treatment n r

40C

Y = -56.40 + 47.76X Winter 6 0.975**
Y = 108.04 + 55.20X Summer 6 0.964**
Y = -4.70 + 57.30X Both 12 0.938**

200C

Y = -62.69 + 63.35X Winter 6 0.980**
Y = 222.43 + 69.21X Summer 6 0.949**
Y = 40.30 + 73.38X Both 12 0.917**

a June, july, and August data in both soil horizons were used.
b Y = i0 bacterial cells/g soil; X = % oil in soil.

** Significant at 1% level.

64

,



Table C18. Correlation coefficients and regression equations relating
bacterial numbers to oil concentrations in oiled plots in 1978a

Regressiog
equation Treatment n r

40C

Y = 12.77 + 21.05X Winter 4 0.995**
Y = -7.64 + 36.56X Summer 4 0.889
Y = -4.48 + 29.79X Both 8 0.854**

200C

Y = -8.98 + 41.92 Winter 4 1.000**
Y = 4.35 + 58.04X Summer 4 0.975*
Y = -8.47 + 50.96X Both 8 0.943**

a June agd July data in both soil horizons were used.
b Y = 10 bacterial cells/g soil; X = % oil in soil.

* Significant at 5% level.

** Significant at 1% level.

Table C19. Correlation coefficients and regression equations relating
bacterial numbers to oil concentrations in oiled plots in 1978 a

Regressiog
equation Treatment n r

40 C

Y = -4.20 + 2.49X Winter 6 0.938**
Y = 8.37 + 1.55X Summer 6 0.922**
Y = 2.61 + 1.82X Both 12 0.889**

200C

Y = 8.71 + 3.30X Winter 6 0.812*
Y = 35.65 + 11.95X Summer 6 0.911*
Y = 3.08 + 11.73X Both 12 0.831**

a June, duly, and August data in both soil horizons were used.
b Y = 10 filamentous fungal propagules/g soil; X = % oil in soil.

* Significant at 5% level.

** Significant at 1% level.
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Table C20. Correlation coefficients and regression equations relating
filamentous fungal propagule counts to oil concentrations in oiled

aplots in 1978

Regressiog
equation Treatment n r

4 0 c

Y = 3.29 + 1.66X Winter 4 0.990**
Y = 7.05 + 4.55X Summer 4 0.990**
Y = 4.14 + 3.23X Both 8 0.762*

200C

Y = -68.76 + 57.57X Winter 4 0.985*
Y = 33.54 + 43.63X Summer 3 0.990
Y = -22.62 + 50.70X Both 7 0.975**

a June a~d July data in both soil horizons were used.
b Y = 10 filamentous fungal propagules/g soil; X = % oil in soil.

* Significant at 5% level.

** Significant at 1% level.

Table C21. Correlation coefficients and regression equations relating
ayeast numbers to oil concentrations in oiled plots in 1977

Regressiog
equation Treatment n r

4"C

Y = -4.22 + 2.92X Winter 6 0.980**
Y = 5.25 + 5.56X Summer 6 0.995**
Y = -5.44 + 5.51X Both 12 0.938**

200C

Y = 88.42 + 14.56X Winter 6 0.480
Y = 1274.73 + 118.41X Summer 6 0.574
Y = 366.12 + 129.73X Both 12 0.539

a June) July, and August data in both soil horizons were used.
b Y = 10 yeast cells/g soil; X = % oil in soil.

** Significant at 1% level.
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Table C22. Correlation coefficients and regression equations relating
yeast numbers to oil concentrations in oiled plots in 1978 a

Regressio
equation Treatment n r

4 0 C

Y = 5.62 + 2.73X Winter 4 0.894
Y = -3.30 + 22.72X Summer 4 0.889
Y = -7.27 + 13.87X Both 8 0.616

200C

Y = -312.54 + 377.99X Winter 4 0.998**
Y = 78.97 + 304.45X Summer 4 0.998**
Y = -72.12 + 334.38X Both 8 0.992**

a June agd July data in both soil horizons were used.
b Y = 10 yeast cells/g soil; X = % oil in soil.

** Significant at 1% level.
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A facsimile catalog card in Library of Congress MARC
format is reproduced below.

Johnson, L.A.

The fate and effects of crude oil spilled on sub-
arctic permafrost terrain in interior Alaska / by
L.A. Johnson, E.B. Sparrow, T.F. Jenkins, C.M. Col-
lins, C.V. Davenport and T.T. McFadden. Hanover,
N.H.: U.S. Cold Regions Research and Engineering
Laboratory; Springfield, Va.: available from Nation-
al Technical Information Service, 1980.
viii, 76 p., illus.; 28 cm. ( CRREL Report 80-29. )
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