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BIOLOGICAL ASPECTS OF TE RRESTRIAL OIL SPILLS
USA CRREL OIL RESEARCH IN ALASKA

1970-1974

by

Frederick J. Deneke , Brent H. McCown , Patrick I . Coyne ,
Warren Rickar d and Jerry Brown

PART I. INTRODUCTION

During the period 1970 to 1974 research personnel of the U.S. Army Cold Regions Research
and Engineerin g Laboratory (USA CRREL) were engaged in terrestrial oil pollution research in
cold regions. The primary purpose of this work was to gain an understanding of the effects of
petroleum spillage on cold-dominated terrest rial ecosystems , particularly plant species and corn-
niunities. Most studies were conducted in Alaska although some were extended into the Yukon
Territory of Canada , and the microbial investigations were conducted at USA CRREL in Hanover ,
New Hampshire.

The princi pal objectives of the original USA CRREL research program were:

I .  To define the arctic and subarctic terrestrial ecosystems most sensitive to the p . . ~ence of
crude oil and its re fined products.

2. To quantif y and uiiders t an d t h e  injury response of these communities to the presence of
crude oil and petroleum products.

3. To determine the time interval  in which injury would mani fest itself and in which natural
restoration could he expected.

A variety of approaches were taken to meet these objectives including:

I .  Surveys of accidental spills along an existing major petroleum products pipeline in Alaska
and Canada.

2. Surveys of accidental petroleum spills on the Arctic Coastal Plain and in southern coastal
regions of Alaska.

3. Surveys of natural crude oil seeps at Cape Simpson , Alaska.

4 . Contained demonstration spills on the Arct ic Coasta Pla in and in interior Alaska.

~~. Laboratory investi gations uti l izing controlled environment plant growth chambers.

The results of most of these investigations have been reported and published separately. The
purpose of this report is to consolidate the many separate results into one document on
terrestrial petroleum pollution in arctic and subarct ic regions. The material contained in this
report covers USA C R R E L  oil research comp leted through September 1974. Some of the work
reported in the following page s appears as it was initially published.

Background

In 1969 . full development of petroleum resource s on the Arctic Coastal Plain of Alaska
appeared imminent.  Also looming was growing concern over the possible impact that accidental
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petroleum spills, associated with such development , might have on the cold dominated and
potentially sensiti ve ecosystems of Alaska. Coupled with this concern was the ever increasing

dependency upon fossil fuel reserves for energy . Thus a need existed for information on petroleum
spill effects in arctic and subarctic regions.

USA CRRI L research ers were among the first to recognize the importance of obtaining this
information and to address the problem area. They also recognized that military operations in
cold regions often resul t in the 4ccidental introduction of petroleum produc ts (gasoline , diesel
fuel .j et fuel) into terrestrial and aquatic environments. Thus it was apparent that the U.S. Army
was in need of information to develop regulatory and advisory capabilities in order to deal correctl y
with terrestrial oil pollution problems encountered in the field.

Literature review

Since U SA CRREL research was restricted to terrestrial ecosystems , the following literature
review concentrates on land base d spills.

Literature about oil spill effects on terrestrial plant communities is limited and is even more
l imited for oil spill effects in northern latitudes (most research done prior to 1970 centered on
spills in temperate regions). Absence of information is due in part to the past lack of environmental
concern over aL-c idental petroleum losses on land areas. It also should be recognized that full-scale
pet r o leurir resource development did not occur in arctic regions until  the mid-1960’s. Considering
t hese factors , th ere follows a review primarily of the existing li terature prior to 1970 on studies
from both accidental and planned petroleum introducti on into terrestrial ecosystems. Research
other than CRR E L’s was conducted during the 1970-1974 period , but rather than include it as
a part of the l i terature it was elected to insert most of it into the results as this work either was
paralle l to or com plementary to CRRI L investigations.

Russell and Hutch ins un (l”09 ) studied respiration of soil microorganisms as influenced by the
introduction of toluene , a petr oleum product. Their results indicated that an increase in respira-

tion could he generated by introduc ing toluene into the soil system. In 1919 Carr studied the
effects of oil upon soy bean gr owt h and found that growth could be enhanced with the addition of

small amounts of oil , althoug h detr imental  e ffects were noted at higher treatment levels. Carr spec-

ulated t h at th e la t te r  resulted from oil inter ference with normal water uptake by the plant. He also

speculated that small quantities of crude oil stimulated root nodule development , enhancing growth.

Several German scien tists in the early 1900’s recognized and rep orted on the action of soil micro-

organisms in break ing down petroleum products (Sohngen 1913 , Tausz and Peter 1919). Some of

their research involved the identif ication of such organisms. This work was followed by Baldwin in

1922 who found that petroleum products in the soil change d the species compositions of the van-

ous microorganisms normally Wesent. lie further observed that while the total number of species

declined , th e overa ll population increased. This increase probably represented those species using

hydrocarbons as an energy source.

Murp hy (1929) studied the effects of petro l t um on nitrat e production , seed germination , and

growth of wheat in pot culture. His results indicated that even slight app lications of petroleum

interfered with nitrate production , delayed seed germination and inhibited growth. At higher rates

seed germinati on was comp letely lacking.

Ginsberg ( 193 1) observed the effects of oils on plant tissues (app les , peaches . tomatoes) . Oils of

varying viscosities were app lied to leaves. He found that the under surfac es of leaves were more

rapidl y penetrated than uppe r surfaces , and penetration was inversely proportional to oil viscosity.

Ginsberg also followed oil uptake in severed stems and found that oils could move through the xylem

elements. The amount of m ovement was again dependent upon viscosity, e.g. greatest movement was

in the lig hter oils. lie found tha t  applications on bark had no effect.

2
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Work on oil-soil microbial relations hips was renewed b y Stone in 194 1. In studies of the degra .
dation of crude oil by soil bacteria , lie found no special group of organisms ill VOI%’ed and that  all
common soil mn ic m oorganisms have the abil i t y to adapt to many different organic compounds. lie
did find that oils varied iii their degree of susceptibility to bacterial a t tack .  Ligh ter oils were oxi-
diie d more readil y , as were p araf f in s  when compared to the a romat ic  or nap h then ic  fract ion s.

Plice (1948) inves t iga i~d t he e ffects of three types of crude oil (paraf f in  base , asphalt base , basic
sediment) on soil fe r t i l i ty ,  lie also studied soil changes due to petroleum and was one of t h e  first
researchers t o  recommend methods for reclaiming soils contamin ated with oil residues , lie observed

ear prod uction of ex peri m enta l crops planted in li ght ly oiled soils. Under the study conditions .
very l i t t l e  growt h retardation was noted. Mice fe l t  that  growth r e tarda t ion  was related to the detri-
mental ef f ec ts  of oil on soil moisture and aeratio relationships , an d vcr ~ l i t t l e was d ue to d irect
to xic effects. lie also noted t h at di i i  lug tIme third i,rowi ng season after contamination , prod uction
rates were h igher than n or mtr a l i ~ ex pected. Fur t h er w o r k  suggested t h at this increase was related to
a dec rease in the o\ id -ation .r edu ction potential  of the soil and an incre ase in t h e  number  of nitrogen-
f ixing mimm cro h es. lie postulated tha t  these ir ic r obes wer e impor tan t  iii  c onvert i n g petroleum to soil
orga nic m a t t e r .

Phice also observed soil-plant  r ela tio misl: i ps associated wi t h ac tua l  p inehin e spills , lie f o u n d  that
t he degree of oil pe ne tm a t o n  was use  sely related to soil m o is ture  content .  lie pointed out that
lie degree o f sat urat  ion as a iso rela te d t ~r t he a r i to u mi  t of oil spill ed . t op ograph~ a nd soil texture .

l ie also not ed that petro leum degradatio n ~ as en h a n ced b~ w a r m weath er  am i d t h a t  areas eit h er Un-
prod uctive or of low produc t iv i t y  for several ear s followi n g a spill even tual ly  became more pro duc-
tive t han befor e .

These results were followed wi th  f u r t h er exper i m en ta l  plot work . 111cc reeognii ed ce i ta i n  filter-
ing capab ilities ot the soil w i th  respect to crude oil and be found that c~lorIess and low viscosi t \  oil
fractions pene tr a ’e d to the lowest dept h s, lie a llo ~ ed t he hi eavi l~ oiled plots to r egemie rat e n at ur a1h ~
periodically cu l nv a nm i i g  half of ’ t he p lots. Rev ege t a t iomi was dela~ cii al m ost three years on the culti-
vated halves of the p lo t s  amid t o u r  ears on t i r e  uncu l t i va t ed  halves , pointi ng out the value of cult i-
vat ion in en ha nci mi g oil h rca kd iW li  and soil rest ora t ion .

I hunt  (1 9 57) observed oil r i l lu t i o m i  e tfects on tIme shores of Lake Michi gan and found that , al-
t h oug h large areas ot ’ m ars h vegetatio n w e re  killed in i t ia hl ~ . they gradua l ly  became re-established to
their  normal s t a t e  dii ri ii ~ 

a period of ’ f~ tir years.

h i l ts  amid Adams I 960. I 961 ) report ed the results of the i r  s tudies on the effe cts  of petrole u m
h~ diocarbon con lanu nat i o i l  upon the microb i al , chemical and ph ysical properties of soils and plant
growt h .  Mu st obse r vat i on s in volved na tu ra l  gas con tamina t io n. Th eir stu dies of hydro carbon ef ~
fee l s on soil pro perties indica ted  tha t . wi th  increases in petroleum co im ta ni ina l i on , orga n ic mat t e r ,
tota l carbon , a nd m u t r u g e n  were increased. Thi i~ was a t t r i b uted primarily to micro bial activity.  A
decrease in t im e o x ida t io n —reduct i on  s t a t e  of f l i t  soil was noted which was also a t t r ibu ted  to micro-
bia l ac t iv i t y ,  This was accompa n ied by a 1  increase in t h e  so hu h ih i t y  of iron arid man ganese corn-
pounds present - Th eir studies on natural  gas-contaminated soils indicated t h at soil p11 increased in
acidic soi ls amid decreased mm haste soils , indicat i ng tha t  na tu ra l  gas contam in ation res u lt s in a buffer-
i ng of the soil towards n e u t r a l r t s  . Lastly the y  observed tha t  ~vai h ahl e phosphorus increased in soils
co n t am i m mna t e d by na tura l  gas. This incr e ase was deemed a result of more favorable p 11 levels and
inc reased reducing c on di t i ons  en t r an c in g  t h e  y ield of iron phosphates in the soil so lut ion.

l I f t s  arid Ad arr i s ’ s t u d i e s  0 soil p h ysica l properti e s , as a ffected by severe petroleu m satura t ion ,
i ndicated that  disaggregat ion and dispersion of soil particles resu lted, making the soils very resist ‘ n t
to w e t n i n g ~ however , it was f ou n d tha t  once the soil ‘.vas wet ted , wat er rete n tion was enhanced. Tire
f a t t e r  condition suggested that more water  should he available for  plant growth. Soil hu lk  density
was usua lly lower arid soil por osity (usually restri cted to the micropores) increased un der hi gh
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petroleum saturation levels. They postulated th at these ch anges resulted front increased organic
m mi a t t e r  levels. In reviewimig their work and the work of others with respect to soil com i ta m m miat ion
by natura l  gas or crude oil and resultant plant growth , they concluded that  plant growt h was usu~
ally eli m inated or reduced for a period of time , after which vegetative product ivi ty  may he enhanced
over that  of uncontaminated soils, They felt tha t  the early restriction of plant growth was due to the
abundance of manganous ions resultim ig from tire reducing conditions created in contaminated soils
(si nce hi gher levels of available mn am mga n cs e can be toxi c to plants). Th e  condition of enh anced
gross ii at ha te r  stages was a t t r ibu ted  to I )  increased organic mu atter . 2) enhanced water holding
capa c it~ , amid 3) increased nitrogen lesels.

Khoke and Sahm ( 1961) and Kloke and [.eh~ ( 1963) reported on studies involving petroleum pro-
ducts (fuel oil and various m im ie ral oils) and t h e i r  effects on soil properties and plant growth. They
found t h a t  small amounts of fuel could reduce tI r e gr owth of ’ rape to a considerable degree. Attempts
made to reverse t he a dve rse eff ect s of t h e  oil h~ addi n g himi ders (straw , peat) and microorgam iism sub-
strate (sugar ) materials proved unsuccessful. A ccc ptah le solutions put forth for cleanup of oil-con-
tani inated areas were the m i i ixim i g of addit ional  amimoumi ts  of um n contaminated soils (reducing oil con-
ce nt ra t ion)  arid the removal amid replace m ent of contam n inated soils with new su bstrate m aterial .  It
was post ulated th at m i atural  regem m eration could take years , possibly even a decade.

Kloke amid L.eh ( 1963), in their  experiments with various mineral oils , found detrimental  effects
on plant growth imicreased v,’ l t i r  oil viscosity. It was held that the more viscous oils were retained in
the upp er portion of the soil horizon for longer periods and the more niobile less viscous oils were
readily leached out of (lie u pper soil layers. Seed germ im ination was found to be inhibited more by
the low viscosity oils. Th is was believed due to th eir abil i ty to penet ra te  (lie seed coat more readily.

Dohson and Wilson ( 1964) reported the results of studies oni respiratiom i rates in oil-contaminated
and oil—f ree soils as -a function of microbia l activity.  They showed tui a (lie cult ivation of contami-
nated soils could st im n ulate  soil n mm cr obe activity with a resultant breakdow n of h ydrocarbons. Th is
was a t t r i b ut ed to increased soil aera t i omi  as well as moisture amid heat pene t ra t iomi  throug h cul t ivat ion
which st im u lated soil microbial act ivi ty.

(;run i in ne r  (1964 ) in vesti gated t he results of an accidental crude oil pipeline break iii t h e  Nether-
lands. T h e  spill a f f e c t e d  approximatel y hO hectares of arable land and pasture underlain by a sandy
soi l. lie urh ser scd t h at , a l t h ough a ~gnif i ca n t  portion of t h e  crude oil seeped into the soil , the niore
volati l e fractiom i s were ev aporated rapidly prior to penetration.  The spill area was studied for three
years. Measures were taken w emihance soil fert i l i ty and to mOnitor damages and change s in the
physical and ch em ical properties of the soil. It was foumid that in spill~ of ally magn itude , the re-
moval arid replacement of soils was not feasible. It was rioted that in one area of the spill , where
soil was miiore recently cul t ivated , less oil accumulated.  This was attr ibuted to deeper penetration
of h e a t  and oxygen , resultim i g i n a greater evaporation of volatile fractiomis. Once volatile fractions
were l ost , remaimiing crude oil t’rac t ions were found to be nontox ic to plant growt h . Grummer felt
( f ia t  the miiajor considerations in such spill si tuations would be t h e  rest o ratiom m of wettahi l i ty of t h e
soil and its f e r t i l i t y .  This could be done by tillage a n d  additiomi of organic matter.  In this particular
s I tu a t ion  nor m al soil-plant re latio iiships were restored after th ree years.

Schwendinger ( 1968) published an analysis of the various problems associated with  reclamation
ni f oil-contaminated soils. lie pointed out tha t  there was a lack of published information of h ealth
h az ards , land damage s and cleanup proced umres associated with terrestr ial  ‘ill pollution. Summariz ing
the prior l i te ra ture , lie concluded thi a based upon pr evious work , sm im a ll am im ounts  of rn imiera l  oil or
oil products were not l i a rm rn f ul  in soil and , iii f ’act , m a y  he beneficial to plants. Large amounts of
oil damaged plants , niot I r o u t  toxicity hut th rou gh (lie fo rmat ion  of anaerobic and hydrop h obic
coni dit i on s which in te r fe re  with p lant-s o i l .wat cr relations h ips , lie fe l t  thi a the ac ual level at wh ich
oil woum l d damiiage plants was uncertain , but it probably was above I kg oil/ rn 2 of surface ,  lie noted
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that , although reclamatio n practices had received li t t le  atte nfi omi , li m ing, fertilization and nianuring
were beneficial .

Scliwendimiger conducted laboratory expen inients on plant growth in relation to oil contamina-
tion and resultant damiiage and symiip(on is exhibited by plants. He concluded that: 1) even sensi-
tive crops such as vegetables could tolerate considerable quantities of crude oil in the soil: 2) the
amount of crude oil tolerated by a crop was species dependent ; 3) oil pollution symii p onis exhibited
by plants were typ ical of those exh ibited in cases of extre m e nutr ient  deficiency; 4) since oil pollu-
tion sym m ip t om rm s were inversely proportional o water uptake , plant damage was probably due to dis-
ruption of plant-soil-water relationships: and 5) oil pollution datuage to plants could be minimized
by h eavy f ’ert i l iz ation , The latter was attributed to simple mt iass action forcimig (lie necessary nutri-
ents into the plants.

Schwet idinger also felt th ia (lie microbial breakdown of petroleumii could be of benefit in site
restoration , lie noted hia while microbes capable of decomposing petro leumn are present in time
soil , it is still not t h eir normal subst rate arid t itus a considerable period of time is required for the
adaptation of microbial populations t im petro leum , He postulated th at th is tin ie period could be
redu ced by in oculating (he soil w i t h  pr eviousI~ adapted organisms. From the results of laboratory
experim u ents it was comicluded that  this it i et h i u d might he possible for field app l icatio n , especially
if coupled with fer t i l izat ion.

Baker ( 197 1) publis h ed t h e  results of lien work oil p ’tro leu m mi i pollution of salt mimarsh plant conu-
mli unities iii England. Thi s work in volved n a t u r a l  vegetation , im i con tr ast to most previous work
which dealt wit h cultivated species arid laboratory s t u dies .  11cr studies of a single oil spill indicated
t h a t  da m age was short-term and was followed by p l ami ( regrowt h front (he roots. Most annual
plants , during the recovery period , could he expected o exh ibit reduced gem ni n ation and flower-
ing. With some species , growth st imulation resulted. As a rule , species inm ost susceptible to da m age
were annuals , h aving smaller underground root systems amid associated smaller t’ood reserves, in suc-
cessive spihl ages certain species sh owed greater resist amice tham i oth ers.

Oil pollution was also followed on a seasomial basis amid damn - age was niore severe during the hot
su mmer months. Oil-soil relationships were also discussed. Baker poim ited o u t  t h at certain plants
allow oxyge n dit ’fusion down ward fromii their  sh oots into the roots. Th is the supp ly of oxyge n is
hindered by the app lication of oil o ti m e plan t shoots. Baker also studied comparative toxicities
of oils and oil fractiom is and (lie effects of oil on physiological processes in plants. Her results indi-
cated t hat (lie more volatile fractions of crude oil were m uu ) re toxic, amid t hu i s I’resh cruide was more
daniaging thi a m i weathered crude oil. In resp ect to plant physiology , it was th eorized th at oil pene .
(ration into a p lam i t disru m pts cell niem iibra n es , reduces tramispiratiomi rates (sto rn ata l blockage), in-
creases resp i rati omi (possibly front nu itochom idrial damage), amid i mi h i i h i ts  trans lo cati on of water and
n utr ie n ts. The severity of all of t h ese ef ’fects would be dependent on t h e  amu ount  of oil , its cliemi.
ca l pro perties , enviro n mental comiditio n is amid the species of plant affected.

The preceding paragrap h describes (lie effects  of petroleum upon plants themselves. However ,
t h e  niore volatile toxic fractions of any petroleum spill are lost very rapidly and have no long4erm
role i m i controlling plant growth iii conta m inated soils.

In summu ary , the works previously cited show that  in oil-contaminated soils microbial popula-
(ions are changed : total number of microbial species decreases while the total numi iber of organism ils
increases. The question still unresolved is whether a change in m icrobial mium im bers and species af-
fects plant growth , or whether t h e  presence of rem aining petroleum fractions brings about resultant
change s in the chem ical and physical properties of the soil which then affect plaiit growth . If both
occur , to what degree is plant gr owth affected by each? Wit h respect to change s in physical soil
characteristics th at initially occur , organic m a t  ten is imicreas ed , soil particles becom mi e disaggregated
amid dispersed , soil aeration is decreased and water we flabih ity is interfered with. However these
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com idit ions gene r~m I h y i nu pr ove wi flu t im e .  (‘hemical cli i miges include: I ) the creat i om m of red ui c im mg
comiditiotis , 2) the forcing of soil p hi towards m m eui t r a h i ty .  3) a decrease in t h e  oxidati on .r eductto n
potential of lIm e soil , 4 ) an  increase iii the so lubi h ity of iron , 5) au iticrease u t  availabl e mnamigamiese .
6) ai m increase in mt i t r a t e  productio n , and 7) an t imicrease iii -available p h osph orus.

I t is f’e It t h at me reason for  the dccl im m e a mid dc-a th of pla mit s in pet roheu mmi —s a t i t ra ted soils is (lie
m m ma m ig aml e s e t oxic i ty  r e su i l t im i g from its imicr eased avai l abil i ty.  It is also kn owm m that seed ger mi m lai iomi
is de la~ cii om inhibi ted in oil-co n ta m inated soils and (hi - a t (lie suspected catise s are disrupted soil
m m mom ct m i ne reg mmnes amid possibly ion toxicity.  At t emnp t s at re c iami ia t ion of ’ pet ro l eu n i-c o m i ta m i i im ia i e d
s n i ls iii t e mnp c n i t e  regions have been gem i er a llv successfu l with cu l t i v atiomi (mi lk ing for ox idit im ig comi-
di m j o ins ) ,  te n ih i iat  m im i . - arid hi mim i g . It is also rec ni gm i ized tim - at  periods of ’ emihamiced growl Ii ca lm occur

the la t te r  vi .iges 1 ‘ ml ~k gm ida t iou . Th is is gemie rally at t r ih ui ted to ami in crease in n u t  ro gemi and
m Ime h e m m e r  s~ .i men  I e l e n i t i o n m m  i’~ time soi l. S o mmme recent im m v e st igaf ions (Gus eym iov 1964 . l’opof ’f ’ 1966 .

~ ‘s~’ r s n m i  197 0. I . it ta h , u i ud Won 1970 . G uid i mm 1973) indicate  that  (lie alkal i n e ex t rac t s  of oil have
va n t outs hii ’hoguL ’al ~‘t I e c t s  .nuu d .i m e c o nnu p le x t il ix t tires of ’ n in olecules which c :m m m possibly h i - a ve a u x i m m m c ,
gi hhe m ehhm nim e i m m h u u h m t o r s  ef ’t e L t s ,  G u d t m m  ( 1973) huts puit  f’ort hm the hypothesis t h at ( li e pre sence of
t hme ~ ’ 1’ l .uuut  g i i ~~i hm me g u m la no ns  in oil is l u rk ed to i ts  biolog ica l ori gin.

PART II .  ( ‘RR L L lNV l~ST1G AT iONS FROM 1970-1974

In i t ia l l iterature survey (19 70)

A f i ( e r a ( u i r e  smm n ves  comid u ic ted  mm n late I 96°) amid ea r l~ 1970 b y B .hl .  McCowt i . J. Browmi amid R .l’.
M t i r rmi iamim i  appeared as a L I SA (‘RR I ’ L T e chu mi l cal Note i t t  April  1970 (u m np u ih h is h i e d ).

Th is report  provided hack grou muu d im r f o rm u i a t i o ui  necessary ( ‘or i m l i t i u t i ng field amid laborator y iuives t i-
gat iomis in Alaska during I 970 . It i im c l u u ded iii f ’orm m iatiom i on oil pollu ion itt mu ar i mi c environmetits .
cleam mu mp procedures known amid established , ami d u t  or t u atiom i deem ed liu portam i t in deter rn imiing the
e ffects of oil spills t in - arc t ic  amid su ih arcti c ecosy sterns.

This survey po imi ( ed out t u e  dearth of ’ research u tiforn iatiomi on oil spills amid cleanup procedures
in temperate amid . p ar t ic ular l y . iii an etic amid subarctic reg io n s of ’ t ime world. Mo ist of t h e  imi fo rm u atm o mi
was gleaned f r o n t  stu idies of oil spills iii m ii arinc enviromim etu ts ( ( amiker and ofishuore well losses) and
the use of ’ refined p e tro l eum mi products in pesticide fo rmnu lat i on is.  The f ’atc of petroleum in marim ie
enm viron n ients was discuisse d arid c le am iuip procedures known at t h a t  timm i e were reviewed hi some
detail.

A t h eoretical section of (lie report comicerned pro b lemiis of co u i tam i m ta t i o m i  amid sumhse quent cleam i-
up proced u res iii arct ic  amid subarct ic  ecosystenis. Critical air-grou n d heat balances in per ii iafr o s (
areas amid possible severe local p er t u i rha t i o mis  t h a t  cou ld result from aim oil spill were of primiie con-
cci m m . Thu s , it was p ir stu i la ted tim - at  dest ructi on i n i t ’ (lie in sulat ing vegetative rnm at ~‘omnmh ine d wit h black
body absorption of solar radia t i um m m could resu i lt  in increased thaw amid p erm iiafrost degradatiom u . Pos-
sible toxic eff ects ut oil on uinm dr a vege al iont amid living systemmis iii fresh water sf reami is were also
discussed . 1mm considering the effects  of oil on plants . it was thm eor ii ed that  some arctic species were
i minr re  res ms ta n mt  t i n  oil c oml t amtml mma ( iomu than oth ers. Th e  occurrence of tundra  species surroundi n g
na tura l  oil seeps m um u iouhe r mm Alaska was cited as ev id em ice for Ib is (h l an n a  1963).

Vari ous cleanup procedures were cumn sidered f’or arctic reg iomi s. The tise of dispe r sants was dis-
t’oumu i t ed due to possible toxic e f f e c t s  amid a l teratuons of the n a t u r a l  ecosystemi l . Burning was niet i-
i mon ed as am ’. a lter n ative : however t I m e uih i qu i ious wet con ditions on the North Slope were seen as a
Imnmim t at io i i  mu th is procedure , as was t h e  iticreas e d fha w that  imu ig h( result im i permafrost soils if the
i ,ns u fat ive vegetat ive mat were altered or removed. N ontox ic coating and absorbing agents were dis~
cussed as pla um sible altermiative s in prevent ing the spread and reducing the contamination of oil to
wil d lmte.
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Th e  literature survey concluded with  a discussion of t h e  relevance and need for moore work
iii cold regions. This contained much of flue rationale wh ich governed (hue research work reported
lu cre:

Considerimug mu o only (he recemut oil discoveries in Alaska but  also various complex
tuu i lit ary operations stich as the U.S. Army ’s hl aines -Fa irh am iks petroleum pipeline
the occurrence of oil spills omu arctic and subarctic terratmu is h i gh l y probable. Th e
it lup ort ance of each spill will be dictated by its location. Those in the vicinity of
concem itrations of ’ wildlife amid mu ear fresh water supp lies are potentially disastrous.
The obvious best course of ’ action is to develop an efficient technology in oil pohlu-
( io n control prior to the occurrence of any mator oil pollution imicident in the
Arctic. In am u y case , we sluou uld not create moore destruu ction in iiap hua i~ard and un-
adapted cheamiup at tempts than would have occurred h a d  we just lef ’t (he oil alone.

Th e  survey was updated during 1970 (McCowmu et al. 197 Ia) .  E ssentially it covered previous re-
search on the effects of oil pollution on terrestrial ecosystems and is miot detailed here as it wotild
be a repeat of por fl oims found imi the literature review section of this curremut report.

Oil detection kit development

It is appropriate to note that durim u g the initial literature review phase ( 1970), Dr. Paul Murr nmna n mu
(LI SA CRR EL) developed a field-exp edient techni que to analyze for the presence of pe tn oleumm u pro-
ducts in soil amid water (umipu blis hued). T h e  muefluod utilized (hue princi ple th at miiole cular comu pot mn ids
presemut in crude oil and most petroleum products fluoresce when exposed to ultraviolet light. A
portab le , battery operated kit based upon this princi p le was assemmibled for use im i ev al uiat i mu g oil con-
ta luui t iat ion problems in the fIeld.

Tile approac h f’or analyzing the petroleu m products was to extract oil t’rons suvil os water vising a
suitable solvent. For semniqua mi ( itat ive analysis , a series of standard solutions containing kmmown
at u o um t m ts of petrole uunu was prepared. Test samp les were extracted using t h e  sam iue solvent. By imu atch-
hu g flue flumorescent i n tensity of t h e  test sample 10 tim - at  of a s(a imd ard wi thin  an ultra-violet ligh t box ,
it was possible to estimate (lie amo Un t of oil present. The exact procedure for each use depends onm
t h e  type of ’ test arid test conditions. E xa i m m p le procedures used successfully by USA CRR E L for
these dif ’I ’eret it applications are imidi cated below.

Ds ’g t ’rnuin a rioup m u i ’ p etroleu m in soil. The following procedure has been used to
detect oil contamimirmat ion , to evaluate mu m e t h iods for cleaiiup of oil ’contamiiii iated soil ,
auid to deter niuni e the ex en ut of unovensent of ’ oil in soil under different environmemi-
ta l co nm dit io mus ,  In eva lumat in g a m i ui mni her  of solvents for use in oil eXtr action , cyclo—
hexamie was f ’ou mud to he umiost suitable. Cycloh iex ane does not fluoresce , is relativel y
nonvo latile , and extracts  oil fron u soil with a high degree of efficiemucy. It has been
determined ( li - at the soil organic matter extracted does not interfere with the pro-
ceduire , as was previously a serioums prob lem im wi th  less sensitive , tedious , grav im imetric
mu i& ’(hi o d s emp loyed for analysis u i f oil co n ut ami i inatio m i of soil. It is possible to deter-
um un e as l i t t le  as lOp g of oil per g of soil usi ng the suggested procedure. Care
should be taken to avoid com mta m i iu a fl on with “fi n gerprint ” oil during (lie procedure .
Any co n mta u m u imia ( im u g suibstance such as asphalt from roadways mu e ar the test site will
seriously imit er fer e with flue test.

A. Prepare a series of stam idard solutions cont a imu ing fro u mm 10 to 10 ,000 pg of oil
per n i l  of cvclo hex am ic solvent. In preparing the stamudards , use t h e  samu ue oil com u tam it -
in m an mi g the test area. If this ~5 lint practica l , use unil  as similar as possible to (lie type
of contamm u inmat ing oil. It is min t necessary to -add soil to the standard solutions since
mtn o St (it tIme oil re i miaim u s iii tIme cyc loi u e x amme phase and time test is selmui quani ita l  lye.

B. Mix S ml of cyclohexane sohveiut with S g of ’ oil -co iu tat uuui al ed soil.
C. (Ising a capillary tube , carefully place one drop of each standard soltition on

a filter pap er. Al t cu mmpt  to co m utain the soh uit i on wi l h imm as s itu - all  aim area as possible.
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Au alterna fi ve procedure is to saturate  smmua ll filter paper disks (prepared usin g a
pape r punc h ) with flue test solution. The solvent evaporates in bot h cases leaving
an oil residue ,

D. I n the sante mariner as (C) above , prepare another filter paper using tI m e test
solutions.

1 . Place the filter pap ers containing the standards amid test samp les into t h e  ultra-
violet lig h t  box.

F. Estimate the amount of oil by matching tIme fluorescent intem i si t y ot’ tIne test
sami u p le with that of a standard , It nuay be necessary to interpolate between two
stamu dard s ,

Determination of p etro!eu,n in water. T h e  following proced umre has been used to
detect oil and to deter m ine the amount of oil present as a surface t’Ilm m i or as an
enri ulsionu in water. In preparing standard solutions , use oil of the typ e suspected of
con taminating flue water , being carefu l to avoid conta nuu ina ion with finigerpr int s .
etc. during the procedure. As l i t t le  as 0. 1 pg of oil per nil of water can be deter-
mui i n ued using flue procedure oufl ined below.

A. Prepare standards contaim u ing hO to 10 ,000 pg of oil per nih of cyclohuexane.
B. Prepare test sanmp les by extracting 100 ml of test water with 1 ml of cyclo-

hexane.
Identzficatio,z oJ’ tvpe uf co mtaminating petroleu,n. In addition to detection and

semiquantitative analysis of petroleum ut in soil and water , the test kit can sometimes
be umsed to tentatively ident i ty  the type of con amul inating oil present. This determin-
at ion is based upom i tIme ch uronnatograp hic process whic h occurs whue nu concentrated or
bulk oil is placed on filter paper. The ch ient ical conu mposition of oil varies , Wh en a
drop of oil is placed on the filter paper , the various chemical components move
away front the point of application at different rates depending on the degree of
inuterac hom i wit h t h e  filter paper. Th us , a fluorescent pattern wit h characteristic
size , intensi ty,  and h u e  is produced for each type of oil. If (he oil froti m the test
area c-arm be matc ln ed wit h knowmu sam ples collected front suspected sources , it is - :possible to obtai nu a preliminary identitica ( ion of the source of oil contamination.
If hulk oil cannot he collected front the test soil or water , it mn ay be possible to
examm u ine the oil residue rem u iaining after evacuation of - a  solvent extract.  Howeve r ,
care sh ould be used in t h is approach siiuce ag ing of oil in t h e  env ironm ,u ent nuay
change its fluorescent prop erties. The above field expedient tec hmi ique can obvi-
ously he made mmuore sophui sticated by enmp loying various chu rom uuatograph i c station-
ary phases and different solvents in deve l opn u emut of the characteristic chronut atogram.

Survey of Ca pe Simpson , Alaska , natural crude oil seepages (1970)

Na tt ural  crude oil seeps occur at various locations oil the Arctic Coastal Plain and , despite kmm owl -
edge of their existence for better than 70 years , research on these has been primarily geological .
with somime observations on ani t mia l entrapm iuen l and hone preservation in the tar (Fig. I and 2). Most
notable of these reports is tha t  by I lanna ( 1963). These seeps represent a situation in which oil
and its residues have been in contact w i t h m the local environment during an extended period of
ti i m me . offering a natural  set t imug for (lie observation of crude oil contam uu ina fl on effects in arctic re-
gions. A series of natural  seeps near Cape Simpson (Fig. 3) was studied during the sun ii mne r of 1970
(McCown et al. l97 1a) , Th eir objectives were the following:

To determmiine the l ong - termmm reaction of tundra plant species and soils to the natural  presence
of crude oil and its nuu icrobia l degradation products.

2. To gain inforn ruation ouu which arctic plan ! und microbial species mu’uay be adapted to the pre-
sence of a hydrocarbon-saturated rhu i iosp hu ere.
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Figure 1. A ersal view of ’a natural oeeurr ing ( ‘rude n ‘ii seep, Cape Si~ ij ,.in m, A lasi~a.
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hgure 2. Bull caribou trapped in the tar residu e of a natural crude oil seep, Cape
Simpson, A laska.
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of ’ oil and gas set-ps are indicated (Mc( ’own 1971).

Arc t ogrosi~s lot foho

c ore. oqu oulu s

4O tI~~~~~~~

Distanc, f r om 0 I S e p  (M,i.vs )
A B

Figure 4a. The correlation
between depth of soil active
lay er (depth of seasonal
thaw) and transition f r om a Figure 4b. Growth of Carex aquati h is.
Carex aquati lis community A) Carex aquatilis plants showing in-
to an Arc agrostis latifo h ia creased growt h and advanced phen-
community in a transect ologj when growing at the edge of
along i/it ’ edge of a , iatura l the seep; B) as compared to the
oil seep at Cape Simpson , plants unaffe cted hi’ the seep (McCown,

Alaska. Bro an and Barsdate /973).
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Dume to time r e levant findings of th u s researc h effort , it will be reported lucre iii  considerable detail :

The seeps conu~ist~d primaril y of an asp hualtic material creeping downh ill in elongated stre anus on
gent ly sloping groun d , t er nuu inating at the shores of small lakes or lagoons. New oil f l ows were most
often in the cen ter of the asphualtic areas but occasionally were found in nerip hm era l areas , frequentl y
flowing along ice wedge contraction cracks into the surrounding tummdra .  Large areas to the sides of
these flows had sparse vegetation over well-oxidized asphalfic materials , suggesting that major active
seeps and (lows were once in positions different from present flows.

The seeps provided evidence of successive stage s in muat oral oxidation and degradation of oil ,
Fresh oil was foutid to be quite fl uid but it eventually formed into  tar t h roug h the evap oration ot
volatiles. Wit h weat h ering, an asphalt was formed whic h appeared to be quite resistant to furt h er
chan ges. Whicmi oil , tar or asphalt caniie into contact with free water , degradation into a gummy li gho
brow n nu ua eria l amid evemutua l ly im i to a loose brownis h hunuu us occurred , The lat ter  appeared to be a
water -oil emulsi omi , wi t h  water as the continuous ph ase. Microorganis uu is were evident iii t h is emu ls io im .

Whenu compared to undisturbed surrounding tundra in (he area , flows were foum u d to he 3
0 to 5° C

waru t uer during the day am i d 1 ° to 2°C warmer at nig ht at depth s of hO ciii . Depth of t h aw was meas-
tire d a l omug separate tram isects amid t h aw was greatest rue -ar the seep (Fi g. 4). Thaw abruptly decreased
between 2 amid 3 iii fr om u i flue edge of tIme seeps. Ch iamiges in th at area were c’ incidem ut wit h chua m uge s
in vegetation.

It was thu eori ze d thu - a t  greater i luaw dept h s observed near t h e  seeps resulted front the cr e atiomi of a
“ hiaw bulb” by t h e  seep. Ilere energy absorbed by (lie black surface of the asphalt , and possibly
direct umud e rgroun u d lie -at lu m put  by nietv oil flows , resu lted in time t bn aw of (lie surro t unmd ing per mmm af ro st.
I)rainage of water fromim the st mrt ’ace of the seep and along its ed ge aided forn n atio u i ~1 such a bulb.

h ’Iauu t species growimig imi close ass ociatiomu wit h  time seeps . both at (hue pc p licu y and wh en entrapped
by flows . j rnciu dL’d /-.‘,-/op/rorum s( ’/k wc’/?:cri and Carex aquatills. Plants surrom inded by the seeps had
t h eir root systc n ns embedded iii tI n e tar wi t h m no visible deleterious effects. Representative plants of
both species growimig in areas where flows were in contact -with water exhibited more vegetative
gr owt h a n d were nm ore advannced phi emi ologica l ly when compared to plamits in the surroumudimig tundra .
Whether thus  was time result of h igh er gr ot muid temiuperatures around flue seep or ot h er factors , such as
nut rient availabil i ty or presence of s t iu iuula t ory chuet ut ica l s . is umnknown.  Only when plant foliage was
covered wit h an oil dep osit was imujury to t im e pla n u s n oticeable. Petro l e t mu u u h ydrocarbon content
levels ( I t  soils adj acent to seeps were in sign ificant (<0 .1 nig oil/g wet soil , except where tar was cmi-
courutered m u time pro f ile ) . Based on the previously reviewed findings (Carr 1910 , Ellis and Adams
196 1 . Schmwcr u dinger 1968), t huis would probably not have a strong influence on plant growth.

( ;r adm iah r evu.-~c t :m ( j o nu  of i n a c t ive  seeps was observed , Successiona l stage s appeared to be pioneer
l ic h iemus and mosse s, followed by pockets of carex and Friophorum wh ere water was entrapped and
t u m talI ~ to  aim .Ir etagr ost is co i n uu i n uni ty  whuen soil conditions became colder and seasonal t h a w  became
shallower dmme to ium creas cd plant cover.

A l t hn oug hm not i ncluded iii t i me publis h ed rep ort . time following is au excerpt fr o m u i t h e  closimig
stateme n t  of a pre l i mnu imiary drat ’t whuic h i  se enum s appropriate amud per t inent :

lu i jury  to p l a r mt foliage as well as the p hysica l disturba n ce of time t i merm um al balance
(I f tundra  ohserved at flue seeps m a y  he coni nuo ;m r e sults of actual  oil spills cm arctic
terrain.  However , the degree to whic h t h ese effects occur m u may be more pronounced
than was observed at time seeps. TIme evaporatio n of volatile fractions of time crude
oil , ol ’tcn containi n g toxic compomuents ut may have been atm iuul p orta ui t factor at time
seeps iii reduicing sluort- teruit  damage. Less evaporation befor e contact wit lu foliage
would be expected during actual spills. Phmysica l perturbatio n s, even when first
deemed minor , muu ay cause extensive dam image to ice-ric h tm ndra and result in perma-
frost degrada fl omu and subsequ n emut erosion. Such disturbances will be an important
consideration in subsequent cleanup at t eu mm p t s .
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Haines-Fairbanks military pipeline investigations (1971-1973)

The hlames-Fairbanks pipeline was chose n for study beginning in 1971. The line was of interest
for several reasons: 1) it was the only major pipeline in the subarctic traversing a variety of vegeta-
tion and soil types; 2) it had construction stages both above and below the ground ; 3) it was con-
structed without a protective coating to prevent corrosion (protective coating was available at the
time of construction); 4) forty-one recorde d spills had occurred at various locations along its route
since 1956; 5) spills were of different age s and sizes and on varying sites , which provided opportunity
for assessment as to long- and short-term effects on various ecosystems. Partial results of these pre-
lintinary investigations have been published previously (Rickard and Deneke 1972 , Hunt et al. 1973);
however , other results have not been reported. Due to the considerable importance of these investi-
gations and in an attempt to bring all of tI me information gained into prop er persp ective, the follow-
ing detailed summary is presented.

The Haines-Fairbanks pipeline originates in the southeastern Alaska deepwater port of Haines ,
traverses 1008 surface kilometers throug h Canada and Alaska and terminates at Fairbanks, Alaska
(Fig. 5). It was constructed in 1955-56 with pipe 7 nm niu thick and 20 cnu iii diameter. It carried a
variety of refined petroleum fuels to military bases in Alaska. The primary fuels pumped through
this line in cluded:

I .  Diesel Fuel , Grade DFA
2. Aircraft Turbine and Jet Engine Fuel , Grade JP-4
3. Automotive Combat Gasoline , Grade 95C
4. Aviation Gasoline, Grade 114/ 145

Increasing muu ainte nm ance Costs and decreased strategic importance , co m bined wit h recent environ -
mental considerations over recuri ent accidental spillages, resu lted in the shutdown of (he line in
1972.

Upon completion of pipeline construction in 1955 , water was pumped into the line for hydro-
static testing. Withi all system ums working, the U.S. Arnt y assumed conuumand of the pipeline opera-
tions in October. However , when petroleum was introduced into the line , it would not pass through
the pipe. Water used to test the line had not been completely removed and had frozen inside the
pipe , blocking petroleum flow in several locations. In January of 1956 , efforts were inu itiated to
deternm i ine the locations of the ice blockages. When located , the pipe was cut and the line then was
purged and the fuel allowed to run onto the frozen surface. In sonme instances at tempts were made
to construct catchnient basins but these proved impractical because of the froze n ground. The rate
of flow front the open end varied , but often exceeded 500 barrels (bbh) per hour. The exact amount
of fuel loss could not be assessed with any degree of accuracy. However , un official estimates have
been put at 50,000 bbl of fuel lost during deici nu g operations at 28 known cuts.

The method s used in the deicing work were experimental. The main objectives were: I)  clear-
ing of the line as soon as possible; 2) conservation of tIme product; 3) protection of natural resources ;
and 4) safety of personnel. Whenever possible, cuts were nuade away front inhabited areas and with
consideration given to drainage systems. In at least one instance , fuel was burned off. This niethod
was later discarded and the fuel was left to dissipate through natural processes.

In addition to the earlier losses resulting from the deici mug operations , ruptures of (he pipeline
have occurred during its operational history. Of these , six were attributed o corrosion and (hue re-
mainin g seven were caused by nian (Table I) .

Init ial reconnaissance — 1971. Betwee n I 2 and 16 June 197 1 , the entire pip eline route was
traveled to locate known pipeline breaks and qualitatively assess dantage done at each site. Follow-
ing are the locations that  were found and the observations as reported by Rickard and Deneke
(1972):
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Figure 5. Ilai nes-F air hanks rn ilitar n ’ pipeline route fr om I/ a loes terminal to / ‘airha,zAs adjacent
(0 the Haines and Alaska Ilighwau ’s (Rieka rd and Deneke 19 ?)

Table I . Accidental petroleum losses along the Ha ines-Fairbanks militar y pipeline
(excluding 1956 deicing losses) (Rickard and Deneke 1972).

P ipeline
milepost
l, ’eation5 (~a:,se

Spring 1956 33. 5  Bu ttet hole (unknown

.i Nov 1 964 3.0 (‘orros i,,n U n k n own
I S  Dec 1967  42 0.0 Vehicle hit vat ve U nknown

Summer 1 967 585.0  Power pole aug er Unknown
i 7 May 1 968 I t 9 .t  (‘orr osion 4000 hhl

20 June 1968 1.9 Corrosion 100 bbl
14 July i968 1 14 . 5  Bulle t hole 200 1, 1, 1
22 July 1968 6.5 Curro sf on SO hhl

3 I)ec 1968 17 .7 Corrosion 800 ishI
18 May 1969 5 1 1 . 0  BuIlci hole Unknown

12  June 1969 290,0 t iuttem hole iOO hbt
28 Sept 1970 19 .5 Corrosion t 800 hbl

Oct 19 7 2  580.0 Corro sion Unknown

Table II. Locations selected for intensive stud ies
(1972), Haines-Fairbanks milita ry pipeline.

Pipeline Elevarion Slope Aspect Parent
milepost (em) (%) (degrees) material

1.9 i 22 IS 180 Alluvium
119 .0 730 20 08 2 Bedrock
19 7 . 1  820 25 060 Alluvium
207 .6 790 6 035 Alluvium
2 17 .0 620 3 085 Alluvium
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Milepost J. Y~ 20 J une 1968. l x e r n m a l  corrosiomm of tIme pipe cause d a weak spot and , under
pressure . a hole developed itm t ime pipe resulting in f uel  spraying 30 nm into the air and saturating
the su rroumuding \egc ta t ion amid soil dowmuwind for 30 to 60 mmm. All vegetatio mu was killed . includ-
imug hm en ul o e k (Tsu ~u,’a he ’ter ophvlla) . wh ite spruce (Picea glauca) and h alsam im pop lar (Popu lus balsam-
:j t ’r a) . A sc il p it  i i m time gravelly substrat un u u m u  thw nmidd l e of the kill area had a strong fuel odor
down 10 50 e mm i .  A smmua hl strea m pass liug t h rough tIme area h a d  so im u e oil l i l mmm (in the surface. Som e
new cro~ t I m of woody plants was muoted , and a few aim miua ls were hegim m nming to be re.estabhistmed on
th e banks of time somali streamil.

Milepost 3.0, 3 ~ ove,nher 1 964. A rather large corrosion huole released JP -4 into a garden. The
leak was tlrst detected from time pres eim cc of fuel in a sm umall drainage stream th at runs through the

~.rea . Time l och ssas disch arged i l mt o time s i r e a m m u amid followed it t imroug lm a residential area amid into a
iuear h~ st r e ammm. Th ere was no apparemmt dam u mage to vege (atiom u other th u an iim the garden and no fish
kill was reported. The soil is imi g luhy organic. At the im lme of imi vestigatiomm a strawberry patch was
growi ng oni the locatiom i and nuo visible aftereffects were evident.

.%Iilepost 6.5, 22J uh ’ 1968. Th is was a very sm u mall corrosion leak occurrimig in a smmma ll drainage
basin . Time pipe was buried at this location and time fuel apparemtt ly traveled down the valley into a
soma lI st re a n m i and eventuall y into a large river. Repair crews excav uie d the pipe , repaired the leak
and reburied tile p i pe when finu ished. A soil pit in the valley cenu er had a strong petroleum odor
down to 60 cm iii (lie tine-grained nuu imuera l  soil. T h e  surface is current ly  covered w ith u a luxuriant
growt h of bronue. Sevemu to 10 small birch on the peri iu m e ter of the area were amm u on g the dead vege-
tat ion present , but it was miot possible to distinguish if deathu occurred from tIme spill or from nuech-
anical dam umage in excavating the pipe.

Milepo .ct /7 . 7, 3 De ’eember 1968. A sn um ali corrosiom u leak in a buried por t ionm of time pipe resulted
m m  an estimmia l ed loss of 800 bhl of fuel. Sonic large cottonwoods and alders iii a nearby depression
exhibited severe die .ha ck sym ul p o mmms apparently fronu the effects of time fuel. Two of 10 large cotton-
woods had a few leaves imu somime upper br~muches. In addition , a nut itber of new branches were grow-
m u g  Ir omm u t ime bases of the alders. h owever , he inuter ior of thue stand was devoid of lower canopy
ve getation . wh ereas adjacent areas sh owed luxuriant growth.

Milepost / 9 .5, 28 September 1970. Aim Alaska h i g h way Dcpa r tm n ~ ’t employee canute upon a
pipe h im u c rupture  soonm a f t e r  it hegam i and closed a valve that was withinm 100 nu of the break. The
spillage llowed direct ly  into a snial l mountain stream amid into oth er river tributaries. Fisheries
biologists found sommme fish kill and damage to spawning beds and bottommu life. Vegetatio n along the
stream app eared to be undanuaged.

Milepost 33.5, Spring 1956. This break was cause d by a bullet hole in the pipe where it crosses
over Little Boulder Creek. lmm i m u ued i ate loss of pressure led to the quick detection of the break. The
fuel flowed into he rapidly moving stream and apparently was dissipated. No reports of danuage to
aquatic or terrestrial habi tats  were made.

Milepost 114.5. I4J ulm ’ 1968. A bullet hole caused by target practice produced the break at this
location (beside a garbage dump (in a north-facing 20 slope). The pipe was buried following (he in-
cident and (he area was greatly dis urb ed so that no reliable indicators of vegetative damnage existed.
No vege ati omu was growing in the area in 1972.

Milepost 119 .1 . 1 7Mav / 968. The inmit ia l  spill area was located sonme 200 nu above the
west batik of l)ezadeash Lake , Yukon , Canada. This spill is considered by the pipeline personnel
to be the most significant in the I 5-year history of the pipeline , as an estinm iated 4000 bb i of diesel
fuel was lost . Soils imi the area are highl y acidic and corro sive , resulting in the eventual leak in the
pipe . Large quantities of fuel permeated down the slope and out into the lake before the leak was
located. Strong prevailing winds scattered (‘mid aiong, the north shore of the lake up to five or six
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miles away. Straw was scattered oser time water to absorb the fuel and was then collected and
burned. A small cleanup party was left at tIme site for months to clean up any fuel th at appeared.

A comm tp lai im t was received iii late June 1970 that the shoreline wh ere fuel had been collected was
turning reddishu-brownu . Analysis of water amid soil sanm ip les by (hue Federal Water Quality Laboratory
of Portland , Oregon , showed time color to be the result of iron oxides iii the water and not fro m time
diesel fuel spill.

The 1972 reconnaissance revealed t h at all vege atiomm iii the in mn n ediate area of tIme spill was dead.
Elevated nsicroreIief in (hue area , apparentl y above the greatest oil concentration , hiad nnoss cover
growing on it .  Soil pits at the bottom , middle and top of time stope all bad strong odors of petro l eunm.
At least one area was observed where fuel was actively seeping to the surface. Fishing has apparentl y
returned to nornia l on the lake since (hue significant f ’ishm kill reported at the tinue of (hue spill.

Milepost 197.1 , 30 Ja nuar~’ / 956. This spill area was on a north- to mmort lu east - f  acing slope wit h
the pipe nearly ~ m mmil e from time bottom u m of time slope. Time fuel was allowed to run down tI m e slope
when the line was cut for purging. MI species of ’ vegetationu were killed at the timmm e of tIme sp ill.
Somite grass was growing in an oW tractor trail  t h at traversed tI m e area but  very l i t t le  other miew vege-
tation was evident. A few small white spruce I S  to 30 cmii tall were gro wing withtmm time area. There
was one area where the surface organ ic nmat had been washed away leaving a sn u mal l depression 3 to

4 mu m in dian ieter. Othmer visible evidence of slope mimove ment was present as S to  hO cm cracks could
be seen where the m u mat had pulled apart.  Strong petro l eun mi odors were found  in all soil pits  dug on
th ie slope. Somite hummi m ocks had nmoss and l.~mb ra do r  tea (l.ed un, gr oenlandicum) gr ow :mmg on thucnmm
wi th mimm time area. Time lower portion of the slope had been disturbed throug h l ine co m u struct ion ammd
abundant  whu ite spruce regeneration had resulted.

Milepost 207. 6, 2 Februar y 1956. Ihis was a large area 60 mum wide near the p ipe formm u imm g an
in uverted V-shape 500 ni iomig downu a gentle slope. Vegetation was completely lackimig in time Center
of t im e mau i spill area. Soil pits were placed in tIme kill area and on time f r inge.  Odors of petrole m ini
we re present m m  all wit  Ii time soil fro ie mm at  20 cmii.

Milepost 21 7.1 , 9 Februar y 1 956. Spillage here was over an area 30 iii wide amid 100 m um long on
a very gentle slope . The soil appeared o be very well drained. A fire h a d  apparently covered the
entire area prior to tIme spill. Areas outside thme spill had good spruce and nmoss growth. Within tIme
spill area a nun iber of young spruce . Labrador  tea a n d ot h er plants  were gr o w im mg. Of all the 1956
spill sites th is one had t u e  imiost abundam i t  a nu mount  of vegetation.

Milepost 244. 7. /956. Time exact date of this leak was unknown as a valve was left open by work-
nien wh en time line was beimmg purge d in 1956. An ummknown quan t i ty  of JP-4 fuel leaked out over-
m m ig h mt in to a smmta hl s trea tmm and ove r aim area 30 m m wide by I 20 mu long. h is hm t ake n  fr om t h e stream m u
re portedly had tIme taste of petro leum for 4 to 5 years after the spillage occurred. Vegetatio n ap-
peared to be doing quite well wit h willow , birc h , cott ol ugrass , and iimO Ss growing over im iost of tIme
area.

Milepost 256.8 . 2 March 1956 . l..ocated on a slope , time spill was withimm a drainage basin. Time
app earamuce of time spill led to time conclusion that t h e  fuel moved up hil l on each side of tI m e basin
for 60 to 90 cmmm. h l u mnium o ck s  wi t l mi m m time area had som e spruce amid willows growing on t hemmm.

Milepost 268.0. 25 Fehruar m ’ / 95 6. T h e  pipe line was cut for d eici nmg in a somali h a t  area drained
by a snma hl stream. A soil pit at the edge of the drainage basin imad a petroleun i odor. A pit in time

m mu idd l e of tIme drainage area h a d  10 to 12 cm ot organic mmm a t te r  omm t r ip wit h at le a st 5 cmmm of vo lcam i ic
ash. No dete ctable odor was to u n m d t h ere. Sonic spruce trees on the edge of tIme spm il were killed html
a few sma ll hirc l m and spruce were reseed ing i m m to  t im e area.

Milepost 273.2, 29 I-~ehruar, / 95 6. T lmis rat l mer large spill area was at least 75 mum iii diameter .
Time pipe was purged in to  a smui ahl drainage area (in a h

a to 2° slope. All vegetation . ut which black

is 
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spruce predo r mmi m mated ,  s a s  a pparemmt l y  ki lled at t Ime t i r m i C .  The main draimmage area h a d  vegetatio n
gr ow mnm g iii i t .  hiowever , area s riot di rec t l ~ in t Ime drainmag e hasinm h a d  rio nmew vegetat ioi m.

Milepost ~90.8, / 2  June / 969. This leak was caused by a bu l le t .  The leakage progressed tot  amm
hour  be fore pumt m pi nmg oper atiomis were stopped. Time pipe m m  th is  area was bur ied  fo l lowing repair
operations . As l i t t l e  v eg e t at i om i was present pr ior to the spill no assessm mme iit of da n mm a g e could he
m u mad e .  A s t r t i m m g  odor was present in time gravelly soil and nil vegetation was growing imi t ime area.

.t i iA p ist $S2.5, 16 Mar ch / 956 . The fuel spilled at this location was gasoline. Time site w~ s on a
s’er~ steep 40° st i ut h i-facing slope. Soil was a we ll-drainm e d sil t  b a u m  amid ci i nm ta i nme d a layer i~~ ( lime
vo l can m i c ash , l ime sp i ll killed a spemm J O to 12 cmii i i i  d ia m et e r  amid al l  of time sur f ace  cOver. Bioni c , small
a sp en m . f i r c wecd amid hearherry were growimmg at  sc a t t e red  locat io n s w i t i m l m m  m I n e  area. So il pits located
at i m u ids lope gave a stm r i ng odor of gaso li mme.

Milepost 5) 1.0 , /8 May /959. This ~ocat m on w as  di rect ly  be hind a scemmic v iewpoimmt at Milepost
104 I iii (lie Alaska I Im g lm wa ~ . A bull e t  hmo l e i eleased aim ummk nos  mi ammmoii n mt  of fue l .  The pipeli n e h a d

sn m m c e h eenm buried am id mio veg etat ion! was gr owi m m g over the disturbed area. Time bi ggest scar le ft an
t i ns  si t e was a rid ge of surfac e  i mmater ia l  push ed hack in to  l im e ed ge of t he wooded area by a hu lldo ,er.

Of t ime 4 1 recorded spills , 1 8 were viewed amid sa mm ip led~ rut those vis ited . 1 3 exhibited vegetative
dami mage. It was nmm ipu ssib l e to assess time vegetative respo nmse on flue rem im ain u ing sites due to t h e  foll ow-
l u g :  i ) spi lls were ot mnu suffm ciem i t q u a n t i t y  to result in mioticeahie dauu mage ~ 2 )  spills fed directly inmto
pere m m ni a l s t ream u ms and hmad no terrestr ial  m u mip a ct  : 3)  sp i ll sites were , n m e c hi a m mica ll v d i s t u r b e d  to tIme
p ri i nu m that  valid obs erva ( ionms were nmupossib le.

The extenmt of ve g etative damage . o mm sites wh ere detecte d , was t h oug h t  to Imave heenm inf l ue n ced
by (u r ic or rmni re  of tI me f o l l o w i n g :  a) site aspect . h) slope gradient . c) n a t ural dra i mm age pa t terns ,
d) soi l c ummd it i ons . e) amm u ou nt  of pctro i eumm m loss , amid 1) am mmount  and type of original ground cover.
TIme role , if amm ~ - and degree of n:i mp o r ( am i ce of each factor  was immupossible l i i  ascertain during the
brie I u mi it  mal r ecom i mmaissa mmcc t r i p .

J ) t ’t ai/ed ‘, iies tj eatj r ’ns 19 2. To assess time ph ysica l and biological Ixl ratt i emers of ’ damag e f rom
petroleum spills , and to d e t e r umu i m me t Ime factor s imuvol v ed m u  n ia iur a l  re h ab i l i t a t ive  processe s, a n i nmten i —
sive eva l u a t u onm of five spill sit e s ssas nu uade in l~)7 2. The Sites were chosen ho cover var ia t iuu n m s in ter-
rain . cl m n m a t m c  cond m t uu m i s  amid degrees of ini t ia l  damage . Me ihuods h~ Oh u mmma nur m amid Reanmi ( 197 1)
were ut ml i , ed  t o stud y th e ve~et. i t Ive amid p hysica l pa r auumeter s encountered. Spill site amid ad~ace ni
ci i mi t r o l areas were exa imm m n e d  with respect ki slope , aspect anm d elevat io n (Table I I ) .  Vc g et atio nm was
char act eri i ed as t n t  pla n t  species. freq uei i cy of occur remice and pe r cenmtage cover. Soil was samu mp i ed
from bot h spill amid ci ‘ l i t ,  n I  areas amid an al yied.

Site I Time f i rst  innens ivc stu d s site was located at rtu i l eposm 1. 9 near il ain es , A laska. I t was
ap proximate ly 122 nu above sea level on a 15% slope wit l m a sout h mern aspect. (‘onditionis at t h i s
site would t~ pn f ~ spill e lfecms and recover y in moist , coo l coastal regions of southern Alaska.

The vegema i us e com mm n n mi i n  mn ~ pri i  i t  t o tIme sp i ll conisisted of a v oumi e— to ini term ine d iat e -age d fiu re sm
sta n d of Si tk a  spr uce (Picea sitchens is) , western hi e nm i ock (Tsziga hc terop hm ’/l a), paper birc h (Rctula
pap m ’nJ èr a) . black cottouiwood (Popu lus triehoearpa ) amid a luxuriant under growth of numosse s, ferns ,
h e rbs  and shrubs co r mm m o n m to coastal regions (Table I l l ) .  T h e  most f requent ly  e m i c iun umit e r e d slurub
species in th e contro l area was ()p lop anax horr,dus in ass o ciationm w i t h  lesser amounts  of Gurp zus
stolomf era and I acc,n,um al.a.ckens,s. h erb species nio st frequently founid were (,~m’mnocarp iu rn
i /r u i i p t e r r c , (~,r,,z,s ca,wdenus . .t t hm r , uin di.stentiJ oliu,n. I ’oimgonu,n bistorf a ahonig with lJrropt er is
J ragran. m. a fermi species. At the t m nm ue  of the spill , fuel was sprayed over time area , saturating the vege-

t a l n u u n m anud soil. All c x m s t u m u g  vegem at mo n 1 m m c o imtac t  wi t h  fuel was killed. Fuel  was still foun d to he
present at  soi l depthis of 50 cu mm.
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A luxur iamit growt h of hi erh s and shrubs was found omi the sp ill site when investigated (I  ig. 6).
1mm t ac t , (lie an mu oumut of live ground cover was h igher w ith imi  the spill area titan in the adjacem mt con trol
location. F lie species found to be abu n dant in tIme shrub category were Rihes laxij iorurn, Sainbucus
ealli carp a amid Ru/ms spectahilis. h erb species found in abummda m mce were Gm ’mnoearpiu m dry opteris .
I~p ilobiunz angustij ~uliun,, (‘ornus eanadensis. am i d Calamagros tis ~~~ Two species of the fern genus
k.’i ‘odsia were c ui coun tered. Tsuga /u eteropl: i /la seedh imigs were f ’oum i d also (Table I l l ) .

Soil anal y ses i n d icated a decrease iii avai lable p h osph orus amid inuc re a ses in ca l cium ui  arid potassium
levels m m  t lie spill area whn ~n m co uu mpared to time unmpo l l u ted  control area (Table IV).

It was evidenu t tha t  m m a t u r a l  r e i ma h ih i t a tuve  processes were well advanced. Appare n tly,  imm ~ ’ pre-
cipitati oni levels h a d  leached th e f u e l  I roulu t he  upper soil lay ers , alb uwinig na tu ra l  r cvcgetation to
progress w i t h m o u t  in t e r fere u i ce .  F ro umi t ime l u x u r i a n t appear am mc c of th e vegetation , it was appar en t
t h at tIme residual  fue l  at gr e a t e r  dept h i s was nm o t de t r immuen ta l  to p lant growt h .

1mm sunm i m uua r ~ . i t  appeared ( h a t  , m m coastal regioums . ini t ia l  spill effects could be detr immue n mta l  to pla n t
c o m u u m m m u n u i t i e s .  I however , due to t h e  c hi mm u at e . t imese effects would be sh ort-l ived arid na t u ra l  restorative
processes would eumsue wit h u m  a few sears .

Site 2: Time 1968 sp ill at nui lepost 119 .0 mi c ar Like l)ezadcasli . Yukon Ter r i to ry .  Canada . was

time secomud area ch m ose nm for m nt e r i s ive  i imves t i gat io mm ( 1- 1g . 7). Th is s i te  was at 730 r i m e levat ion w i t h  a
20~ slope anmd ar m aspect of N ~2 ’~h .  l) iese l fuel g r a d u a l l y  perr mm eated time dowmislop c soul as a result
of corrosion leaks iii t ine f inme .

This sp ill c o n u t a n i u i r m a t e d  tw n m dif ’fere nu t p lan mt  con m nm i un i t i e s .  Time flrst was a n i ( i u lg  s i j i u d  of w il los
(Salix spp.) arid alder ( . t/ ,zus spp.) . All vegeta t io n  was killed except p lan t s  onu u n :  ‘ nm o ck s  or l u g
spots w m t h i m m  t Ime a rea .  Time percenitage of g ro i immd cover iii th e  plots ranmg e d f r in umu 0 t n t  40’ . Tine re-
main linsg live vegetation on tt ue tsunsnmsseks was cuumspuse d ut v ar io us moss and h~hen species . Umbra-
dor Ic , : ( !.t ’du ~n groe nland ieu,n). lowbus lm cr am mberry  ( I  ‘aeein iuin m ’iti.s- idaea). rose (Rosa acicula ris),
lm mg hb ush cranberry ( h ’thurnu,n edulr ’),  twi n  f lower (Linna ea borealis), amid Iiors etai l (E quisetwn
se irpoides), wit h ant occasiona l winm ( ergre e nm (P m ’r ola spp .) , ,lnemi ip nr spp. au ud grasses (Grarn inae spp.).
There was l i t t le  cvid em mce of revegetati on by flrew ce d (E p i/ii/t iupp i angust if i i/ inn,) amid rced grass
(calamagro.c, is spp.) wh ich are pio n eer species oum disturbed sites m m  subarctic reg io ns.

Time seconmd vegeta t ion  type affected wa~ a mi in termediate-aged s tand of wh ite spruce (P ~ee ’a glauca)
w i t h  an i m m u d c r s t r i r v  of mm mo ss cs . h ic i mem n s , J cibrador tea , rose amid , occasionally , soap hc rr ~ ( Sluepherd ia
( ‘aFla deuus is) , V egeta t ion kill was de h i en u de un t  i ipom i t ine  c l m a n m n i e i i t a t i i i n m  of fuel flow. All trees arid
un iderst orv vegetation 1mm t h e  fue l  flow pat h were k i l led .  i x is t ing  p l a m m t  coverage ram iged front 0’; iii
kil l  areas to 85’~ on hi u n m umi mocks

Soil nm it rog erm , phmosp lm or u us . cal ciu umi am i d ummagnesi u mum levels genie ra l ly  were h i gher iii t Ime spil l  ionme
tha n  mum t ime control  area. (‘at ioum ex chm a nm ge capacit ~ of fuel-sa turated soils was lower t li an i m t  the con-
tro l area.

At t tm i s re l atively recent fue l  spill , t here was l i t t le  evidence to im i dicame thuat r e l iah i l i ta t iomm proces-
ses h a d  begun. i-xc ept where hare mi u meral  soil h a d  hee mu exposed . no niew vegetatiomi was eu icounu ’
tered. I rosion proble uu us were u monexis tent  except where the terraimu had been disturbed durimi g
c l e a n u p  oper a tnonms (h iul l dot crs  h a d  bee mu used to bui ld fuel inuterce pt  t renchues amid a t r a i l  to trans-
port collect ion boo n nus amid oil i er e q n i m p i m m e m u t  to the edge of t I me lake ) .

Site 3: The th i rd  area chosenm f o r  s tudy was l~ .ated at nu ilepost 197 ,1. 1m m 1956 a JP-4 ( J e t
fuel)  spill occurred at ib i s  site. Time location was above Lake K luane  in t ime \ ‘ukonu Ter r i to ry  of
Canada anu d was characteristic of disc ont iumu ou s p erm afrost  ter r ain in interior Alaska. The site was
at aim e levat ion ni t  820 m it on a 25% slope wi thm a N 60° F aspect . Time spill occurred as a r e sult  of a
c u t  du r m mmg time deicing operat i on s in 1956.
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l ’zgure ’ 6. lla ine.c-l ’a irhanks pipeli ne ip ute?n s : m ’e s ite I , ,nnilepost
1. 9 , F/ aim ’s , Alaska . showing sra?nn/ il:g dead tr u es killed at the
time of the fl i t ’! spill a ind ( ‘?lSUill ,i.’ rei ’ege’ta tio?u n ?( ‘( ‘U1’f lH ~’ uu this

coastal reg io,m.

Table IV. Soil miutrien analyses , Haines -Fairbanks military pipeline
intensive site studies (1972).

5f,iepin .ct .~IIi, ’pii .t t .1 t I e  p in s? )t1.kpnn .ci Milepost
1. 0 1 1 0 ( 1  

- 1~) 7. i  ~~~~~~~~~~~~ 217.0 -( i,,Itr ,n 1 Kill (‘in u t r n,l K ill (‘i, ,u rroi K ill ( ‘i t im-a l kill  (‘, i, utr oi kill

m lii 5 .30 5.80 6.60 6 . 50 7 . 00 R i O  — 6.50 8.20 8. 10
‘~~ N ppm 0.09 0. 10 0.26 0 .38 0 . 16  0. 46 — 0. 2 5  0 . 2 2  0 . 2 1
I’ ppm 4 .91 t . 2 5  m O O  2 . 1 3  0. 55 0.63 - 1 .04 i . 7’ 3 . 1 9
( • I C m e q I IO O g 1 1 . 7 3  I i . 84 92 .68 44. u i 33.89 53 ,84 — 3 3 . 2 1  i S , t 8  24.43
(‘a meq I loo g 0.56 u . 2 1  29 .3$ 35 . 46 40. 17 62. 47 — 24 .94 62. 7 i  54.30

Mg m eq / iO O g 0.20 0 . 1 1  0.84 2. 59 7.~ 5 7.62 — 3 . 74 6.03 6. t 8
K meq / lOO g 0.04 0.07 0.08 0 . 13  0.3 (1 0. 24 — 0 . 10  0.2 i  0 .2 i

Value s exp r essed on an oven dry weight basis.
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The plan t community that existed was an internmediate .aged white spruce stand with a shrub
layer predominated by a bearberry (Arctostaphylos vu bra), Labrador tea , and crowberry (Empe-
trum mgrum). The herb layer was originally composed of Hedysarum alpin t4 m, Geocaulon lividum,
Lquzse turn scirpoides and Carex spp. and the ground had been covered with a deep moss layer and
niunmerous lichens.

The average live groundcover in the control area was 69%, compared to 44% in the spill center.
All of the white spruce encountered by the spreading fuel were killed as were the crowberry and
species in the other categories. Some of the origin al moss cover and Labrador tea were found to be
alive at high points within the spill area. Although live ground cover 16 years after the spill aver-
aged 44%, individual plot cover average d from 5 to 60%. Intensive study of the area indicated tha t
the process of vegetative healing had begun. Occasional bearberry and Dryas inregrifolia were found
along with some young willows, fireweed and bromegrass. However , most regrowth was found in
areas where the mineral soil had been exposed by falling trees , or where the organic mat was ex-
tremimehy shallow. New spruce seedlings were not encountered in the uppe r portion of the spill area;
however , they were abundant where utility line construction had disturbed the soil at the base of
the spill. It was worthwhile to note that , on thi s site underlain by discontinuous permafrost , erosion
had not resulted after 16 years except in one location where falling trees had uplifted the insulating
organic nmat. A cross-sectional profile of the spill l ocation in dicated a definite increase in the perma-
frost thaw where the fuel killed the vegetation , but no downslope movement or erosional slump had
resulted. Analyses of soil samples indicated that  nitrogen , calcium and cation exchange capacities
were higher in the spill area than in the contro l. Differences in other parameters were slight.

Site 4: In 1956 , a jet fuel spill occurred at milepost 207,6 as a resul t of a pipeline cut. The
site was located at an elevation i of 790 rn on a 6% slope wit h an aspect of N 35°E. The site was
originally occupied by a mature white spruce com u mmunity with a shrub layer composed of two bear-
berry species ~Arctostaph~’los rubra and Arctos taphvlos uva-ursi), crowberry, L.abrador tea , lowbush
cranberry and twinflower. The original herb layer was conmiposed of E quisetum scirpoides , Hedy-
serum alpinum and Carex spp. A well developed nioss layer with numerous lichens was also evident.
Live ground cover in the control area ranged from 50 to 90% (average 7 5%) .

It was apparent that all vegetati on was killed at the time of the spill (Fig. 8). Live ground cover
averaged 36% compared to 75% in the control area. Live ground cover in the oil-polluted areas pre-
dominated in swales or drainage channels (average live grounud cover 68%) (Fig. 9). Outside of the
swales , live ground cover average d only 9% (Fig. 10). Similar effects were noticed when species
compositions were compared. Crowberry , lowbush cranberry and twinflower were nonexistent
within the spill area with bearberry species and Labrador tea drasticall y reduced when compared
to the control plots. White spruce seedlings, fireweed and grasses were found in the swale areas;
however , no species was abundant within the spill zone.

Temp erature and thaw measurements showed that permafrost had receded as a result of the
vegetative k.ill. However , difference s were not considered significant enough to indicate a potential
permafrost degradation problem. No erosion was encountered, Due to loss of soil samples take n
from the control area there was no basis for comparing samples from the area.

Site .5: The fi ft h study site was located at milepost 2 17.0 in the Yukon Territory . Ajet  fuel
spill resulted from a pipeline cut durin g the winter of 1956. Howeve r , this spill differed from
the others in that the site had been previously burned by a forest fire which removed the nornual
deep moss and organic layers and exposed bare mineral soil. At the time of the spill , the area was
covered by an early successional plant comnmunity of white spruce , balsa m poplar (Populus balsam-
ifera) and willow. Most of these would have been in the seedling or early sapling stage of growth at
the time of the spill. Shrub layers probably consisted of arctic lupine (Lup inus arer icus), soapherry
and bearberry . Fireweed , grasses and sedges presunuably were abundant in the hierb layers with few
moss and lichens present.
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Figure 9, l,tterin ‘r of spill area , milepost 207.6, I!a:,u’s-/~alrha?Iks pipelimme, s/mowing
i n  ~‘eta t ion in situ/es or drainage channels.
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Figure /0. Interior of spill area, milepost 20 7.6, Hom es-Fair banks pipeline , show-
ing lack of vegeta rim e recovery on dry sires.
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The spill area was abundantly vegetated , with numerous spruce seedlings along with young wil-
lows, soapberry, Oxytropis deflexa , grasses, fireweed, sedges and arctic lupine. The soil analyses
indicated that phosphorus and cation exchange capacity levels were higher in the spill areas.

Revegetation of this spill was well advanced when compared to the other sites previously studied.
It was postulated tha t prior removal of the deep moss layer and exposure of mineral soil by fire
played an important role in advancing vegetative rehabilitation.

Conclusions. Based on the field investigations in both 1971 and 1972 , it was apparent that re-
fined fuels were toxic to vegetation indigenous to subarctic regions , and that natural rehabilitative
processes were slow. From these detailed studies , some general conclusions could be dra wn.

First , it appeared that revegetation of spill areas was governed primarily by moisture availability.
The coastal site offered evidence that abundant rainfall contributed to leachin g of the fuel to greater
soil depths. Thus any fuel possibly deleter ious to plant establishment would be diluted and gradually
removed from the system or reduced to nondeleterious levels. This was also evidenced in interior
regions as most of the invading species were in drainage swales.

Second , in areas with a deep orga nic layer , moisture also appeared to be important in plant ger-
nnination and growth. Seeds would ger minate in the spring following snowmelt. With normal low
rainfall and increasing photoperiod (20 to 22 hours of daylight), the dead organic mat would dry
rapidly. New seedlings would not have t inm u e to produce sufficient root growth to reach necessary
moisture in the mineral soil layers. Thus except where mineral soil was exposed , where organic
layers were extremely thi n , or where moisture was continually abundant during plant establishment
and early growth , most invading plants would fail.

Third , channeling of fuel may have controlled damage within spill areas, Vegetation on raised
microre lief areas would escape 4amage from the toxic fuels.

Fourth , spills in permafrost areas having thick organic mats did not result in greatly increased
permafrost degradation. Increase s in thaw occurred , but even on steep slopes little erosion resulted
when the organic mat remained intact. (This is especially important as cleanup procedures could
cause more damage than heaving the site undisturb ?d. ) This was verified by erosion associated with
disturbance from cleanup procedures at milepost 119 .0.

Fifth , fire appeared to play an important role in rapid site restoration. Along with moisture .
mineral soil seedbed exposure was a critical requirement for the germination of invading plant spe-
cies. Fire could be used as a tool in this respect ; however , the presence or absence of permafrost
along with slope would be important considerations prior to using fire as a rehabilitative tool.

Sixth , soil nutrient relationshi ps were altered by the spills. This was especially true in the case
of nitroge n and phosphorus , their levels being higher in areas contaminated by petroleum. These
results appeared to be similar to those found by Ellis and Adams (1961) in temp erate zone studies.

Revegetarion experiments. Since refined fuel spills could result in complete vegetative kills (in
some cases revegetation was lacking after 16 years), it was felt that revegetation of spill areas was

an aspect that needed attention. Thus it was decided to attempt the establishment of vegetation
using artificial methods.

The presence of natural revegetation along drai nages in spill areas indicated that moisture avail-
ability was an important factor in revegetation. Areas devoid of natural revege tation were charac-
terii.ed by a deep layer of dead moss and organi c matter (up to 30 cm). As previously mentioned ,
this layer became very dry during the summer and was theorized to be a barrier to plant establish-
ment. Lack of revegetation might also have resulted from direct effects of fuel remaining in the
soil , inhibiting ~ ed germination and subsequent plant gr owth.
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Two sites were chosen for experimentation in 1972. First was the 1968 spill at pipeline milepost
119 .0 adjacent to Lake Dezadeash in the Yukon Territory of Canada. Second was an older (1956)
spill in the Yukon Territory near Lake Kluane at pipeline milepost 207.6. Study plots were initiated
in two areas at milepost 119.0. The fIrst was once a mixed alder and willow stand , covered with a
10-cm layer of dead nuoss and organic material over mineral soil. Th e  second was once a mature
white spruce stand and covered with a 25- to 30-cm layer of dead moss and organic nmateri al . The
third site , at pipeline milepost 207.6 , once a mature white spruce stand , was covered with a 25- to
30-cm mat of dead m oss and organic material.

At each site , I-rn-square plots were established to test the effects of 1) exposing the mineral soil
by removal of the organic mat , and 2) fertilization of the soil on the establishment and growth of
rye grass (Lolium mulhflorum), bromegrass (Bromus inermis), and red fescue (Festuca rubra). Each
grass was applied to a third of each plot. All fertilizer app lied was conumercial 20-10-10 fertilizer.
Treatments were applied in two rep licates at each location.

‘n’reat rnents were app lied on 18 June 1972 at milepost 119.0 and on 20 June at milepost 207.6 ,
as follows:

Pipeline milepost 119. 0. Treatments were replicated in both the alder-willow and spruce stands.

1. Stripped — organic mat removed and soil seeded without fertilizer.
2. Stripped — organic mat renuoved and soil fertilized at the rate of 112 kg N/ha and seeded.
3. Stripped — organic rimat removed and soil fertilized at the rate of 224 kg N/ha and seeded.
4. tJnstripped — fertilizer applied at a rate of 224 kg N/ha to the undisturbed surface of the

organic mat. No seed was applied.

Pipeline milepost 207.6.

- Stripped — organic mat removed and soil seeded without fertilizer.
2. Stripped organi c mat renmoved and soil fertilized at the rate of I I  2 kg N/ha and seeded.
3. Stripped — organic fiat renmove d and soil fertilized at the rate of 224 kg N/ha and seeded.
4. Unstripped — orga ni c mat left undisturbed and fertilized at the rate of I I  2 kg N/ha and

seeded.
5. Unstripped — organic mat left undisturbed and fertilized at the rate of 224 kg N/ha and

seeded.

The last two treatments were aimed at the question of physical barriers to revegetation. The
entire series of treatnuents was replicated twice.

The sites were revisited in August of 1972 and July of 1973. In 1972 . at the 119.0 nuilepost , re-
moval of the organic mat from the plots was associated with good early survival of rye , brome and
fescue despite a petroleum fuel odor remaining in these plots. When the organic niatter was removed
to expose mineral soil, grass establishment and growth were fair to good without fertilization. The
addition of fertilizer at the rate of 112 kg/ha improve d the establishment and growth of the grass
species. The addition of 224 kg/ha of fertilizer did not increase results over the 112 kg/ha rate.
The placement of fertilizer on the undisturbed dead organic surface did not enhance establishment
of native species. No plots were established which contained fertilize r and seed, or seed alone , on
the undisturbed dead organic surface.

The July 1973 observations at the 119 .0 milepost revealed that red fescue and ryegrass in the
stripped plots had survived the winter and were growing luxuriantly in all plots regardless ~~ ferti-
lizer treatments. Brome was present but only represented I or 2% of the cover. Fescue averaged
75% of the cover with ryegrass averaging 5%. Native species such as fireweed and wild rose were
found in several of the plots having the organic mat removed. Plots with the organic mat intact
were still found to be void of vegetation.
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Observations of both years indicated that remaining fuel concentrations at milepost 119.0 were
not toxic to germination and growt h as plants appeared health y showing no toxicity symptoms.
These results suggest that seed availability combined with moisture availability are the immiportant
controllers of revegetation.

Observations of the experimental plots at the 207.6 niilepost in August of 1972 found again tha t
removal of the dead organic mat was associated with good establishment and growth of ryegrass ,
brome and fescue. The response was bett er at the 112 kg/ha fertilizer rate than with no fertilizer;
however , the 224 kg/ha fertilizer rate had the poorest establishment and growth. It was postulated
that the heavy rate may have resulted in toxic ion(s) concentrations detrimental to plant growth.
Removal of the organic layer stimulated thawing of the underlying permafrost at this location , and.
due to poor drainage , the plots had sonie standing water in spots. Coup led with the low rainfall
characteristics of this region , the pool drainage nmay have resulted in high soil concentrations of
fertilizer salts.

Fertilizer and seed placed directly on the dead organic surface yielded plant establishment and
gr owth that was less than in plots with the organic mat removed. However , grasses were present
in these unstripp ed plots and 224 kg/ha of fertilizer yielded better results than the 1 12 kg/ha con-
ceimtrati on or the total absence of fertilizer. Interaction of fertilizer salts with moisture and the re-
sulting ion concentration in water were apparentl y different in terms of plant response under these
circumstances. Grass roots had penetrated the dead organic nuat to a depth of 1 5 cm.

Bronme yielded best results on the organic surface. Brome and fescue each gave good results when
the organic fiat was removed. Ryegrass establishment was somewhat thinner. Fuel odor in the min-
eral soil was distinct in sanmp les removed from the surface of the stri p plots. Better growth in the
stripped plots was thought indicative of the importance of moisture and related nutrient uptake
associated with mineral soil. Fertilizer treatn i ent was of additional benefit at the rate of 224 kg/ha
on undisturbed plots , but not on stripped plots.

The July 1973 observations revealed that fescue and ryegrass were doing well on the stripped
plots at milepost 207.6. The undisturbed plots also contained ryegrass and fescue but cover was
lower and plant growth was reduced. The bron ne had apparently winterkilled as few plants were
found. A most important observation was that the permafrost thaw was associated with removal
of the organic mat. In almost all stripped plots slunuping had occurred and water was standing.
Native vegetation was not encountered in any of the plots.

In sunmrnary, removal of the organic mat and subsequent seeding resulted in the establishment
of grasses at both sites. With the organic mat removed , fertilizer treatment at 112 kg/ha increase d
survival and growth , but the 224 j g/ha rate was of no additional benefit. Though seeding and
fertilization of undisturbed plots resulted in some grass establishment , it appeared that lack of mois-
ture availability in the dead organic mat was limiting. When fertilizer was added to the dead organic
surface , no native species became established: however , native species were observed in the stripped
plots in 1973 at the 119.0 milepost location. It was apparent t lmat the presence of fuel residues did
not affect grass establishment and growth.

Artificial revegetation could be used in rehabilitating oil spill areas for aesthetic purposes in sub-
arctic regions. However , it would be necessary to remove the organic nmat and in areas underlain
by permafrost , precautions would have to be taken as considerable damage could result from slump-
ing and erosion , especially if steep slopes were involved.

Barrow investigations (l97O49~4)

Previous studies concerning the Haines -Fairbanks pipelin u e involved refined fuel spills in the sub-
arct ic or the interior forests of Alaska and adjacent Canadian areas. Petroleum spills from future
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pipelines may not be linuited to the interior but may also occur on the Arctic Coastal Plain of Alaska.
To better unders’tand the sensitivi ty of arctic ecosystems to crude oil spills and related natural re-
storative processes, a series of studies was undertake n at Barrow , Alaska (McCown et al. l973b).
The following is similar to the 1973 publication except that it contains greater expansion of detail
tha n in the ori ginal publication and includes 1974 observations.

In absence of studies concerned with the effects of oil contamination on arctic ecosystems, only
implications and generalizations as to their effects can be made. However , by combining the infor-
mation learned from research in temperate and marine regions with known characteristics of arctic
ecosystems, sonue aspects become apparent. Heat imbalance and the role of an insulating vegetative
nuat have already been mentioned. Thus it is possible that oil spilled on tundra landscapes could
cause severe local changes in heat flux .

Differences in plant susceptibility to toxic oils are also important as there are indications that
some arctic organisms niay be able to tolerate the presence of crude oil. However , when consider-
ing the potential abrupt changes in microenvironments which may result from oil pollution and the
inherent slow recovery rate of arctic ecosystems, the natural development of a vegetative mat of
oil-tolerant plants over polluted areas may be unimportant or nonexistent. Therefore it becomes
critical to develop efficient techniques for oil removal and subsequent reve getation.

Wet site studies 1970-1974. The first crude oil field studies were initiated at Barrow , Alaska , dur-
ing the summer of 1970 (Brown and West 1970). The location selected was a site which had stand-
ing water at the time of oil application and was underlain by a silt soil. Thaw depth was 1 2 cm and
thickness of the organic mat was more than 4 cm. Prudhoe Bay crude oil was applied manually,
keep ing oil from direct foliage contact (simulating an oil spill flowing along the ground surface).
Five plots were treated as follows:

1. Control
2. 0.7 I/rn 2

3. 1.4 1/rn 2

4. 5.0 1/ mum 2

5. 12.0 1/nm 2

Application rates were determine d in the field as no prior information existed with respect to
the quantities of oil that could spread uni formly over the soil surface . The 0.7 I/rn 2 rate was the
least amount of oil that could be spread and still achieve adequate surface coverage . The 12 l/m 2
rate was the maximum amount of oil that could be contained safely; it literally flooded the surface
after application. The 5 I/rn 2 rate was selected because it corresponded to the upper limit reported
for plant tolerance in temperate regions (Kioke and Sahm 1961 , Tohansson 1962).

By the end of that growing season several areas of damage were discernible. Plants or leaves
physically covered by the oil were dead. This was especially noticeable with the low growing mosses
and liverworts in the 5.0 I/rn 2 and 12.0 I/rn 2 applications. In addition the 12.0 I/rn 2 plots exhibited
more yellowing than adjacent plots.

Plant production data were collected for three successive seasons, the last being 1972. Prelimin .
ary data collected in 1970 indicated that crude oil reduced biornass and chlorophyll production
(Table V). In 1971 , biomass production and stem counts were recorded at peak season to see what
continuing effects , if any, were occurring at the various tre atment levels (control through 12.0 I/rn 2 ).

Continuing adverse effects of crude oil on plant survival and growth were evident in 1971. Physi-
cal presence of crude oil was still apparent from its odor and visible tar residue. However , earl y
gr owth of plants in the various tre atments was observed , and only in the heavy treatment (12.0 I/rn 2 )
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Table V. Biomass and chlorop hyll production (1970) — wet site
study area , Barrow , Alask a (from McCown et aI . 1971).

Treatment Dry weight Chlorop~myl1 Chlorophyll
(1/rn2 ) (g/m’) (ntg/m2 ) ‘mg/g dry w:)

Contr ol I2 i . 0  45 2 374

12.0 99.0 338 34 1

Table VI. The effect of an increasing rate of crude oil contamination
on the aboveground biomass production of an arctic grass-sedge tundra

at Barrow , Alaska (from McCown et al. 1973).
Plots treated in the 19 70 growing season and measured at peak season in 197 1

and 1972.

Decrease Decrea se
Dry weight over Dry weight from

Treatment production, 1971 control production. 1972 control
(I/ rn 2 ) ig/m2 ) (%) ~‘g/m 2 ) (%)

Contro l 75 — 202 —

0.7 60 19. 1 —t —

1.4 62 17.4 —t —

5.0 62 18.7 92 9.9

i2.0 30’ 59.3 27 73.8

* Signi l icanm ly different from control at 0.05 level.

t No samples taken.

Table VII. The effect of increasing rate of crude oil contaminatio n
on the tota l number of living stems of an arctic grass-sedge tundra

at Barrow , Alaska (from McCow n et al. 1973).
Plots treated in the 1970 grow Ing season and measured at peak season in

197 1 and 1972.

Total number Decrease Total number Decrease
living stems over living stems from

Treatment per m2 control per m2 control
(I/rn2 ) (19~’I) (%) (1972) (%)

Control 2370 — 2140 —
0.7 1 800 24 .1 —t  —

1.4 1,00 19.8 — t —

5.0 430’ 40.0 1780 16.8
12.0 820’ 6S.4 490 77.1

• Significantly different from control at 0.05 level.
t No aamp les taken.
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was there any visual reduction in plant growth. These visual observations were verified by data as
the 12.0 I/rn 2 treatment resulted in a significant reduction of standing live biomass and number of
live stems (Tables VI , VII , Fig. I I ) .  There were no significant differences in standing live biomass
among the other levels of contamination (control . 0.7 , 1.4 and 5.0 I/n i 2 ); however , there was a sig-
nificant reduction in the total number of living stems per plot at the 5.0 I/rn 2 level. Dry weight per .
centage decrease in the 0.7 , 1.4 and 5.0 l/m 2 plots in 1970 was only about 18.0%, whereas the 12.0
I/rn 2 plot resulted in a 59% decrease in dry weight. The total number of liv ing sterns was reduce d
by 20 to 40% in the first three treatments whereas the 12.0 I/rn 2 t reatment reduced stern count by
65% when compared to the control.

During peak season 1972 , three treatment plots were sampled (control , 5.0 and 12.0 I/rn 2 ) for

aboveg r ound biomass and stern counts. Aboveground biomass and total number of living sterns in
the 5.0 1/rn 2 treatment plot were again less than those of the control ; however , the 1972 biomass
production at the 5.0 1/rn 2 rate was higher than shown in the 197 1 data , indicating that perhaps re-
covery was occurring. The 12.0 l/m 2 treatment yielded the same trend in 1972 as in 1971; however ,
the 1972 results indicated a further decline in biomass production. Decrease in 1972 stem count
was 77% and dry weigh t 74%.

Dup onri a jiseheri , a grass . was studied very intensely for two years in the 1970 wet site plots.
The work was conducted through the U.S. Tundra Biome Program and was directed by Dr. La rry
Tieszen (McCown et al. 1973b). It was selected because it is one of the predominant grasses of the
Arctic Coastal Plain. To follow the more long .terrn effects , eig ht individual plants wcre observed in
each plot for average im i axin i um i m live leaf heig ht (mean of longest vertically measured leaf per plant)
and an average nunu her of live leaves during 1970 and 197 1 (mean of the number of green leaves
per plant).

The 1970 results of studying Dup onr ia J i:reher i are shown in Figures 12 and 13. The measure-
ments indicated that only the heaviest app lication ( 12.0 I/rn 2 ) resulted in a detectable reduction of
growth. Fronm this , it was apparent that cr u de oil in sufficient quantities damage s Dupo ntia ; how-
ever , there appeared to be more tolerance to crude oil than exhibited by nuany plant communities
in the temp erate tone.

Results of the 1971 rn easur emn c~’ts of Dup ontia J iseher i are shown in Figures 14 , I S , 16 , 17 and
18. Second-year effects of crude oil on the average maximum live leaf height of Duponti.a differed
from the 1970 observations in that  both t lue 5.0 I/rn 2 and 12.0 I/rn 2 rates altered leaf growth.
Time 12 . 0 1/ rn 2 rate very scvere l~ restricted leaf growth the second year and , after approximately
10 July . avera ge live teat height declined ; by peak season , the plants were dead. Although leaf
growth in the 5.01/rn 2 rate was signi fi cant ly less than that of the control , the plants did survive.

L)ata on average number of live leaves per plant of Dup onria . when plotted with time , are very
sinmilar to those of leaf height (Fig. I S ) .  Time graphs of the control and 5.0 1/rn 2 treatments convey a
gradual increase , and both show a decrease in leaf production at about the same time. However ,
the drop in the 5.0 I/ni 2 t reatment is more rapid and , in the final stages, the average number of live
leaves per p lant  is about half that of the control. The graph of the 12.0 I/rn 2 rate shows severely
restricted leaf emergence and indicates that early in the season , emergence ceases and by midseasont
all plants are dead.

Phenology studies of individual leaves (Figs. 16 , 17 and 18) serve to support the previous informa-
lIon and similarities are evident. In the 12.0 I/rn 2 treatments , the first leaves senesced and died
ear ly, and overall growth was severely restricted . Similar resu lts were encountered with the second
leaf , and no third leaf existed at the 12.0 I/rn 2 treatment level. Senescence of the first leaf produced
in time 5.0 I/rn 2 plot was earlier than the control. The overall heights of the second and third leave s
were less than the control and senescence also bega n sooner in these leaves.
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Observations of the 1970 treatments indicated possibilities of species resistance to crude oil.

This was first observed when potted plants of three species were embedded into the control and 12.0
1/mn 2 plots. The species selections were: I )  Poa alp/na , 2) Deschampsia sp. (a Meade River select ion),
and 3) Deschamps ia sp. (an al pine selection). Belowground bion u ass production data froni these pots
at the end of the 1 970 season are shown in Table VI I I .  Poa alp/na was found to be much nuore re-
sistant than Descharnpsia sp. to app lications of crude oil.

Another itudication of possible variatio n in species sensitivities was shown by the  197 1 b iomnass
data collected from the five treatment levels . In collecting the dat a , records were kept as to the
average number of live sterns per sample plot of four species at eaclu treatment level. Species mors i-
to red were timose which comprise 60 to 70% of the plant biomass at Barrow , namely Carex aquati lis ,
Dupontia f ischeri , Erioph orum angus tiJ oliu tn and b.riophorum scheuch:eri.

Dupont/a f ischerf appeared to be quite sensitive to crude ott as was Eriophorum scheuchzeri ;
however , ~arex aquati lis and Lr iophorum angustiJ ’olium seermied more resistant (Fig. 19). In general ,
the average number of live stems tended to decrease as oil concentration increased ; however , C.arex
and Er iophorum decreased the least.

In summary, it was apparent that initial first season damage to vascular plants was sli ght. Visible
damage was hard to distinguish in the first year and wi thout  detailed biornass measurements it may not
have been noticeable. Most damage that did occur the first year resulted from direct foliage contact
wit h the crude oil.

Dar muage became more visible the second year , especially at the higher rates. This was true for all
species encountered within the plots. The lon~-t errn effects of hig h concentrations continued to
manifest themselves the second year and even more the third year. In general , it can be safely stated
that the full effects of oil com i tam -n ina t ion of cold-dominated regions may not becorne fully apparent
umuti l  a period of years have elapsed. This delayed response is thought to result from root injury in
which slow deterioration of time affected p lant occurs. Such injury may then manifest itself in a high
degree of winterkill .

At t he lower rates it appeared that danuage was stabilized and recovery either was , or could be
ex pected to be , ir mit i ated two or tlmr ee years af ter  contamination (5.0 I/rn 2 or less). These data were
in mp i ) rta nt since 5.0 1/in 2 rate was considered lethal to plain s in temperate zones. Thus , the Nort h
Slope plant communities may be more resilient to crude oil than those of term iperate zones due to
hi gh soil n ioisture levels , low ambie n t te m perat ur es an d possible species sensitivity differences. The
lethal rate was not established but appeared to be around 10 l/rii ~ of crude oil.

Lastl y, it was quite evident that  so m mme degree of individual species sensitivity response to crude
oi l did exist .

Drs ’ site investigat ions( 197 1-1974) . During 1971 several exp eriments were initiated at Barrow
to ve r i fy or discount sonme of the preliminary observatio ns and conclusions drawn in 1970. Of par-
ticular interest were a) the effects of the method and rate of app licat ion on plant survival , an d b)
further tests of species sensitivities,

Since the rate of crt ide oil contamination was limited in 1970 by the utilization of an extrem n ely
wet site, it was felt that some estimnate of higher rates on dry sites was necessary . This was especially
true since a drier site is more typical of the vegetation at Prudhoe Bay and the pip eline route south-
wad into the foothills of the Brooks Range.

Another aspect , encountered both at the wet site and in observations of natt ira l oil seeps at Cape
Simpson , was that injury to plants was observed to occur only when foliage was in direct contact
with crude oil. If this were true then it would be important  to assess damage diffe rences from spray
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Table VIII. Plant species sensitivities to crude oil,
1970 investigations, Barrow , Alaska.

Decrease
from

Treatment Dry wt. control
Species (1/rn3 ) (g) (%)

Descham pita sp. Control 0.188 m —

(Meade River) 12.0 I/rn 3 0.0993 47.0
Deschampsla ep. Con trol 0.464 3 —

(Alpine) 12.0 I/ rn 1 0.2488 47.0
Poa alpina Control 0.3382 —

12.0 I/ rn 2 0.2 530 22 .0

.4 Llupont,o f,scAer,

— 2400 ~ Caoex oqsiot~/ is2 C Ersoprsorum onqusnfoaum

( 2000 
0 ErIapflofsurlr SCflOOCP5Z~P,

Tota l

1 600

Ra te of ap pl ic ation (lite r s/ rn 2 )

Figure 19. The influence of increasing rates of crude oil
contamination on the f requency of occurren ce of f Our
arctic grass-sedge tundra species at Barrow, A las/ca. Pk~ s
were treated in the 1970 growing season and measured at

peak season in 1971 .
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applications as opposed to normal spill flow where root systems (rather than the foliage ) are pri-
marily affected. This type of stud y was also undertaken to assess the regrowth potential of heavily
contam mu inated tundra.

To assess the differences between spray and soak app lications , the following experiment w~ de-
vised. Crude oil was app lied to four plots (2 x 2 m) at four treatment levels.

1. Control.
2. Spray —- foliage sprayed with warm oil (45 °C) at the rate of 5 I/rn 2 . This rate barely pene-

trated the soil surface (Fig. 20).
3. Soak — warm oil (45 °C) was app lied to the soil surface without foliage contamination at the

rate of 20 1/rn 2 (Fig. 2 1).
4. Spray and soak a combination of 2 and 3 above. The total rate was 25 1/ rum 2 (Fig. 22).

Time plots were samp led prior to treatment in order to establish uniformity in plant biomass pro-
dt i ction. The results of an analysis of variance based on ten 0.01-rn2 clipped plots per treatment
area indicated that plot unifor mity did exist.

Bior suass data from these plots were collected in 1972 (Table lx). The 5.0 I/rn 2 spray resulted
in a reduction of aboveground bioniass production by as much as 70%. This s~/as considerably more
tha n shown with a ground applicat ion of 5.0 I/ mn 2 in the wet site plot. The s~fray -soak and soak
treatnments at higher rates resulted in an almost comp lete vegetative kill; both caused a reduction of
almost 96~ in aboveground plant production. Visual examinations of the stud y area in 1973 and
1974 indicated that the spray (only) plot appeared to be making a gradual comeback from the in itial
kill. Care x aquati lis was the princi pal species found. The other two plots were , from all visual evi-
dence , still in a condition of continuing decline. It is difficult to conupare the dry site re sults with
the wet site directly. h owever , it would be expected that the dry site would suffe r more damage
as cru de oi l penetrated the soil to a greater depth , affecting more of the plant ’s root system. This
was evident when takin g soil cores from the plots in 1972 as old or dead root channels tended to
transport the oil to even greater depths.

Results fronm both Cape Simpson and the 1970 wet site investigations iimdicated that tundra
species may vary iru t lueir susceptibility to injury by oil spillage . Wlmether such differences exist
could be inmportant irm predicting the impact of an oil spill on the various tundra ecosystems.

To test species susceptibility to crude oil , pots contaimming essentiall y pure stands of Carex
aquati lis, Eriop/ torum angustifolium and Eriophorum scheuc/izeri were placed in the soil and treated
with crude oil at the rates of 0, 50 . 100 and 200 mI/pot. These experiments were replicated three
times.

In 1972 the pots were harvested and the species/pot totals were expressed as dry weight. Erio-
phorum angut (iJ oliunm suffered the greatest damage with a 92% reduction in dry weight at the 200
ml rate when compared to its control (Table X). Eriophorum scheuchzcr i was second with a drop
of 87’~ at the 200 ml rate followed by Dupont/ a f ischer i wit im 76% and (‘arex aquatilis with 4W~.

Results with l~.riopho rum angustifolium did not substantiate the previous year ’s observations of
re sista nce; however , C’ar cv aquatilis still appeared to he quite resistant when conupared to the other
species .

In st lr m mmary ,  the Barrow studies i l lustra ted tha t  foliage app lic ations of crude oil will result in
death of a ffected plant tissues: however , if root systems re n main intact , recovery will begin late in
time second season. Heavy oil app lications on dry sites , res t ml tin g imu im iu ndation of the root systems ,
cause severe damage to the affected plant community. From this and earlier work (in wet sites , it
is evideru t t i mat soil nmoistur e content and site drainage are important l imiting factors to plant damage
h o r n  oi l contaminat ion.  Root channels also appear to be important in the contar mu in ati o rm of soil
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Table IX. The effect of different types of crude oil contamination on the aboveground biomass
production of a grass-sedge tundra at Barrow , Alaska (from McCown et al. I973b).

Measurements were taken at peak production during the second growing season follo w ing treatment.

Dry wei.gtfl Decrease from
production control

Treatment (g/m2 ) (%)
t i , n nro l  79
Folia r spray (5 I/ rn 2 )  24 69.2
Ground soak (20 I/rn 3 ) 4 95 .3
Foliar spray and groun d soak (2 5  I / rn 2 ) 2 96.9

Table X. Differential response of four arctic tundra species to three
levels of crude oil contamination (from McCown et al. I 973b).

Measurements were made at peak production duri ng the second growing season
following treatment.

Rate Care.s Friophoru m Ertoplt i  brunt Duponttu
(ml oil/pot) aqua tills angurrifoiIi~m scheuchzerj fischeri

50 28. 9 10. 1 6.7 40.2
100 30.0 7 1.9  59 .S 40.5
200 48.4 9 2 .1 87 .1 7S. 9
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surrounding the plan t root system. It was also evident from these investigations tha t Carex aquati lis,
a predominant sedge on the North Slope, had some degree of resistance to crude oil contam ination.

During the period of studies in Alaska a Canadian research team (R.W. Wein and L.C. Bliss) was
conducting similar investigations which involved the treatment of five arctic communi t ies with crude
oil during different times of the year. Their results (Wein and Bliss 1973) were similar to those re-
ported in the previous paragrap hs. All aboveground plant tissue was killed. Lichens and most moss
species failed to recover; however , dwarf woody perennials such as willow and birch appeared to re-
cover rapidly. They found that summer spills were mu m ore damaging than winter spills. in addition ,
they reported very little effect of oil on permafrost thaw and increases in microbial activity. Tluey
concluded that in many cases plot recovery was sufficient to warrant the suggestion of leaving con-
tansinated areas undisturbed and allowing natural recovery processes to ensue.

Fairbanks and Fox investigations

After studying plant survival in oil-contaminated areas on the North Slope , it was decided to con-
duct similar investigations in interior Alaska since the Trans-Alaska pipeline will traverse this region
as well. One particular study conducted in Fairbanks involved the treat ment of an introduced per-
ennial grass (Bromus sp.) with crude oil. Pots were seeded at the initiation of the growing season,
placed in soil , and allowed to grow normally until late July 1971. At that time , hal f were treated
with crude oil , and half were left untreated.

Until freeze-up litt le visible damage was noted other than slight wilting and yellowing of plant
tissue in the oiled pots. After freeze-up, all plants were left in the soil for 30 days , then transferred
to the greenhouse and allowed to grow for 21 days. The control pots recovered and regrowth was
abundant. However , the pots treated with crude oil did not recover (Fig. 23). This substantiated
earlier thoughts that the decrease in plant survival , from the first to second season of growth , was
primarily the result of death during the winter period.

The investigators also init iated spill studies at Fox , Alaska. The primary research objectives were
1) to understand the effects of crude oil on the vegetation of interior Alaska and 2) to develop pro-
cedures and guidelines for restoring areas contaminat ed by crude oil. The site chosen was a north-
facin g slope covered with black spruce (P icea ,nari ana). Typical understory vegetation consisted of
narrow-leafed kabrador tea (Ledum palus tre), blueberry ( Vaccinium uliginosum), lowbush cran-
berry ( Vaccinium vitis-itiaea), sweet coltsfoot (Petasites hyperboreus) and cloudberry (Rubus
chamoemorus) growing along with a deep moss grotmnd cove r and numerous lichen species. This
location was selected as it was assumed that time greatest and most long-term damage would occur
on such a site typically underlain by pernuafrost.

Six plots , 5 x 10 m , were established on 30 July 1971. Two were treated with crude oil using
a point source method of app lication: that is , crude oil was app lied at one spot above each subplot
and allowed to run out into the rest of the plot. Two other plots were tr eated uniformly with crude
oil. The remaining plots were retained for controls. In the oiled plots the actual rate of crude oil
app lication was 18 Ifm 2 . It was interesting to note that on such a site , covered by 15 to 30 cm of
moss, the oil disappeared quite rapidly. Thus uniform oil distribut ion as used on the North Slope
was impossible when using conmp arab le rates in time interior.

An unexpected phenomenon of oil flow on permafrost slopes in the interior was that , once the
crude oil reached the zone of maximum saturation in the soil , it moved laterally downslope with
no significan t upward movement into the drier moss layer. Also if the crude oil reached the inter-
face at the top of the permafrost layer it would move laterally downslope along this interface .

At the end of the 1971 growing season , very little damage to the vegetation was noted. h ow-
ever , moss and lichen species saturated with crude oil were killed. Thus direct oil contact was
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extre imuely detrimental to these fornms of ground cover. Plots were observed in 1971 , 1973 and 1974
and , as a general rule , where vegetat ion of any typ e was covered or in contact with crude oil , the
affected part of the plant (but not necessarily the entire plant) died.

In general , since tlue oil moved downslope , it was felt that time amount of crude oil necessary to
completely saturate the vegetative root zone in the plots was never reached. Tiuus nuost of the plants
outwardly appeared to be as hea lt iuy in succeeding years as they were prior to the application of the
oil. However , had the amu mount of crude oil reaciued a level of maximum saturat ion of the root zone ,
detrimental effects to the vege tation presunuably would have increased.

As was previously noted , the Barrow results indicated t luat arctic tundra conunmunities were ex-
tremm u ely susceptible to foliar sprays of crude oil , and vven more susceptible when fol iar app lications
were accomm mp a T u ied by quantities su fficient to saturate time plant root zones. To provide similar crude
oi l sensitivity inforn mation on plant species indi genous to interior Alaska , studies were c .iducted in
1972 adjacent to time 197 1 interior spill p lots . Two 5- x 5-in plots were selected and all plants within
the boundaries were covered witlu a foliar spray of crude oil amud observed for dammuage.

During the first season ( 1972), all moss amud lichen ground cover was killed and species sucim as
sweet col ts foot , cloudberry , and willow were defoliated. Little danuage could be detected during
the initial season on black spruce , Labrador tea , blueberry and lowbush cranberry.

In Jumue 1973 . it was observed that all the black spruce had winterki lled and there was no new
moss or I ic lmen growth. However , Labrador tea , blueberry, lowbush cranberry , sweet coltsfoot ,
cloudberry and willow were exhibiting muew growth. This area was also observed in July of 1974
and conditiom u s were essentially as observed j im 1973. It should be noted tiuat again the root zone
was not saturated with crude oil. All species would probably have died had this zone been saturated.
Fronm t imese experim n ents it was readily apparent that black spruce , a predominan t forest species on
north slopes in interior Alaska , was extren ~.’ly sensitive to foliar contact with crude oil.

Germination studies

A prob lenm of concern in terrestrial spillages of crude oil is site rehabilitation. Initial site cleanup
is but one step in the restoration process. lime mmuost diftlcult pluase of restoration is in returning the
contaminated site to a stable condition. In the case of overland spills involving plamut communities,
revegetation is the process normall y used in restoring site stability.

From the literature review , it was apparent that the revegetation of oi l- contamm iinated soils in
temperate regions is not dif fi cu lt .  Howeve r , in arctic and subarctic regions there is lit t le informa-
tion in regard to revegetation techni ques. In an attempt to gain knowled ge in tluis area . USA
CRREL funded research i m u early 1971 designed to evaluate germinatio lu and seedling growth of
sonue northern plant species in petroleum-contaminated soil. A repor l of this work imas been pub-
lished in detail (McCown and Deneke 1973). Those experiments are described in this report essen-
tially as they appeared in the original publication.

The research on this topic was organieed into three areas. The t lrst involved germination of
native and introduced species in freshly contaminated soil or media. This was to test species re-
sponse to fresh oil with its toxic components. The second involved germination of nati ve and intro-
duced species on aged-oil soils. The third area involved nuonitoring seedling development in crude
oil contaminated soils.

As mentioned previously, petroleum can affect plants in several ways. It can disrupt plant-water
relationships , indirectly affect plant metabolism or mmiay be directly toxic. It should be recognized
that the reaction of the soil to petroleum contamination and resultant  changes in physical proper-
ties are major factors in the degree of reve getative success. Tile soil aggregates become coated with
a waxy residue and are quite resistant to wetting. h owever , once saturated they tend to rem n ain wet.
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Figure 23. Win terki/l of Bron i us sp. treated with crude oil (right), normal condi-
tion (no oil) to the /e j t , Fairbanks inm ’estigati ons .

00~ Ep,io.ewn, 00 
~ Er ’ ophorum

~ Li ~~~~ ~~~~~~~~~~~ r [‘1

% oi l  ( v /w )  in medium

Figur e 24. The eJfi ’ct  of increasing rates of oil contaminaf iop z on soil on the
germination of j our nat ive -I laskan species (Me~’own and Deneke 1973).
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Figure 25. The effect of increasing rates of oil colliamina-
ti~,,l of soil on the germination and subsequent growth of
an introduced plant selection to Alaska (McC~’wn and Deneke
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It is felt tha t the disruption of the physical soil-water-plant relationship and anaerobic and hydro-
phobic conditions are the most important aspects of oil-contaminated soils as they relate to plant
gernuination and growth. There are also other problems such as nutrient uptake interference result-
ing in either toxicity (excessive uptake of exchangeable manganous ions) or deficiency symptoms
(low levels of nitrogen and phosphorus in the early stages). Lastly there are certain components in
crude oil , particularly the volatile components (aromatics , naphthalenes, olefins and parafins) which
are directl y toxic to plants ; however , these usually dissipate quite rapidl y after a spill.

Germination in f r esh oil-contaminated soil. Four native Alaskan species were selected for evalu-
ating germination in crude oil-contaminated soil: Epi lobium sp. (fireweed), Enophorum va.ginatum
(cottongrass), Betula pap  yr ifera (white birch) and Picea glauca (white spruce). In addition , Trifolium
praten se (red clover) was selected for evaluation , pri m arily as representatives of this genus were
among the first to be used in revegetation of oil-contaminated areas in the temperate zone. The soil
used was a Fairbanks silt loam at 60% field moisture capacity when treated. Prudhoe Bay crude oil
was evenly mixed with the soil at rates of 0, 10, 20 and 30% (vol/wt). All experiments were con-
ducted in plant growth chambers at 22°C.

The presence of oil generall y depressed germination rates. Of the native species tested in freshly
oiled soils, white spruce was the most sensitive as there was no germination in the conta m inated treat-
ments (Figs. 24 and 25). Red clover appeared to be less sensitive than the native species to crude
oil-contaminated soils; however , germination rates were sig imificant ly reduced when compared with
the controls. Perhaps even more important was the decrease 1mm biomm i ass per seedling with increasing
oil concentrations for all plants tested.

A grass mixture consisting of 10 parts annual rye , five parts bro imm e , two parts meadow foxtail ,
and two parts red fescue was also evaluated for germmunation in contaminated medium. The treat-
ments were prepared as outlined above except that Jiffy-mix , a uniform commercial potting medi-
um , was used and the seed was immixed with a water saturated vermiculite slurry before seeding on
the contaminated surface. Howeve r , even employing these more favorable germination conditions ,
results were similar to those obtained with the other species. The germination of the perennial
species especially was reduced in all treatments with oil

Germination in aged oil-contaminated soil. The second phase of research was the evaluation of
germination of selected species in aged crude oil -contaminated soils. Pots with freshly oiled soil
were aged in a greenhouse for approximatel y one year before testing. The rate of oil used in these
experiments was approximately equivalent to the highest rate , 30%, used in the freshly oiled soil
experiments. Seeds were sown directly on the soil surface and kept moist with plastic covers.

White spruce and annua l ryegrass were selected as the test species because the earlier experiments
had indicated these to be the most and the least sensitive to oil , respectively, of the species analyzed.
Althoug h some germination of Pic ea did occur in the contanminated age d soil , the rate was only 35%
that of the control. The germination of annual ryegrass on the conta m inated soil was not reduced
but the aboveground biomass was only 10% of the control values (Fig.  26).

Seedling growth and development in oil-contaminated soils. In the t hird phase of this work , one-
year-old Picea plants were treated at a stage intended to coincide with spring growth , i.e. the break-
ing of new candle growth. Oil was app lied to the surface of time pots at 0, 10, 20, 30 and 60% (total
pot saturation) rates (vol/wt). Measurements of new candle biomass showed little difference between
the 0 and 10% rates but the three higher rates (20 , 30 and 60%) reduced growth (Fig. 27). Exanuina-
tion of the pots indicated that new aboveground bionmass production was correlated with the depth
of penetration of oil into the rnediummm. Roots in contact with time contaminated soil were brown and
appeared injured.

Established annual ryegrass plants  were also treated with a surface application of crude oil at 0,
10 , 20 and 30% rates. Plants showed initial wil t ing when the crude oil was app lied but revived with
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Figure 26. The response of annual ryegra ss to aged oil-
contamination of the soil (McCown and Deneke 1973).
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Figure 27. The response of white spruce to increasing rates
of oil contatninat ion of the soil(McCown andDeneke 1973).

Table XI. The effect of crude oil on plant nutrient
levels (McCown and Deneke 1973).

Elemen(*
Treatment Nitrogen Phosp horus Potassium Calcium Magnesium Manganese Zinc

Control 2.34 0.37 2.38 1 . 1 2  0.50 0.032 O~00i
10% 1.86 0.29 2 . 14  0.74 0.50 0.017 0.006
20% 1.87 0.27 1 . 94 0.65 0.38 0.01 4 0.008
30% 0.43 0.39 2.04 0.56 0.42 0.014 0.010

Data expressed as % dry weig ht of shoot.
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subsequemut watering. Little reduction in general growth was observed over a four-week period , even
at time 3Ø( ~ concentration.

Established Taraxacum sp. (dandelion) seedlings were also evaluated for their sensitivity to crude
oil. Taraxacum are common pioneer plants in interior Alaska and are characterized by a thick ,
flesimy tap root. This is morpho logically di stinct from spruce and especially annual ryegrass wiu ich
luas fibrous roots. Surface app lications of crude oil were used at 0, 10 , 20 amud 30% (vol/wi) comm-
centrat ions. 1mm all oil t reat nments , root and stem bases were severely injured and the eventual death
of the plant resulted.

Several species , when growing in oil-contaminated mm m edia , showed a red to reddish-purple colora-
tio n . frequently associated with mineral deficiencies. In general , the degree of red color in time leaves
increased with increasing crt ide oil imu the mimedia. Species slmowing the red coloration included Betula ,
Epi lobium, Taraxacurn and t ime grasses. Immorganic m i u t r i t ion , including availability and plant uptake ,
has of ten  been ini p l icated as an imnp ortan t  secondary effect of oil contamination. Annual rye leaf
tissues, taken from plants treated wit im a ~ur f ac e app lication of crude oil and allowed to grow for four
weeks , were analyzed for nitrogen , potassium . pimosp horus , ca l ciummm . m n agmmes i ummm , manganese and zinc.
Data represented imi Table Xl show no major change iii the an m o unt  of P. K . Mg or Zn with increasing
crude con taminamiom u .  Ther e was, however , a red uct i omm of N . Ca and Mmm wit lm increasing crude oil
conta minat ion.

Su,mnart ’ of p / a u ! germination atiti growth: results . Disruption of the plant-water balance , indi-
rect lmm tluetl c e s omm plant m m me t ab ol ms ni . am md toxici t y have all been reported as consequences of oil-
contaminated soil on plants. Fr oij i  time prev ious observations , no singl e factor could be identified
as t he p ri m i ar~ cll ect~ all appeared to be op era t imug. Although it is difficult to predict precisely how
crude oil will a f fec t  p lants. it is possible to draw somne conclusions on the potential success of seed
gernuinat ion and growth . First , seed germination on freshl y oiled soil can be expected to be low .
Second , a l t h ougim gern i im ia ti o mm on aged oiled soils may occur , seed limig growth and survival wil l be
limited. Mineral nu t r i t ion  may he very closely linked to seedling survival: thus, the long-term effects
of low levels of essential clenments like n i t rogen .  e a lc mu mn and mm-manganese omu plant fitness in a natural
environment are diff icul t  to predict. It l~ im u t e r e s t im u g to note that  imu previous l i tera ture  (Ell is  ammd
Adams 1960 , 196 1: Sduwendin ger 1 968) levels of m illiog en , phosphorus and manganese increase in
oil-contaminated soils. 1mm this expe r im n e m il  soil nu t r i emmm levels were mmot mmm e asured. One miglut ex-
pect to tlmmd imucrease d levels of these nut r ien ts  in the plant tissue if indeed t imey are more abundant
im i t he soil solutiom i . This was not foum id. h owever , the disruption of normal plant-water relation-
shi ps by time oil could certainl y inmpede normal nut r ie m ut  uptake  by time plants.

There is ccrtaimm ly a variation in species semmsit ivi ty to crude oil contam i minat ion . and lime long-term
result of a terrestrial oil spill mu ay be a shif t  in species composition. Root morp hology nmay be amu
important selective characteristic and tapr ooted species would probably be el iminated.  Time obser-
vation that fibrous rooted species (in par t icular , grasses) nmay be mm iore tolerant of crude oil-contam-
inated soils is important  since grasses are m um os t com u mum om il y selected for reve get ation.

It should he reiterated tha t  these experiments were cond im et e d in the laboratory under more or
less ideal environmental  conditions. Time addit ional  or nm o d er a t ing  effects that  cold soil temperatures ,
droug ht or other envi r on memuta l variables may have cannot be projected from u the results.

Pim ysiological studies

Some physi ological responses of plants to low m’olu,nes of crude oil app lied to the soil surf ace’.
Plant per f orm uu anc e urmder a variety of oil ammd environmental  com u ditions has generally been evaluated
in terms of whole plammt response. Parameters mne asured ir mc lude dry m u atter  producti on , shoot/root
ratios , seed germ ui ination . seed limug survival , and mineral nutrient  composition. Oi l-co n t atmminated
systems have been further stressed by soil nut r ien t  addit ions , soil temperature a l tera t iomms . and
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surface perturbation s. Information is generall y lacking, however , on the physiological bases fur ob-
served plant responses to oil.

The general pattermu wluich em um erges is that oil can both st inmuk u te and retard p l ammt growth , depend-
ing on the rates of oil app lication and the time elapsed since app lication. Tu e  response of a plant to
a given level of oil application is species- and environment-dependent. In relative terms , low levels
of oil mnay st imulate plant growth while hig her levels may inhibit growth or rapidly kill the plant .
For any given level of oil which does imot imnm nediate ly kill the plant , the effect may be to inhibit
plant growth for a time after application but later to stimulate growth a l ter  partial oil deconuposi-
lion has occurred.

In the absence of time directl y to xic volatile c ein mpo uu ents  of crude oil , suff ic ient  information does
not yet exist to adequately resolve the que sti ( i l l of whether oil a ffects plant growth primarily throug h
direct effects on tIme soil microbial po p ulat iom u s , or w hether tIme primm ua ry e f tect  is ott soil physical and
ch emmmica l properties. While a m i um ber of soil pr opert ~~s do change in response to oil , time bulk of the
i t m formation ~ ou ld suggest t luat microbial influen ce is most in i por ta n  t . Gro w ti m inhibition or death
of plants soorm af ter  soil c o n t a n u i n a t i o n  is gemu e raIl ~ associated wit h Mm i avai labi l i ty  at toxic levels ,
concurrent with a decrease in soil ( i \ i da t i o m l - r ed u c t io n  pot entials .  l- .niuammced growth at later stages
of oil deconmp osition luas been a t t r ibu ted  to an imucr ease imm soil N amud water holding capacity. ilow-
ev er , a m uum iu b er of more recent studies c i ted im u t imis report suggest t l mat  the presence of comp lex rmm ole-
cules at nuore advanced stages of oil deco m um p o sitiomu nma \ imave growth regulat ory properties.

Sch wendimmger ’s ( 1968) review of t he l i t e ra ture  supported the conclusio mu that  smm i a ll am ounts  of
oil may be beneficial to p lan t s  h u t  larger quan t i t i e s  of ill ma~ induce hvdrop lm ohi c conditiomus which
interrupt  mu ornual plant-water  relatiom i s ra ther  than heim ig direct ly toxic to the pl am uts. In Sclmwending-
er ’s (1968) report . ime foumud t i mat  evem i se mmsitiv e crops could withstand appreciable oil in the soil if
they were already well established prior to c om itanmina t i o n.  Oil po ll utiomm symptoms of the foliage
were similar to chose cause d b~- severe nutrie nt deflciendes . and the development of the symptoms
was inversely related to water  uptake.  lie concluded t i mat oil-induced damage was due to disruption
of p l amut water  uptake. Final ly ,  lie tou t md  tha t  the ef fec ts  of oil contamination could , at least pa r -
tia lly. be offse t by h eavy fer t i l iza t ion , and Ime a t t r i bu t ed  this  to mass action e ffects on nutr ient
uptake.

A series of experinments was im u i t i a t ed  at t S \  C R R E L  to investi gate time effects of low concemmtra-
t i Ons of oil ott plant growth at the process level. Spec ific aIl ~ , t he phy siologica l basis by which dry
matter  production is reduced by oil was of pr imar y  interest .  Siimc e p imotos yntl u esis is the basis of
all dry mat te r  y ield, several conmp onents of time ph omo s~ nthe t i c  apparatus were chosen for study.
These included : t u e  ac t ivi t ~ of the pr im u ci p.l I carh o~ v !a t i ng cni y nme of time carhomi reduction cycle
(ribu lose- I - 5-dip luosp li at e carho x ~ lase . or Rul )PC ) , the c om me entra t io ns  of cluI orop h~ u s , and leaf
resistamuces to (‘Os di ffusiotu as a fumm c t i o i t  ( if o;l - Conc lusiomms concerning oil effects on leaf resistance
did not m imateria l ize because of the ver ~ i i i e l l  s a r i a h i l i t ~ encountered .  The choice of this parameter
as a n i nd icator of pl ammt response was derived t r i i m u  the h~e r v a t l o ns of ~nesi i iuS investigators t luat
oil affected nor nmal plant-water  rela t ions . Thc hyp - hesis was tha t th e  sti i i i a ta l  resistance increased
as a result of oil-induced water stress . The s t omat a l  resistance in t u r n  decreased p h otosynthesis and
possibly elevated leaf temperatures. Theref o re leaf respiration was also elevated witlu the end result
being a reduction in net dry mat ter  accumu la t ion .

The positive correlation between tissue N commt cnt and ch lorop h~ II has lomug been known (Brown
and Ashley 1974). In addi t ion.  reductiomu in n i t r  gt’n supp l y to pla nt roots imas been shown to
drastically reduce the act iv i ty  of RuDPC (M e d ina  1 ) 7 1  lii  view it &-luwendinge r ’s (1968) obser-
vations that heavy fert i l izat i o mm at least p arl ialI ~ i i t l s ets the e f f e c t s  of oil , it was hypothesized in this
study that oil exerts its effect on dry mat te r  production by impeding nifr oge n availability in the
soil and/ or nitrogen uptake by the roots , wh ich in t urmm decreases the chlorop hyll concentration
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amud RuDPC activi ty.  If time pho t o sy r mt lm e f i c  potential is af ’fected in this way h~ oil , ilm en n i t r og e n
fertili zer nuigh t overcom mue all or part of the alutagonistic ef i ec ts  of oil , lit general , the experiments
supported this hypothesis.

Methods applicable to all experiimments will be described here , Methods peculiar to a part icular
experiment wil l be included with the discussion for that experim n ent.

Plants were started t’rom mm seed and grown in soil and were well established prior to treatment with
oil. The soil was a Tanana silt loam topsoil froni the University of Alaska Experimental Farm im in
Fairbanks. A soil amm alysis is given in Table Xli. Time soil has a long h istory of ferti l izatio n. i t is
relativel y high j im Mn , Cu , Fe and Mg, btit  is low in P amid K. The exchange comp lex is saturated
with bases and reaction is si ig imt ly acid. The soil was mixed to obtain a homogeneous mixture . Imeat
sterilized (100°C) to kill soil borne pathogens , and then contained in l6. 5 - cn m - d ia n m pots having a
depth of either 12 or 17 cm . Two or 2.5 kg of dry soil was used in tite 12- and 1 7-cm pots respec-
tively. Equal quantities of distilled water  were used to keep the soil m m moist .  Pots were miested in tin
cans so t l uat  time leachate amud for oil whic h caine t iu roug lu time drain holes could he collected and
added hack to t im e sur f ’ace of time soil. I t , this way oil and fer t i h i ,er  cont aminat ion by adjacent pot
drainage was prevented.

Crude m i l used m u m these experiments  was produced at Prud imoe Bay in 1972 by time Atlant ic  Rich-
f ield Co. An analysis of a sample of Prudhoe Bay crude was prese nted in Mc( ’owm m amid E)eneke

1972). Time oti was app lied t o t ime surface of time soil at room um fe t i ip er a t ur e atid care was take mm to
preve nt oil f r on t  com mm i tii ’ . i m m contact wi th  time foliage except at the soil sur ace. Microscopic examm u im i a-
t io i l  at ( lie t ime of time a pp licat ion showed time oil to be free of mn icr oorg anism t ms.

Plants (grasses) were growim om m a growth table 1.2 s 2. 4 mit .  Li gl u t im u g  s~as pr ovided h~ tour  banks
of fl t i i i :e sc ent f ix tures  each containing four  white tubes 2 4  m u m l omm g . I r rad i a r t ce  at plant  le ’.e l vari e d
t ro u t I ‘10 m m uic r o ei i mst emns 111

2 sec (400—700 n t i m )  at t I r e  ed ge of t i re  table to .~4() imu i c roe inst e it ms , ui
see at t u e  c c mmter  Time gradient in irradiamice occur red in sp ite  of t ime l i ght  h ammks ex t ending  ~ eI1
he~ oim d t Ire ‘odes of time table . To con upemisate ex p e ri tmme r m lal l y for  t i mis gra diem u t . a rando m nited com-
plete block design ~sas  used with time t re atments  blocked om the dire ctiorms of ch ang ing ir i and i am i ce.
Trc a tmm m m - i t s  wer e a ndom ur t ie d  wit im irm tim e blocks. Time phot operiod was 16 ho urs long. There was
no ci., t rol  of rcnupt - r a mr i r e  per Ce. hu t  a thermoperiod did res ult from c~ cling the ~rg 1uts. T ertm pera—
ture  f l u c t u a t e d  hetweemu abo ut 20° .tm md 28°C. Relative hu m idities were general ly betwe emm 35 and

- -\ t a n  was used above time lig hts to increase circulation hut  did tmot blow directl y on the pl am mts.
i - e r t i l i i e r s  ris ~d in th is  s tuds were either an imn ommiutum n i t ra te  (33 1

/3 % N )  or treble superp hosphate
(20 ’ -~ i’ ) l ime f e r  i t h i zer was applied to t ime appropriate t reatments  at time sau te little oil was app lied.

live leaf blade tissue was used for the chlorophyll , RuDPC . amid mit i eral mmti t r ient  arma lysi s . Chloro-
phvl is  were extracted accordimu g to  the procedt ire of Tieszen (1972).  Concentrations of clulorophy lis
a and h were calculated from time absorhance values at 645 , 652 and 663 nm (Arnon 1949) as meas-
nred in a Beckn t amr DB-G spectrop hotonmeter. The extraction and assay of RuDPC followed the
tumethod of Tiesien and Sigurdson (1973). Nutrient analyses were done according to Jackson ( 1958).

It was imiterided to use barley (Ilordeum vulgar e) initiall y to explore techniques since this species
is easy to establish and grows very rapidly. Also , the leaves are wider timan 3.5 m mm i , the m immimu m
width required to nu easure leaf resistance with the diffusion poro tneter described by Kam iemn asu et
al. ( 1969). ilowever , barley proved to be ext reniely sensitive to even very low levels of oil and did
not live long enough after trea l mmment to allow ph ysiolog ical effects to be determine d. Timeref ore .
two species u t  introduced grasses which have shown vary ing degrees of success in Alaskan revegeta-
tion studies , foxtail and bromegrass , were used.

I .  Foxtail ( Vitroge n — oil,) :  Seeds of Garrison creeping foxtail (A lopecurus arundinacea) . a tall
rhizonmatous perennial , were stratified between moist filter papers at 59C for nine days in time dark

44



—--. -‘- ---- ~~--- _ —

and planted I cmmm deep j im moist soil. Eig ht seedlings were established per pot. The pl am m ts were
cli pped back to pot level after 45 days to p r evemmt flowering and to stimulate pod production.
Twenty days after ch i ppim m g t h e  t reatnuen t s were app lied to time pots while the plants were still in
a vegetat ive stage . Regrowth at this time was about I 2 cmn imig im wit lm tip to three leaves exserted.

Treat n ments consisted of all factorial coimmbinations of 2 levels of N and 4 levels of oil. T h e  N
levels were control and 22.5 g N / mu m 2 equivalent.  The oil rates were control and 0.5, 1.0 ammd 2.0
I/ mn 2 equivalent.  The cig h mt t rea t t tu etmts  were rep licated twice im m a randomized block design . RuDPC
activity and chl orophyll com u cen t ra ti or u s s~ere deter m in ed flve days after treatment and plants were
aga imm clipped to pot level. T u e  regr ow t l m was again sampled 40 days later for RuI )P C and chloro-
phyll , and miutr iem m f commcentr a t iot m s a n - i  abovegr ound dr~ mat ter  production were determined.

Somime effects  of oil arid t i i t n u u g e n r  at the lese ls app lied are shown by the t rea tment  t imeans of mmm c
paramm ueters (Tab lc \ l l l  ). Sign if ican t sources of sa r ia t io n  are sh own in Table XIV . Chlorop hv ll s a
a nd b gener al l% followe d the carrIe tre n ds as total chlorop hyll (a + h~ and these data were not incl uded
itt  Table X I I I .  Ni t r o g e n  did cau ~e a sl r g i mt  hu t  sigt u i fica u mt incre a se in the ch 1orop h~ II a to b ratio
(3.0/3.2) at t I me secom u d s amnr p l im u g peri od , hu t  oil imad m u o e f fec t  on time relative proportions of these
Iwo pigmm lent s .

N it r ogem u produced h i gf i l ~ si g m m it lcat mt i n creases imm t ime levels of all para nu et ers  m m  Table XII I  except
Mg. Ca and ~m In i .  These ef i e c t s  ii r i i t ruugt ’Jr on chlorop h y l l and Ri j J)PC agree with time l i terature  as
cite d earlier.  Ni t roge n effec ts  otu ih i c u u t h e r  param ui eters , pa r t ic u la r l y dr~ m a t t e r  production and leaf
Imitro gemu cont e mmt . also fol lowed time expected . The sli glm t i tu crease in M g due to tmi trogen was not sig-
nif ’icant al t l mough tu i t r t ,~cmm ap p l ica t io m m s did result 1mm itmcre ases iii  chlorophy ll comucentratio n s.

In general , time low levels of oil used im m t h is study had li t t le eff ’ect on m ost parammieters measured .
Oil levels were hi glm enough to cause sigm m if i cant reducti omus in dry mat ter  production from 6.8 g/pot
for the controls to 4 . 1 g/pot at t ime imi ghest level of oil (2 I/m 2 ). Oil did decrease RuDPC activity at
the second sampling period amid a nmi trogen - oil i t i teraction was apparent for dry matter  and for
RuDPC at bot lm samp ling periods. Dry m u mat fe r  production dec lim ied al m ost linearl y as oil increased
eit lmer with or without nitrogen. i iowever , th e rate of dec h im u e was slightly greater in the presemice of
nitrogen.  Tire oil - nitroge n interaction for Rul)PC slmowed that  a symmergistic effect on ciii me ac-
t iv i t y  nma ~ resu lt by certain combinations of oil and Im itr ogen . in this experim t m er m r , oil imad almost rio
effect on RuDPC in time absence of ni t roge n m. In the prcse mmcc 01 nitroge n , RuDPC activity decl it ied
fro n m i ts con t r ol t h rou gh the level 3 of oil but th eim immcr e ascd again at the imighest level of oil . Th is
was observed for both sam u mp ling periods.

A ithoug lm increasing levels of oils resulted in a corresponding decrease in dry matter productiomu
eit her with or wi thm mut nitrogen , even at the highest leve l of  oil N app lication resulted in over twice
as niuch production as time control.  Tlmis supports Schwenditmge r ’s (196 8) observation timat fertiliza-
tion aan ov e rcommme sonic effects of oil on p l am m t growth.

Concentrations of inorganic nutrients in leaf blade tissue did not respond to low levels of oil.
The highl y significant interaction for calcium resulted because Ca concemmtrat .ion s immcreased up to the
third level of oil and then declined slightly in the absence of N . in the presence of N , (‘a concentra-
tions generally decreased as oil rates increased.

A comparison of RuDPC activities and chlorop hyll concentrations between the first and second
sampling periods showed no significant differences for RuDPC . For cimlorop h y ll , a highly significant
decrease in time mean anmoru g pots not receiving n itroge mm did occur , While it is tempting to invoke
N as t he factor which prevented a corresponding decline imi N-treated plants . the data are insufficient
to make this conclusion. There may he other factors interact ing with nitroge n mmot tested in this
experiment.
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Tabl e Xli. Results of soil nutrient analysis for the soil
used in the physiological experiments.

SaIw’a lion
Property Percentage ppm Meq/lOO q (%)

Or ganic matter 2.4
Phosphorus (spray no, I) 2 I
Sulfur (a vail a ble ) 3 5
Potassium (exchangeable) 35 O.t 0.4
Magnesium (exchangeable) 742 6.2 30.7
Cat cium (exchangeable) 2680 I 3. 4 66.5
Sodium (exch ange abte ) m m  3 0.5 2.4
Zinc (avai lable) 3.9
Man ganese (ava ilable) 2.0
Copper (avai tab l e)  3.8
Iron (avai labte) 123.0
Boron (avai lah ie) 0.6
Molybdenum (available) 0.3
Soil pH 6. 7
Cation exchange capacity 20.2 ________

Percent base saturation 100.0

Table X III . Analytica l results — foxtail (nitrogen - oil) experiments.
Chiorophs-1I a~ b RuDPC Dry WI N P K Ca Mg .110

i~eatmeni (mgjg dry w I )  (mg CO , /g dr, wi hrJ (g/ p o t)  (%) (‘ :) (~ ,j (%) (c~.) (‘~ -)

N~ Ollt 1 2 I 2 2 2 2 2 2 2 2

0 0 1 1 . 0 7.4 2.7 3.5 2.97 1.26 0.28 1.68 O..3 3 0.24 0.04
0 I 10. 9 7 .5  2 . 8 2 . 2  2 . 8 3  1 . 3 5  0 . 2 3  l . 4m 0.43 0.30 0.04

0 2 1 1 . 5 9. 7 3.0 2.6 2. 45 1.65  0 .25  i . 4 6  0 .S3 0.38 0.46

0 3 12 . 0 7.5 2. 9 2.6 1.70 1.10 0.25 i .34 0.48 0.29 0.04
Mean 1 1 . 3 8.0 2. 9 2.7 2. 49 1.34  0.25 1. 47 0.44 0.30 0.04

i 0 15 . 8  17 .4  13 .0  12 . 3  10 .56  2.96 0 .3 1  1 . 7 9  0.38 0.42 0.02

I I 1 5 . 2  13 , 7  1 1 . 0  1 1 . 4 8.54 2.8 1 0 .34 2 .36  0.30 0.30 0.02
I 2 13. 8 13 , 6 3 . 9 4 . 1  7 . 8 t  2 . 33  0 . 3 m  1. 9 5  0.30 0.28 0.02
i 3 13 . 9 14 .4 8 .1  6 . 1  6.41 2.69 0 .3 1 1 . 72 0.28 0.26 0.02

Mean i4 . 7 14 . 8  9 .0 8.5 8 .33  2,69 0.3 1 1.96  0.32 0 .3 1  0.02

Note:  The 1 or 2 under each column heading refers to first or second sampl ing period .
Nimrogen treatment was a lways  22. 5 g/m ’ .

toil treatment was 0.5 I/ rn ’ for level I • 1.0 1/ rn ’ for leve l 2 , and 2.0 I / rn ’ for le vel 3.

Table XIV . Analysis of variance — foxta il (nitrogen . oil) experiments.
Source Degrees

“I of chlu ’r i ’phn ’I t a#b RuDPC Drn’ WI ‘~ P A (‘a h g .ila
vaflation freedom / 2 1 2 2 2 2 2 2 2 2 

—

I t i ock s I 4 . 2 2  S4. 02t 8.37 0.77 2 .3 4 0.66 o .oom 0.17 0,00 1 Q .0 15 0.000
Nitr o gen (N) I 44 .29 t  t 8 3 . 26f i S l . 2 3 t  1 3 4 . 2 m f  i 3 6 . 5 3 f  7.34 t  0 . O i 8 t  0. 94t 0.063f 0.001 0.Oo3f
Oil (0) 3 0. 48 2. 46 14.84  17.69f  S l O t  0. 04 0.000 0.09 0.003 0.003 0.000

N X t )  3 2 .0 7 6 .28  i6. 64  14 .5 9 t  i . 5 4 ’  0. 2 1  0.001 0 . 1 2  0 .01Sf  0 . 0 m 3  0.000
t-.rrii r 7 1.60 4 . 37 3.82 0.75 0.34 0. 20 0.00 1 0.07 0.00 1 0.002 0.0001
T u , ta i  i 5

S ign i f i ca n t  in 0.08 teve l
tS ig n i fuca n i  at 0 .0 1  ie~ r t .
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2. I-o.vtail (Nitrogen - phosphorus - oil): Time plants used in timis exper iment  were f r n u m m  time sammme
set used in experinment  I except treatmmm em mt occurred 66 days af ’ter ch ippi m mg ral l ier  thamm 20, i’Lin t s
were about 20 cmmm hig lm and in time fourthu leaf stage .

Time t rea tments  commsisted of a 2~ factorial arranged imm two blocks. Time factors were im itr og en
(0 and 22. 5 g N/rn 2 equivalent), phosph orus (0 at u d 1 1.2 g P/rm i 2 eq uivalent) ,  and oil (0 ammd 2 I / inn 2

equivalent ). Time pots were sampled for Rul)i’C and ch lorop hyll anal yses I 5 days after the treat-
nuent s were app lied. Also at t imis ti m e, the ahoveground pr oductiom i was d e t e rm nm i n med by clipping.
dryitmg amud weighing. The leaf blade mat erial was grou rmd and subsammmp le d I’or mmutr ien t  analyses.

Surnmarii.ed results and time anahysis of variance appear m m  Tables XV and XVI respectiveh y Oil
had litt le effect on the cimlorophy ll a to b ra t io  or oim lea f blade Mg. Oil s i gm m i f icammt l y im u crease d l ea f
blade Ca but only in time presence of N ~ vi ng a significant N - oil i n m t e r a c t i m n m m .  1m m all ot i m e r  param n et ers ,
time effect of oil was to reduce tIme level of tine p a ra nmmeter regardless of time presemmce or absence of N
and P (Table XV) . R educt io n s by oi l we r e e n t i me r si gmmificam ml or im igi m l~ si gi i if lcan t j im all hut  RulWC .
Nitrogen sigmmi fi cammtly affected all para n mueters hut  leaf (‘a . wimi lc I’ on ly had a si gt mi f ica t mt ef fect  on
leaf P. Al t lm oug hi oil gemierall y h ma d ai mtagommist i c effects i nt l  t ime para m m u eters  mmme a sured with or wi t imout
nitroge n , mlitro ge n tmuo r e tha n overcamu m e the effects  of oil m u  Co mmm p a r is omm to time control. amu d this re-
stilt agrees witim Schwemmditmge r ( I  96g) .

Phosphorus had little itu t lu en ce on oil effects and there were m mo si g mm if icant im i tera ct iomms of N ari d
P. Time omie sign mificam m t immt e i  ac t i o mm of ’ oi l aimd P occurred in time leaf P data , as m m m ig im t he expected.
Oi l decreased leaf P levels w i t h  or without  the add ition of P f e r t i l i ce r . Althou g im I’ fert i l izer in-
creased leaf I’ h~ 40~ ir m the  ahse mmce of oil , leaf P was time same imm t ime pr eSetice of oi l .  Th ere were
seve ral si g t u if icammt N - oil i rmterac t i o m m s ,  For time cases of dry sve igim t product io mm . fres i m weig h t  ‘dr ~
weig lmt ratio ~nf time leaf blades . N . am md K , i nteract i o mm resulted because reducmi o mms i m m t Ime respective
para n me te rs  dtie to m il were greater i t t  t ime i resence of nitrogen. h owever . 1 m m all cases, parameter
levels utuder the oil arid nitroge n tre attu et it exceeded levels of the control tn ea t tmmen t .  (‘ak ium in
t ime leaf hetmaved d i f fe ren t ly .  Oil produced no effect on leaf Ca in time absence of m m it ro g em m t c r t i h i i e r .
In the presence of N , oi l interacted to cause a synerg ist ic  e ffect on k a f ( a  c ami s in mg i t  to immcrease by
about 25 ’ . Oil and nitroge r m hma d opposite ef ’fects otm tissue succu len m c e ( f r e ~h m s~eig imt/dr ~ we lg iut
ratio). Nit roge n increased sticcu lenc c hut  oil decreased i t .  Th u s ~sou hd  siig~e’~n t h a t  m l  did in terfere
with normal plant-water relationshi ps as suspected. It nia~ n e f ~ect a r eIa t t ve h ~ greater sv nmth cs is of

cellulose atmd h ig n uin ar md less protein syn mthesis  under condi tm o rms of a slower rate of grt ’s~
in comparison wit im e ’c p cn i i mme mm l I , paranmeter  levels were ge mm era ll v lower. T h mis probably r e flects

time age of time pl a n u t s  mmm d t he  dcn ~e lo p m mment  processes of se nm es ce nmce. T imis n t l a v also exp lain oil respottse
di t ’fer em mc es betwee n time t~ m n ’ expe r i i nm en ts  wi th  re la t ion  to smg: I t c an t  e f f ~ cts . a l t inough differen ces t im
nu mbers of actors ,  f ac to r  leo ’h s a tmd degre es of freedott m would also a f f e c t  si gn mif i c ant  d i f fe rences .
Oil sig mm l f ’ic a n t l ) lnns ~ere d Ru I ) P ( ’ ac m n v i t ~ at  t ine  sccomm d s ar mmp hi m mg period of ex pe r immm e mmt  I hu t  imad mmo l
pro duced an e f f e c t  at time f I r ’ . -~m nnt p hi n g (Table X I\ ’ ) . Whether t imis resp ommse resulted f ’rom aging or
fm ri m increased I i  lm m t’ of e x pi ma l i re In nil I is tm n i t  knowm m

S i x t y  da) s a fter time p la nts  were cl ippe d I n  soi l level for  sammmp h i rm g. t rea t n me m m ts wer e ra n ke d based
on a qual i ta t ive  assessmmmcn l of  % egl ’ t a t i m - e  r e g n o w t i t  and recovery .  Time ar ra ~ frommm best recover y to
worst was (N , N .P). ( c () muI r ol P). \‘l’-nn i i . N -oil . P-oil . am md oil , l)if ferences could not he delinea t ed
between t rea tnments  in pare n these s . Recover y ranged esserm i ia hl v fronm death in the oil only treat-
m e lm t to a vcr~ lus i m an d t imic k  regrowt lm iii N . ar md N-P-treated plants.  The rankirmg definitely dep ict ed
w hat  t u e  q u a m m t m t a t i v e  data  Imad s imow m m ear l ie r . t i mat P had l i t t l e  beneficial e ffect omm oil-induced plant
resp om mse s and timat  n i troge n grcatl ~ fac i l i ta ted  recovery of oil-treated plants  subsequemut to cl i p pi mm g.

3. Iiro,negrass (.Vitrogen oil) : Tints s t mm d ~ was simnilar  to exp erimm u ent I - Seeds of Manchar hrome
(Riotous inerrni.c). ,i tall rh i i or mm a tous  pere tn t u ia l . were suspended above distilled water  on a hardware
cl ot im pla t form covered with large Kimmmwipes (pap er towels). These acted as wicks to keep time seed
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Table XV. Analytica l results — foxtail (nitrogen , phosphorus - oil) experiment.

Chlorophyll
Treatment /mgJg dry wrj RuDPC Dry wt Fresh wt/Drs’ WI N P K (‘a Mg
N P Oil a-t b a/b (mg CO1fg dry wt hr) (g/pot/ (gig) (%) (%) (%/ (%) (‘ ,n

0 0 0 6.6 3.2 1. 2  2.44 2.77 1.04 0.25 1.36 0 .35 0.28
0 0 I 4. 9 3.0 1.0 2.30 2.68 1.05 0 .23  1 . 1 7  0.34 0.29

Mean 5.8 3 .1 1 .1  2.37 2.72 1 .04 0.24 1.26 0.35 0.28

0 1 0 8.3 3.1 1.5 2.51 3.02 1 .2 2  0.32 1.50 0.31 0.29
0 I I 5.7 3.0 1 .1  2.22 2.62 1 .06 0.20 1 . 1 8  0.32 0.26

Mean 7.0 3.0 1 . 3  2.36 2.82 1 . 14  0.26 1.34 0 .3 1 0.28

I 0 0 17 .5 3,3 9 ,9 5.36 4 .94 4.33 0.32 2 . 1 9  0.33 0.32
I 0 I 15 .5  3.4 8.6 2 . 7 3  3 . 5 3  3. 99 0.31 1.36 0.38 0.3 1

Mean 16,5 3.3 9.2 4 .04 4 .23 4. 16 0.31 i .77 0.36 0 .31

I I 0 18.6 3 . 1  1 1 . 7  5.39 5.00 4.49 0.53 2 .29 0.28 0.39
I I I 14 . 4 3.4 8.1 2.44 2. 78 3.58 0.33 1 .2 1 0.42 0.37

Mean 16.5 3.3 9.9 3,91 3,89 4 .03 0.43 1.7 5  0.35 0.38

Nitrogen trea lns ent was 22. 5 g/m ’ -

Phosphoru s t reatment was 1 1 . 2  g/ rn ’ .
Oil treatment was 2 .0 1/ rn 2 .

Table XVI . Anal ysis of variance — foxta il (nitrogen - phosphorus - oil) experiment.

Source Degrees chlorophyll RUDPC Fresh wt,/
of of (nng/g dry WI) (mg (‘02 / 1~~y wL dry WI. N P K -Co Mg

m’arialio,z freedom o’i-b a/b. g WI /nt/ (g/pot/ ~g/g) (%) (%) (%) (%) (%)

Blocks I 3.49 0. 073 0.41 0.01 0.0 18 0.00 0.000 0.00 0.008’ 0.004
Nitro gen I 41 t .9 9f  0 . 2 2 6 *  279 .39f I0.40t 6.656f 36.2 I f  0.058f 0.8Sf 0.002 0.0 1Sf
Phos p horu s (P) I 1 . 5 1  0 .023  0.61 0.02 0.060 0.00 0.018’ 0.00 0.002 0.004
Oil (0) I 27.07t 0.001 8.04 9.06 4.244f 0.49’ 0.032f  I . 48f 0.009’ 0.001
NP I 1,47 0,001 0,19 0.02 0 .194 0.05 0.008 0.01 0.001 0.005
NO I 0.89 0.133 4.50 6.60t 2.449 0 .31’ 0.00 I 0.SOt 0.010’ 0.000
P0 I 2.35 0.0 17  1 . 5 5  0.06 0 .314  0 . 14 0.020’ 0.04 0.003 0.001
NPO I 0.4 1 0.000 1.00 0.01 0.065 0.04 0.002 0.00 0.00 1 0.001
Error 7 1.05 0. 030 2. 42 0.07 0 . 1 1 3  0.04 0.002 0.03 0.001 0.001
Tota l I S

• Significant at 0.05 level.
I’ Significant at 0.01 level.
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nl t ois t  h ut  not anaerobic. The seeds were incubated ~nn the dark at 10°C for three days an md at 25°C
f’or t s ~ o ~~~~ t)u r im u g time la t ter  immcubati on , the seeds gerimuinated rapidly , On the fifth day after
t he start of in cuh atio ln , 10 ger m munmat lm mg caryopses were transp lanted to pots containing the same
soil m mmix as in ex per inment  I .  Smmm all holes were mmmade in the soil about I cm deep and caryopses were
I rus ert ed by forceps am i d li ghtly covered wit im moist soil. The day after transp lantation , coleoptiles
were showing above time soil surface. Sev elm t een m days af ter  transp lantation , the treat ments were
applied whe m m time plamit s were in the sixth leaf stage and ab imut 25 cm in height.  The oil treatments
were applied agaim u hO days after  the first but omm ly the immitia l  fertilizer app lication was used. The
experinme lutal desi gn and rates of N and oil followed that  out l i n ed itt exper m nment I .  The plan ts were
samm i pled for chlorophyll . RuDP( ’, nL l t r iemmt s  and abovegrou nmd production hO days after the second
oil application.

Results of the laboratory ammaly se s and anal ysis of variance are in Tables XVII and XVIII.  Nitro -
gen caused significant increases in all variables measured except leaf P. Oil signifi cantly reduced
RuDPC activities iii leaves of timis species alone or in comm ihination with N. However , at the highest
level of oil , N-treated plants had nmore t h a n  twice time activity of the controls , once again showing
the beneficial effects of fertil izer in overc otm iing negative responses of plants  to oil. The reduction m
of RuDP C activity due to oil was accelerated in time presem ice of N and caused the high ly significant
N - oil imit e ract i o tm

Umu like experinm e nt 2 oj l inn t h is experinment apparently had no effect on succulence. Magnesium
dec l inmed in time leaves in respo nse to oil in coi mtrast to the other experim u memuf.  Va r iabi h it ~ imu the
chlorophyll data prevented a sigmmiflca nt mm m aimm effect of oil on ch itm r n mphy ll , So covaria nce of these
two variables in resp otmse to oil cammno t he simown (in spite of timeir close association irm the plant ) .
As i n the other e x p e r in m e m mts ,  oi l nec uced dry rmmatte r  s- ie lds . hut  i n t im is case , time e f fec t  of oil lmad
begun to reverse at the imi ghest level f oil irm time mmitrogem m .treated pots. More ~ n n rk would he re-
quired to ascertain if t i mis trend is real or ar t i fact u a l .

The treatments  were qualitatively ranked (as j im experiment 2) 60 days after clipping the plants
for arma lyses. In order of decrcas lnmg recovery t im C ar r ay was N , com mtro l , (N-oil I - N-oi l 2),  (oil 2 , oIl 3),
N-oil 3 . oil 3. Treatn u enmts  in paremutheses showed sinmm il ar  recovery. The least recovered t r e a tnments
(N-oI l 3 and oil 3 )  h a d  about the sanm u e mmu lm mber of live simoots , but imm the for m mmer . t he shoots were
twice as long as in the la t te r .  The ef fec t s  of N i mm hastenmimug recovery um mder the exp eri lmuenta l con-
diti ons are shown itt  t h i s  r anmkmng.

C~nu ’lusions, These exp e r i mnmetmts  are only a s tar t ing point for discerning effects of oil at the pro .
cess level. They immdicate t h at oil cant adver se I~ a ffect enzyme and pignmuent systems in time plants ’
pimotosynm i hesms apparatus  and that  n muf r t e n m t uptake , as ev i denmced by leaf tissue concentrations , ca lm
be impeded by oil. The possibility of d i f f e r en t i a l  physiologica l responses of pla .s as a function of
species, age and exposure time was suggested. It is realized that greater rep licatiomu anud environ-
nuental control m ust he used to formmm de f immite  cnn nc lusi om ms in this regard and timat to have app lica-
bility i r m Alaska . tempera ture  must  he superitmmpos e d as a variable (sitmce tem lip erature interactions
can be expected). lit addit ion , more levels of the indep endent variables must be used to delineate
response surface; more immt c ract i o ns  m imigh t have been observed m m  the  present study if logistics imad
p e rnm u it ted more levels of nitroge n and t mi l ,

In these studies , rates of oil application were insi gnificant m m  comparison to those whic im would
be experienced by plants Iron m an actual spill. Their purpose , however , was to asc ertaim m some of
the chronic effects of oil which niight have application in rehabil i tat ion of spill areas. It is realized
t h a t  pl ammts exposed to actual  spills will very likely he killed amud l i t t l e  c an m he done to save them.
Thus it would have been more realistic , had time p ernmitted . to use soil-oil nui x tur e s  of various ages
as did McCown and Deneke ( 1972) to study physiological response of plant species which success-
fully germinate and establish. Possible adaptations in n tolerances at the process level could he deter-
nuinmed and used in selecting plants  for rehabil i tat ion.
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Sun t ace app l icat iomms t n t  i t i l  as done imm these exper m tn te i mt s  dmd not P CIiL ’ t m a t e  ap preciabl y in to  tIme
soi l , Time roots t imenm s e l ves ~ eri ’ g e l mera l l y mi n t  direct ly i r m contact  w i t h  i n i l - c o l m l a immina te d  soil. Oil
appeared to ent er  tIme p lant t t h roug h the leaf s hmeathm bases as evid ctmccd In a h l ac ke mn ed ionic i t t  4
to o cmmt above time soil sum face  oii t ine St &’m mts .  T h e  le i mg t h m of t h is tone stas  sevem al t immm e s t r tea met
t i mamm tIme dept im of oil at  time m m m n m e  oI ’ app h ic a t i o t t .  I’en h t a ps  t h Is lack i t  soil p en tet ra t i o mm e x i m l a i t ms  th e
lack of response of leaf mt m anga im c se to m d , A l t h oug h t Ime s t i t l  sur face  ol oil t r ea t tnm e t i t s  was hard amid
h t~ dmo p hm m mb ic , it is uni l ike k t h at t m i s  c o mmdit  ~m t i i  r e sulted itt aim a mm a em oh Ic t m n m n t  int g /o mm e , due to time
smtm all  vo lun mm c of time Pots. \~hii l e oil p m e s e m m t e d  watem tm mf i l t r a t i o m t  at  t ime s m i n l a c e . water  easml ~ tmtov e d
i m i to  t ime r o o tl mmg iomie f m o m m m  t ime sm dcs ammd h ; m n t to i i t  of the  pots. l I n us . se~e m e  oil n t i \ i c i i ~ amid water
st m e ss s% immpt mmim m s were mm o t v lsmhl\  not ice ab le . L i nn i t c d  h no r otne te t  da ta  imm d tca ted  a m r r ea lcr leaf
res l stam uce for bar I e~ plants  t!r i s~l I m ~r i t t  c m m i t t ac t  w i thm oil b i t t  v a m m a b m l t i s  s sas  I mi g f m amid prevented
statmst ic a l commc l us m omms. It is probable t I t an  t ime e f ’fect  i f oi l o ii m i t f o m t n p l t ~ II c om mcemmtra t io nms , Rm iDP ( ’
.mc m vi t ies a mm d mitt  rogenm nnmet a hi i l t s nm m ~ m i  Id I n .m e heenm m nm ire pm tnt omi n i ced an m d Ic ss variable Ima d t hue oil
he enm mm mixed wit l m the soil.

Fu r t h er si L slmou l d c o m ic e l i t r a f c  mi tt d m i p l i c a t m m m i ~ n m a t u r a l  pos t—spi l l  c ommdi t ionms  am td t i h t imm ia t e l v
sh ould inmclude a v an e t of sm m hst r i t e s  amid  pb tnt  spec ies ii ) enma b Ic more dim ect app licah i h it ~ to
re l m ab l l l t a t mo t m i r obf emim s .  1mm a d d i l i m n i m . a l e af  on p hanm t  c .ms ex c l ma n m g e m m m o m m i t o n i m m g  capabi h i m ~ (p lmot o .
s~ m m t l m e s t s . t ra n ts p m r a t i m m n m ) wou ld m ake 1t m5s ml t I ~’ t I me e n i k - u r r e m n t  am i d i m t m m m m e d i a t e  . I s s c s s r m m e n m t  of p l an m t
phmvs i o l og ica l  responses to oi l. O’~ t~e m m t c m m s m mis anmd s m m i l - s ~:m ten  pote n t i a l s  s ltou l d be nmnea su r ed and
m m m a m m i p m i l ated t i n  d e te rnm mm nme t ine  nn ec h m a tn i s ,n m of o ml — inmd u ced  ci t e e m s  onm pla mm t—s ~at e r  t e l an iom i s  am md
n m u t r i c m m t  uptake.

I)ispersant studies

\ m m m n m e r o u s  c fient t i c .m l c o t t t p o unmd s  nav e  heenm developed to assist nm the  was lm ii t g of ’ oil residues
r u n t  ~:i n m o m i s  s m m n t . m ~ es c o m t t a m n m m n i a t e d  h~ acc i d eni l a l pe n ro l eumnm sp i lls ( ( . m m i e m a r i  1970) . Th ese

c m ’nnpounmds are c n n m m n n m o n t l ~ knn owmm as d n-pc n k i l l s - Th m ei r  use imm t e r r e s t r i a l  sp i lls has heeim po i nm ted
si . in i t ime ren mi oval  m i t  e r m i d e  m n i l  f r o m t m  p l a t i t  sun l ac es .  R e cenmt  i m mves f i ga t io i ms  inmdica te  t i t a t  time me—

ir r v :mI i i i  ~‘r t md e m l m u m  p l a t m t  s m i n f a c e s  suls e s  nm I ~ m u t e  part  of time t e r r e s t r i a l  oil p o lhmm t i o mm problem.
Fine pre v iot l s s e c t m m m m m s  i f  m l i i ’  report  I m as e  d i scusse d time p r o h le n mis m ss mcm,i t e d  w i t h  p lant  germtminat i o mm

ant d Cim si nh . t .e. direct I \ i c l t \  . h~ dr op hm oh i c smi t l s u n  ices . e t c .  - \s ss ;m~ nn me n n t i o ned ear li er , an
oi l .soak ed so il is sm nn m p f~ m m o t cot mdm l c i se  t i n  p h m n m t  seed g e r m n n m n m a nm mi . TIt u s s o mm n c m in ethod 1 m m  re nto vinmg
crude  oil fro imm time smi t i su r face  is need ed m l  p rovide  c i m t m d t t i o m i s  more c m n t i d m i c i v e  t in  e e t n n n i n a t i o m n .

li me i mmet i mod tm aid m e s e i ’ e t a t m u m m  i f  so ils s a t u r a l ed  wi th  ermide  oil sv ’ m m l d  he f I ne  mi sc  of ch ien mu ical
m i n s p e r s a m m m s  m m ’  aid it t time ru ’ m u m v a l  m l  t i n e oil f m n n t t m  the  mm pp c r  soil la~ er~ , ir m d t h m m i s  to pmo nt no t c
tm sd r o p l m v lh i c  c i n d i t i m m m i s . p a r t i c t m l a r l y tnt  t ime smmrl a ce la y er . N a t u r a l l y  ti t le cri t e r io m m u t  selecting such
a 1 51k’ nsa ni t  w mnml i d  he wimet In er or n m mn t  if  a sm Imad properties win i cl m mm I mihi  t seed gemtt l i n at i ol i  and
ph a n mt  mi ev ehmn p nmc m i t  -

‘r e x i t  ~to 4 ( t r ade  ntanm c f o r  t ime c b mentm i ca i  dispers am it developed by 1- ss m m Research ammd
I t ig i m tee rmmt g  (‘ot t mp anm % , I ho uston , I exa s  ) is a c otmmnner cia l hy desel ped c hn e r mmica l  dmspersa im t - Th is

p c o mn ip ounid  m s n e i a t t s c l s  m m o n t m ’ x i c  n~ m n ar i m me l i i i ’ ( ( ‘ am nev a r i  I m ) ~~t)a ) amm d esta bli s lmed te r res t r ia l  p lan mt s
(Vm . s r f a h l  l ’ i ’7 I t . h m m t  m i s  e f f e c t s  oi m s~’e ml ger n t i n n a t i m n m m  amid ca r l ~ seed h inm g d e v clopmc nm f have nmot been
es : i lm i a t e d  prior to t l mms s t m m d v .  T i m i s e xp e rmmmne tmt  was desiv ’nme d t m  prmi v t de  inf mn rn ni af io m i  in ll mis regard.

I ss ( ‘ h ienmni c a l  ( m m m p a m i ~ . I hm m m s t m n n m , Texas . f m i n i mms h ied  the d i s pc rsa m mt _ (‘ore xi l  ‘(mt 4 , used imu t h m i s
s t m m m l ~ - Rye am md hnmn tnm e gr a ss  seed were scicened f i n  f l i t s  m’i.p er i mt uem tt  as nl mese spe cme s have hee im u sed
qu I t e  es, t e m m s m v e l ~ m m  r ev cu~.’t a n i m ’ n m  s m u d m e s .

Stock solu t im nm is  m i t  dlspe r sa m mt were mm u ade up nm 1/5 0 ( ( ‘ m m n e s , m l to water ) ,  I / I  00, I 2~ O . 1/500 .
I / 1 Q00, 1/ 3000 ratios . annd distil led water was used as time cot mtro l m ediu t mm. Time (‘ore x i f /wa te r

~0
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Table XVII .  Anal ytical results — bromeg rass (nitrogen - oil)exp eriment.

( ‘I: - r i jilt i-l i  l’re.th tm-t /

ih ’alnm ’n t (mg/g dri’ it’ll RuDPC Dci’ i t- f  den ’ m, -r ‘ A I’ K Ca 1I.e
‘i • 1)11 ~#h a//n (mg CO~ /g dry wI fir) (g/pot) (XIX) (‘ I (‘~ ) (“H ( )  ( I )

0 0 9 .8 3. 1 3.0 7 .9 3 , 1 7  1 .49 0.2 1  2.09 0.56 0.44
0 I 7,1 3.0 1,8 6.8 3.14 1.41 0 ,21 2.00 0.55 0.36
0 2 6.3 3.1 1.6 6,3 3, 16 L .53  0.21 1,79 0.47 0.34
0 3 7 . 5 3.1 1.2 6.1 2. 99 1.29  0.23 1.85 0.55 0.32

Mean 7. 7 3.1 1. 9 6.8 3 . 1 1  1 . 43 0.2 1 1. 93 0,53 0.36

I 0 15 . 1 3.3 10.6  I m , 6  3 .52 3.46 0.20 1 . 1 6  0.60 0.55
I I 14.6 3.3 9 .6 9. 1 3.6 1 3.85 0.26 1.63 0.7 1 0.62
I 2 16.6 3.2 7,8 9,5 3,66 3,40 0. 24 1.36  0,75 0,54

i 3 15. 1 3,2 6 . 2 iO. 3 3.54 2.84 0.23 1. 43 0,70 0.44
Mean i 5 3  3,2 8.6 10.1 3.58 3.39 0.23 1,39 0.69 0.53

Ni lrnmg en treatment was 22.5  g/ni ’.
f Oil trea i men l 0. c i/ rn 2 for level I , 1.0 I/ rn 2 fo r lev el 2 , 2.0 I/ rn 2 for level 3.

Table X VII I .  Analysis of variance results — bromegrass (nitrogen - oi l)experiment.

Sou rce Degrees Chlorophyll RuDP(’ Fresh WI . /
if of (mgJg dry iv:) hUg C’O~ / l)rm’ iv:. dry WI .y P K Ca .Slg

m~ r iation freedo m u-tb a/ h  g dry m, -n fir) (g/pol) (g/g) (‘
~

-) ( ‘ )  ( “ )  (‘H (‘/ ) 
—

Block s I 0 .t O 0.083 0.i4 0,56 0,005 0.01 0,000 0.00 0001 0.003
Nlt roge n (N) t 234 .93f 0,101’ 1’I’I.89~ 44 ,Sfl f 0,870f 15 .31 f  0.001 O, I 6~ 0.09Sf 0.119f
Oil (0) 3 1.85 o,oom 6.8lf 3.0Sf 0.0 14 0.24 0.000 1 .114 0.002 0 .012t
N \ 0 3 4.40 0.003 1.6Sf 0.67 0.006 0 . 13  0.001 0.07 0.010 0.005
F.rror 7 1.44 0 .0 13 0.2 0 0.33 0.078 0,14 0.001 0.1)5 0.004 0.001
Total

• Sigin if ic an i at  0, 05 level.
f Signi lican i at 0. 01 level .

Table XI X. Mean percentage germination and mean coleopti le length of rye and
bromegras ses as influenced by the presence of the oil dispersa n t . Corexit 7664.

lJ r i,p nn ’ R n , ,’
Seed Cm ’IeopIIi e Seed (‘~ in’imp tile

Treatment: gi rmi,,at i ,m length germination length
(CorexI:/wate rj ( ‘ / ‘ ) 

- 
(mm) (“

~
) (mm)

I) is t i l le d H2 0 84 . 3 1. 361 C 97 .5 abc 2 .361
1:3000 81. 9 hc 1. 1 3 1  C 98 .1 hr 2 . 1 1 3  de
1 : 1000 73.8 ati 0. 701 h 95 .6 abc 1.688 cd
1:500  76. 9 hc 0. 600 h 95.0 abc 1 . 3 1 3  hr
1 : 2 5 0  67.5 a 0. I2 t i  • 9 6 9  abc L 1 2 5  ah
1:1 00 79 .4 hc 0.070 a 96.9 abc 1.001 aim
1:50 65 .5 a 0.000 a 92.5 a 0.674 a

Means that are folio ved by the same letter are not mignif icant at 0.05 level of confidence hI I)uncan ’s New
Multiple Range Test (NMRT).
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mixtures used were based upon Westfa ll’s ( 197 1) research. Twenty seeds of each species were
selected and placed on filter pape r m m  sterile petri dishes for each of the seven treatments. Each
t reatnmment was replicated ei ght times , The appropriate solution nu ixture was app lied to each petri
dish unt i l  the filter pap er was saturated and then placed in a controlled environment growth
cim anuber. Pet ri dishes were positioned in time chanuber on a comp letely randomized basis.

The gnowth chamber was set on a 16-hour day with day temp erature set at 22°C and night
temmmp er ature at 13 C, Rye g er n mm l natm c m n was evaluated af ter  four  days in the chamber and br onme
ger n mmina t lol m a f te r  nine days.

i a r l y plant development in rye and bron ue was assessed at the t i nme of ’ gernu mnation by evaluating
the length m t f coleopt ile emergence fro n mm the seed. (‘oleoptiles were severed at time poin t of enmergence
fr onm m the seed and m lmeasured 1mm mmmi lh i m e t ers .

Am u an m a lysis of varia n ce was ap plied to time data resulting from both genn ina lion and coleoptile
nmm c asure l mm e m m ts to evaluate time effect of time t reatments upon time variammce exhibited. Significance
was dete r ti mim ied by app lication of ’ an F-test (F ryer 1966). Significant differences among mnean
t r e a t m u m e n t  values for germm iina t ion and coleop file de v elo pm n e lmt in eacim species were dctern mui ned by
l)uncanm ’s New Mult iple  Ranuge Test (NMRT) as discussed in Fryer ( 1966).

The dispersant Corexit 7664 imad no significant effect  on rye germinatiomm. h oweve r , a signif ’icant
reductiomm in the ger lmm inatiom i of hrome was siuown by the anal ysis of variance (Table XI X) .  This
red u mctiom m was most notable at the 1/50 (Corexit /water) treatnient level. Broim ie ger lmm ii mat io n was
less tha r m rye at all treatn imenu t levels.

Cm m rexi t  did have a significant effect on coleopt ile development in both species. As the Corex it
concentration increased in the germinathig medium , coleoptile development became increasing ly
im m hibi ted.  In general , t reatment  levels of 1/50 , 1/ 100 anm d 1/250 were the most in imi h itory , with
development increasing at the 1/500 and 1/ 1000 levels. Time 1 /3000 treatment level showed very
lit t le inhibition of coleopti le development and was not significantl y different from time control in
bot h species tests .

This investigation shows that time oil dispersant Corexit 7664 has no detr inmental  effect on seed
ger immination except at relat ively hig h conmc emmtrations.  h owever , it does Imave a definite detr imenta l
e f fec t  on early seedling develop ment. I t is not yet know lm wimat levels of Corexit are necessary for
o pt in m lummn r e mm u oval of crude oil f ’rom p l an m t surfaces . We st fall ’s 1971 St tidies did not indicate a tm)
r ec ol tm nn men d ed rates for  use . It appears t h at if Corex it co l mcenm t rat iomms are too hig h . time soil could he
saturated wit im a mix ture  timat  would he inhibi tory lo fu tu re  planm i g ern ni m i at iomm anmd earl y growt h .
Studies simould he c mnducted usinug various Corexi t -water  nmm i xt u res  11) r e n t l o v e  cr m mde oil f ro m var ious
p l ammt surfaces. Tlmese would est a h h is hm time appropriate rates necessary for re lmm oval o~t vario us
species. If the establis h ed rates would happe n to fall m m  time co mm cemmtrat iomms m f  1/250 (Corexit /wat er )
wh el m were shown imm imih i tm nr ~ in timis s tudy ,  if se emmus appropriate to t h en determ u mmnme wluat levels of
(‘ore x t m il l  Si l l  I are i mmlii h i t  or~- t i n  p lam m t grow t I m .  I Ii t ime case of revege tat  ionm It would also be mm por tan
to est .i hi isim i f  l ime pre scmn ce of ’ (‘ore x lt i ~m I lie soil is of ’ short -term in n p inmn a t mce . wi uc timer effects de-
crease si m i i m t i nme dmme t i n biological degradation or l eacimitug.

Microbiolog ical inu estigatio ru s

The I oIl m~ m t ug s tu d I es ‘n mm mcm m nh ii ml ogle :nI aspects of m i i i  pol l l it  ion a mid the use of microbes m u  t i me
e n m l m a n c e n n m e m t t  of ’ rm at t ina l enmv ln inmnmmne n t t a l  recov er ) processe s were p e r l imr m nmed b y Dr. P atrick H u l m n when
he was assigned f i n  ( I S  ~ ( .

~~~ RI  I ( c u r r t -t m t h ~ ii nI t  ( ‘mn rps il I- ng~im eers Wa t e r w a  S F x p er lm e m mt  S ta t ion .

~‘ickshu r g. Mtss ms s mppm ).  Time nep i n n t  .is commt amm n e d  here is esscmntiaU ~ as tt appeared in several other
( ‘ R R I  I. rep orts  anm d in t h e  &i’ui ’i ’ m / I P m e i  of ’ the .J th, (~ ‘ l m h i ri ’flc(’ on Pr~’i ’ep tnsmn: and (‘nnn tr t ,I of Oil
Spills. 1 3 - I S  Marc l m 1 1) 7 ) . W:ms h i i n g t m i m m . I) . ( ( l h m imm t  en i i .  11)7 3).
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Soils com ut a m n nua ny types of mm m i c r oo rg almi s li m s capable of deco m tm posini g pet nm le u tni c i n n m i po u mmds .
especial ly s t ra ight  c l maimm I t~-drocarho m ms up to Cl ~ ( h un t  I 97’ McKetmm i a alid Kal l i in  1964 , M cK ei m mma
and K aIl lo  1965 . Zoh elI L~)69). Arom im atic amid bram u chie d cotupounds are Imiost ne sistami t amid somm ie
co mm mpou m mds m m  crude oil m tm a y ev enm be comis idered reca l c i t r a m mt  to n m m i c r i m h i a h  degn a da t i onm.  bu t  ti lese
commupouimds t mmay be m ieu t ra l i t ed  hy t l m e ir  immcorpora t i omm w i t h m  soil organmic m n m a t t e r .  lii a rc t ic  amid sub.
arct ic  re g ionms . time t i m m m e  required or mnmicr obi a l  degradat ion of sp illed pet r o l e mlm t m mim a ~ be ext re mt m e l v
l o mm g due to low soil t en mperat  t ires amid t lie slmort su i l mnmer  sc ’asoim d urinm g wh ic h mm i icr oh io log ica h

~~~~~~~ are ac mmv c ,

Tim de t e rmmmi mm e t im e  f eas i h i  i m t ~ tnt  cmi hm a nmcinmg m Ime rate of ’ u m i i c m  m m h i a l  degradat  i i i mm of ’ p e tr im leumm i imm cold
region soils . lahor ator  s tudies  were cmn miducted omu the cf ’f eel s tn t ’ l in t  r i emmt  a dd i t i onm , p h I control , a mid
Im moc ula t lo l m by oi l— deg r ad i mi g  mn k’ r oo r g ammi sll ms.  Time soil was Hi rba m mks s i l t  i ima i mm col lected f rom time
( ; he nm n Creek waters h ed h ear l ’ a i rhammks . Alaska (All en et aI . 1969 . l ) i m tgnma mm 197 1) .  Time terrain at
tIme si l e was charac t er i , ed h~ sh allow per mn af ’mos m w i t h  a ve g eta t ive  cover of ’ black spruce aimd
sp h ag num mu mn to ss. T h e  soIl had .n p II of ’ 5 amid an orga t u ic  oma n te n comit em it of ’ I (Y. .

1 m m c o m n d u c t m t n g  i m m m t i a l  c \ p e r i m l t e m m m s . 2 0() g of soil was p laced i i i  quar t  mmmasomm J ars  used as incubat ion
chm a mn n he r s  an 1 5 ‘ (‘. Pnud hmn e Bay crude oil was added at a level of I 5’~ b y wei ght to t ime  soil. Omm e
1m m immdred ppnmm I n lmmms p lm orus as c-a k m  ii mmm nm m om mo h asic  p lmosp ha te si-as added tm m eacim sample. Tine a i m m o u n t s
t n t  crude oi l and p h osphorus added were d ete m nmiitmed h~ prel iminary exper inmem u ts .  Nitrogen treat .
mmm e m m l s  si cr c 100 . 200 and 300 p p m n m ni t roge im as at im mimommium mi n n i t r a t e . h hal f of ’ t ime san nm p lcs received atm
m i m oc i mla t ton of ’ oil—d egradin g il mi croo rg anm is n m i s of I 0~ n n m icr mmo rga m t ismmms per g of dr soil. J ’Ime
t i nicro hi a I ml m o c l mfm m l i t  si as nm ade by i so lat inig mm im cr oo rga n is m nm s t ha I ut  i l it ed Prud lm o e Bay cr mi de oil as
t heir sole sm n ur ce  of carbomm . ‘rime iso l am i o mu tec l m i m i que in volved time immcu h a  I k nmm at I 5°C or about ei ght
weeks of 0. 1 g of  s’ ni l Iro mm m szm nm p les taken m aro im n i d oil seeps at (‘ape Sint ipsi m im . Alaska , 1m m 50 mimI i i i  a
so l u m iont  ni na  m com m ta  m e d  0. I ‘ dia t i i n n no m m im m mtn ph iosp ima t e , 0.05~ n m a gmmesim i mm smil f a t e , a mid I 0 m i mI of

l~as CtS%m .1m2 smd , ‘flie evo~suttomi mit eaihon dioxide was used as a I m l ea s mire of biolog ica l
a c f t v m t v  an ,J as atm i nd ica to r  of ’ mm i i c r mm hi a l  d eg rada t iomn  m l  crude oil. Time 

~~~~~~ 
was de n e rmm u immed  b y

t i t r a t i i n n  of a standard base in a co l l e c t iom m f lask.  Time misc of resp i ra t ion  as ant im idic at or of oil
degra damiomm was subs ta n t i a ted  h -  gas c lmrontiatograp hm ic a mm a h ~ sis of e x t n a C t s  t r m m m n i  t ime soil sammip les.

i ’ ig t mre 2S s! immws t Ime increase m m  r esp i ra t ion  as n iteasu red by 
~~~~~ 

e v m m h t t t m o m m  1m m re spoiuSe to i m mocula -
t iom t , Time t w i n  ctm m ses r cp r e sen m m time n mealm s i f m I m e  t l mr e e  n i n r m m g e n n  levels for tIme i nm i m c t m l ; mted  an id
m I nt mmm o cuha  ned treat  m m n e n m n s . respe ct m s’el y . ‘r imere was n mo signmi f ica 111 mm I nm gen l evel- in i ocula  t ion m m  Ic r —
ac t io f l  : response lii  each i m i t r i n g e m n  level si-as inn t ime san mne re la t ive  order for the im n o c u l a t cm .l an m d
on i noculat e d sa m m m p ies , The lag in res p ira  t ion m m  the in ocula ted  soils d u r imi g  t lie first  t si -mn weeks
pr mn ha h lv rellec ted a m ad j u st nnmemm I per im nd for time inuoculat i on m icro o rga hn isn mns . Posit is’e respo lm se t im

mm ii n cu l a t omm m si as ut t exp e cted since or g anm i s imis capable of degrading oil are n m i n rmmia l l y  present in Fair-
ham mks silt loam ‘as we ll as m u  most othem t~-pe s of soil. Time lag is t i toug imt to be related to gen eration
t t m m m e  m i t  t ime n m i c r omm r g an i sn ims  w l mich is l en m gt i menmed at lower tempera tures  ( l.~ n mm a mtn ma and Mallet me
i%5) . 1 m m t i ne case mit arm actual t ) i I spill imu time Alaskamu interior , t imere would he mio more tham u 12
wee ks m m  win mcii lie soil t C t im pe rat tire wi )u ld appr im a cit I 5° ( ‘. Tim is would h i l m m i t the  nmu mmi her ii

lm iic r obial  genera t ions .

rb mere was a def i n m i te  decrease imm n im lc r m n hm a l  resp ira t ion wi th  mnmcreased am oumm t s  m l  mmi t r o gem i  ( h I g .
29) , A It Imoug im mn u , f  sim owmi m ere , t I mis mm usual respo iise was more pronou need for samp les i mmocu la ted
wi tin t lie inil .degrad mn ig nm i icroorgantisms (ha ii f u r  t ime t i n inm i n cu la t ed  s a nnm pies. Tim is effect  of mmi t rogem m
addi t ion was  verif ied in ami independe n t e~ perin me nt m i  wimich respirat i i n nm was measured as 

~~~ 
ct m m i ~

sumt m pt  io n using a dif f erenm I ia l respir onm e I i ’ rime suppressi omm of m nn ic nmn hia l  act iv i f  h~ m n it rogen c m n u h d
he exp laitied by ei ther  an m nmm nmii a or I m i t r i m e  - ‘‘. i c i f v .  A soi l p 11 of 5 should be too low % nr si gni f ica m it
ev in lmi tiom i of ’ amim m onia.  Th m s . n i t r i te  sc eimmed t o be time more hi ke l - candidate.  Acc i mnn n m l at i i mt m u t

n i t r i t e  at a toxic level cot i ld occur du r i n l g  n i m n i f i c a t i o n  if Nitrobacter were nn nn .n re seni s inive t i n  sommie

t m m x i c  subst ance t i ia mm ,Vit rm ‘si ’pnonas.
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Figure 28. Effects of inoculum on cumulative respiration at 15°C in Fairbanks
silt loam containing 15% by weight Prudhoe Bay crude oil. Soil pH was 5. Sam-

ples were also treated with NH 4 NO 3 and Ca(112 P04) 2 .
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Figure 29. Effects of nitrogen (NH 4 NO3) levels on cumulative respiration at
15°C in Fairbanks silt loam coPntaining /5 % bj ’ weight Prudhoe Bay crude oil.
Soil p H was 5. Samples were also treated with Ca(!12 P04 12 and inoculum

(Hunt et a!. 1973).



A second set of exp er imttehl ts  was con ducted It) f u r t h e r  investi gate  tIme an onmahomis  r e su l t s  w i t i m
nitrogen. Time exp e r imiue tmt a l procedure was si mn mi I ar to t imat  pre vknus ly described. All samt ip les were
inoculated and treated wit i m phmosp horus at a level of 100 ppmmm. Ni m r m n g en i  was added at 100 , 200
and 300 pprn u but as eit h er a mmm m o nu iu n m chloride or so diu n m n i t ra te  i imst ead of a m n mmmm m nn mi um n i t r a te ,
The pit of the samimples was adjusted to 5 , 6, amid 7 using ca lc iunm carbonate. If the n i t r a t e  t m m x m c i t ~
hypotheses were correct , the suppression in resp irat ionm should h ave heent e l im m min a ted  imm sammip l es
contain ing nitrate as the nitroge n source. Al te rna t ive ly ,  atmmmo n ia toxicity would he accentuate d
at time higher p h I  values f u r  samm iples to which am m immuo n miunm i  was added, lime exper immmenta l  results for
pH values of 5 and 7 are given in Figures 30-33.

The suppression in res piratio n at ni troge n levels above 100 pp imm n i t ro gen was a g ainm evi demmt for
the first several weeks , re gardless of soil pH and nitrogen source. In these exper iments  arm inversion
occurred after  several weeks imm whicim respirat ion first was h i gh est fmm r t ime 200 ppm N trea tm m ments
r a t h e r  t lm a mu Ion the 300 p p n mm N treat mnme t i t s .  This inversion was p11-dependent since it occurred
earlier at p 11 7 m m  c o mmn parisonm to p h I 5. l nterm mn ediate  tinmmes were observed for tine inversio n s at  ph i
6. Th ere is tin apparemut exp lanat ion for the failure to observe this inversion during the im n itia l
c x pe r i t nne t u t s  at p 11 5 inn which ami tm m nom m iu nn i  n i t r a t e  was applied to time soil. The I on m ger  iag period mmm a ~
have been related in sonic w ay  to mnm trog en source. Soil ext rac ts  Imad n i t r i t e  levels len ~s ti t i j un 2 r m pnmn .
Time absentee t n t ’ n I t r m m c  acc ummmu l a tmom m . time insensit ivity of respirationi to tIme mm itr o genm source, and
t h e  inu crc as e i mm r espi ra t io n at time h m ig h er n t tro gemi levels witim increasing p 11 tend to e l i nnmm n m a t e  both
an mmmn m onma amid r umt r i t e  f r m n mnn considerat io n as time toxic substances responsible for time i n i t i a l
suppressmon of resp ina t i o r m at  time h ig lmer ni lt rogen levels. Alternative po ssibilities include n i tr mn gen
o x m d e s  cur un n g a nnom min r o ~emi contmpo unmds. Nitroge n oxides are evolved un der m n X ~ gen stress arid acidic
condi t ions  arid can be t ox ic  to hi nlogica l SyStc i . is  (Alexander 1961) . Considering time large nmumber
mIt  orgammic con m m pounmds itt the ni l arid imitrogen-treated soil , for m mua t ion of toxic organon itrogen
coniip ounds se e m n ms possible .

Al t i i oug lm r e as imni s I or time un m usua l  res pommse of nm ii cro h ia l act ivi ty to n itroge n I rea tnmen t  are o n—
certa irm , t here m c m u  d n n t mht  n h mii t  nmt ic r mth ia l  ac t iv i t y  cami be emm h manced t h roug h pr tnp e r soil t r ca tmemmt .
TInts  ms i l l m i s t n a t i ’d inn i’ igm i ne  21 . tnt  w l mic l m resp irat io n is s l t un wmm f m n r  a sanm ip le which received no treat-
mnmenmt  e ccept  m r  t h e  add i t io n  un f ’ cr u mde (nil.  TIme c o ni mbin i af  ion of inoculat ion , adj us t m enm t  of p11 to 7 .
a m md app li c a t m m m m t  m l  p hmm i s p l m m m r t i s  ani d  nmit rog eh m at levels of 100 ppnm amid 300 ppnm respectively, increased
n m u c r m n h m m n l u m g m c a l  ac mms ’ i n ~ by at least a f ac to r  i i i  4 a f t e r  40 da s. Tim is should he of practical significance
in enha n ic mn m g rime n m a t u r a l  recoser~ m l  o i l - c (m n n tamt i i n a t e d  ner ra in m 1mm cold regions wh en easily biodegrad-
able cmm n i ip n tm m i ds  are presenm t in m i m e  ~m i t l .  A l t l t oug h t  c on n n poun m ds resistant to degradation or colatilit a-
lion should p r e d o m t m i t m a m e  nm un i te , tI me ra te  mn f de gr ada t k nnm of tim e se conm ipounds sh ould he proportiom ial
to th e m m n t a f  I m m i c r o h i m n h m n g m c a l  a c m m v i f y  ( Davis 1967) ,

Lmho ra t u l r  results  were e x t enmded  t m m  a field st uds a lomig time h l a im m es  to Fairbanks pipeline. A
cite was select ed n ear nt t i le post  3S2 , 5 wh ere a gaso l imme sp ill umc curred  m i  1956. S t m n m i u l a t i n g
re v eg etat ion m was e qumal  in in terest l i i  e n ih a tn c imtg  h i o d e grad an i m nnt  of residual petro l eum im conmpoun d s.
Th i r t y - s ix  2 X 1. 5 -nm plots  were prepared.  pr m ls l d in g  t l mree  replicates ( if 12  co n mmhinat ions  of treble
superphosphate and amiimm i omn i umm m n m i t r a f e  Ie r t i l i , er  applications.  h owever , m m a t te nm ip t  was made to
imm o culate  time soils wi t in  mi l .d egr ad in g mm i icroi m r ’ anmmst tns .  N t m r ml g e n i  si-as applied at rates of 56 , 1 1 2 ,
224 . 336, 44~ and 672 k g/ha. Phosphorus was app lied at  rates of 224 and 448 k g/ha. A seed
mixture  w l mi ci t  included r c . b romi m e . fescue and f mm ~~t a i I  was also used.

Sparse vegetation cover existed at the timmm e of application , and one year later considerable
revegetat ion occurred. A ct ual l ) . mnn m m st of m i m e  t re a r m m nen l  r e sp in mms e look place during tIme 1972 grow-
i nn g season. Native vo ht in mteer  species were m i m u c h i  more successfu l th n an time introduced seed mixture ,
inn par t because nnuch of the 197 1 seed app l i c a l m m n m n  was eaten by birds . In thc inmdi v idua l plots , tim e
density of vegeta tlunn i and nmi crobia l act ivi t y  was  im icrease d b y fer t i l izer  t rea tment :  however,
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l ’n,’urc 30. 1:jj e ’t of nitrogen (NaNO 3) levels on cumulative respiratio n at 15°C’ in Fairha p mks silt loam con-
tai ’,in~ / 5~ ht ’ weight !~trudhoe Bai ’ crude oil. Soil pH was 5. Sa,np les~ im’ere also treated with Ca(//2 P04 12

and inoculu m (h unt ci a!. 1 9 73).
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silt Iu ’am containing l5’~ hi ’ w eight Pruulhoe Bar crude oil. Soil p 11 was 5. Samples u-i re also

treau’d ss ’j th (‘a(F 12 F~’) 4 )~ and inoculu m (Hunt ci al. 197,?).
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F igure 34, ( ‘:m r ex a lu a f i l i s  gr owi,mg v&~~m nmnusIm in s i/ / saturate d l i l t / i  i -ru de m ij l ,
Pr om// t ime 11a m . / V 7 /,

p reh imm mi mtarv  ammalysis m i t ’ t Ime data available am t l mis  t innme i l l ip lies t I t a n  t l me r e  is l m n t l e  ; m d d i t i i m m m a l  h emme t l t
an nIne Imi ghi er t rea t  m im e i t t  rates.

S
Inn a d d m m i i n i t i n  I h m t m n t ’s ( I I u n m f  en a l ,  I m t ” ~ t e p m n r f  un I ter  work  I t a s  heenn c u nn idm m ct e d  m m i i  t Ime mnnicr o hia l

, t s t n e c t c  mm f , irct k’ oil pmn l l u t t m m t.  Sc a r hm nr o mm uzhi  am m d l ’ l a m m a g a m n  ( I  m ) 7 ,~~ f reported tha t  tIme : t dd i t im m m i  i i  oil
to  tIme i n c I t e  e n mvm r1 n m m m m m e n m n  resmul m ed iii a decrease m m  f ’m m m m g a l  cp e cmes  t f m v e r s i l ~ a l t l n m n u g h m new - f t t n i g a l
speL ’me s did app ear amid o ver a l l  popul a n i m m m m s  were imtcr ea sed ,  Th eir results  t tnd i ca ted  f l i a t . despife  tIme
c i i l d . d i m n t m m m a n i m n m m  t n t  mIme e L m  s m e m l i .  mi l l  h r eakd m mwmm d imes t a k e  place.

Camp bell , 1 l a r r i s  atmd Be tm oi t  (1 ° — 
-~ 

) rep orted u nn m Si ‘ ml respira t ion ra tes  an m d soil mmm i cr ofl ora fmn u nd
imi ass o cia f i onm si - i t l t  t ime j mm i n m t I S,-\ ( RR 1- 1 -Tut i dra Biom n ie sp il ls a t  i3 arr umsc . Alaska. Th eir sc - min k
centered m l m m  the 1 2—I i i m ~ sp ill  s i te . I I me ~ f ’mm um i d mb ma r . t houg ht soi l n n n i c n m m t l u m r a  wer e  i n m i t i a l l ~ e l i tn minia t ed
h~ time oi l t rea tnn n emi t . p m n p m i l : m t i m l m n s  he g zm ni I m m i c n e a s e  mnnm e mimo n mfh a f te r  tIne sp ill .  Soil r e sp i na t io t m peaked
d urin mg time se cum mmd \ c a r  a f t e r  tIme sp ill fmn lk nw e d h~ a gradual  declimne d i mr i n mg tIne th i rd  y ear ,  Th ey
conc luded I Ima n b tydroca rh m nr m respi ra t ion  c m nmi l d occur f r o m  late Ma~ tint il l Oct umb e r imi I lie Barrow
vicimmit ies .  I h i g im bacter ia l  c m m m i n m t s  were also observed on time mmi l - f r e a l ed  plots. ‘1’I m e~ suggested t h a t .
givemm time rapid respomise m t  m ni l  decm m n n ipmm s ers  t imere  ss u tid he no mm eed to i -nc t u l a n e  arc t ic  mm il spil ls
wi t h  nm i cro h i al  cult  mires to f a c i l i t a t e  oil decot iipositi on as su ggested h~ Sc hnw en dimnger  ( I  96S) and
alsm .n by Agm st i  and A g mm st i  (19 7 3 ) ,  Ca imi p h el l .  h a r r i s  amid Bemmm n i t  ( 1 9 7 3 )  suggested as did I l u m i f  et aI .
( 1973) t h a t  t e r f m l u / e r  add i t ions  would aid im i time s t l t i n u l a t i n n  i t  h m~ dr m mc a r b om i  d e c m m m n n p o s i t i i n n m .

Atlas (1 974~ neponted t he r esmi lts of mm i m crm nh i olog ical St t id ies ott Pr i id lmmne Ba crm u de  mmi i ,  lie fm tm nm d
t imat  b iodegradat ion m i t  c r m m de m mml was  related l i i  co n n l p o sm ti on t tmmd u’’.m e r mn a l  f e m m i p e r a f u r e  c o mmd m t im ’ mm s ,
hn eavy oils h e m n t g  less biodegradable t b i a n m  lig h t  it ls . ; u n n d  d e c m i n m n p c m s m t t i m m m  m i t  li g ht  m i m i s h emn g redm ice d a t
lower t e nnpc ra tn t r e s  (‘ m i n m l r a r \  t i m  t u t m t p hcll c m a l ,  ( 1 1) 73) .  im e esfah l msimed tha t  t e C l , i m t , i l m m , I I I  I’r u i d hn oc
Bay crude m i n I  could he m mcne . m s ed  by tIne  i n t r u m d u c t i m m r n  of nnt ic r mn h ’ n ia l  c u l t u r e s .  I h i s t e s e n  , su ccess sias

d ep ende r mt m i p m nmm t Ime  u se  ‘f l e t  t i i i t a t i o n m  for  s t t n i m m l a t i m m n .
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Field imivesti gation s of acc identa l petroleum losses

1m m addit im i mm to time previous experimm iental  investigations over a period of four years working imm
Alaska , ot h e r  observations of spills ( c ont ru m!I e d and accidental) were mmiade and concl umsions were
drawn.

In conjummctio mm and in cooperation with nmutua l USA CRREL and Tundra Biome terrestrial spill
wor k in 1970 , an experimental spill was conducted on a smal l imm i and lake at Barrow , Alaska.
Barsdate ( 1973) abstracted tIme results of this study. He reported that physical effects were minor
and of short duration.  With the oil slick , just af ter  the spill was conducted , water tenmperatu r es
were lowered but  after three days returned to normal. Measurements of oxygen levels umider time
oil layer showed that they were reduced but had li t t le noticeable effect in 1970 on phytop l anktc i n
or enmergent vegetation production. However , there was high zoop l ammkton imm ortality.  In 197 1
(2nd year )  the productivity of all p lan t life was low along with that of zoop lanklon. The 1972
observations gave preliminary indications that there was l itt le change fr omnm 1971.

In biomm iass nieas u trem mients of emn ierge n it plants at thi s site in 1971 , it was very a ppare n t that
product iv t t ~ was lowered iii time affected areas of the pond. It did not appear th at there were  a mi ~
toxic effects fro t mi the  crude oil on the eniergent plants , but instead they were usually killed by the
physical action of the oil coat im m g tine leaf surfaces and causin g the previously enmergent p lant parts
to beconi me subnierged.

Prud itoe [(as was visited imm 197 1 . armd a spill adjacent to a well platf ornm was observed. The site
was 0mm dr ~ soil wi th  a deep active layer. Oil had beemi gradually lost by seepage from a drilling pad
a nd cm)vered arm area about 20 X 20 iii . Straw h a d  been used to soak up the excess oil arid then time
site was bu rned os-er. At the tinnie of observatiomi , one year from the occurren mce , no increase in
t he dept h of excessive pern m afro st  thaw - was apparent : however , field rneasurem enmts were never
take n to val idate  ni mis ,  A sh ig l mt de pressiom m hiad been left where the straw and organic nmmat were
r emm ioved b y burmm mr t g .  Time ent ire  surface was black: h owever , it was moist. Plant growt h extended
to t he ed ge of time burn t  area amid (‘arm’x aqua lilis , the sedge which ind i-: ated resistance to crude oil at
Cape Sitnipsonm amid in time Barrow experim iients . was growing quite lushly while surrounded with
cnude oil at the p er iphery  of actual spill (Fig. 34).

An mot h ter  experimiment im iv olved the app licatio n of crude oil in sub-zero weather conditions (‘— 30°C)
on snow-covered terrain.  TIme experimmient was designed to determine the effects of oil po lhutmon on
tu t idra plants w imen occurring in time winter prior to spri n g breakup. It was also designed to stud y
cleanup techni ques tinder such commditions. Al t h ough tIme formn m er purpose was never observed , tIme
lat ter  was. Under t h e  conditions described , crude (ill was app lied to IS  cni (ml snow having a very
hard surface crust . At the t ime u mf app l icat im m n time oil congealed in the upper snow layers , roughly
2 to 4 cm . and failed to p enet ra te  to time ground surface. However , if time snow surface structure
were physically disrupted , the individual snow particles , being quite gram it ular . cois.pacted readily
and the oil moved rapidly on through . It appeared that spills mcc u rring under arctic winter condi-
tions could be cleaned up very rapidly by nmo v i m n g t hne comigealed snow-m ill ni m ixture fro nmn time surface ,
provided that the mixture was allowed to freeze thorough ly prior to cleanup.

During the course of four years , a log m it  oil spill in c idents in Alaska and Canada has been
compiled. Oth er than those mnnentioned in this  r ep mm rt . nmost remnmained umires earched. It is
particularly noteworthy that  t imere were cases mi f crude oil spills in arctic areas dat ing back to
World War II. The (‘anol Oil line , which at one time origi n ated in Norman Wells (Yukon Territo ry,
Canada), apparently had a substantial  sp ill at mmnme of the tank farm locations along it .  This migh t
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poss ih l~ iel d s u tmme c c i i  t imw hmil e  i m m t o r m t m a t i m m m m  if t I me site were I i i  he revisited tm dav - Also , several
sn mmall  sp ills at t h e  Project ( ‘h mariot site . ( ‘ape Thtomn i p s onm , Alaska , are reported to have occ u mrred.

PART III. RECENT RELATED LITERATURE

1mm t Ime sp amm of t imnme em uco mmmpassi ing t lie d e v e ! m n p m m m e n t  amid comm e l usion m of the foreg i nmng USA CR R I L
ex per i n me n mts , tl mer e I mave  beerm com msidera hl e parallel research e f f o r t s  in time f i eld of ter res t r ia l  oil
p o l lu m t i m mt m in a i c t i c  amid s u u h a r c n i c  r eg i I nm s .  Ge n era l l y t h ese h ave he enm cm m m n ducted  b~ (‘am m admanm researcim
te at ims iii re la t io n to the proposed M ac K em mz ie River Valley pi p e l imme ro m ime ,

I lu tchinson amid I lel lebust  pu b l isimed a mm immi t i a l  report  in ea r l y  11)74 I nt l  t he ir  m n m vest  igat ions of unil
sp ills otm te r res t r ia l  amid aquat ic  eci iss s te t tm s iii time \ r r i i a t m  Wells reg io nm i i i  t lte N m i r t i mw es n  Terri tories .
C anmada .  ~‘e g e t a t i m n m m  upomm wh ich c o n mt rmall ed sp il ls were conducted was  app ’are tm t l y  ver y  simi iilar t in
t l t a t  mnf ’ t Ime 1 S - ~ ( ‘R R I  1 st udy area at  I’ m m x . Alaska.  TIme sp il ls were conducted d u irm m mg time period
m i t Ju l y l~ 72 to l ’ e h r u a r y  1974 am m d resul ts  appear n o  he ve ry sim ular  to those of i n m ter i o r  Alaska.
h l t m t c i m i n s o n  and I l e l l e h u s m  e a r e t i t l l s  de ta i led tIme s t t t d s  amea  pr i m nr  mu co tmduc t m nm g a c f u a l  commtro ll ed
spills L it crude oil . Crm i d c oil was tI memm applied at t h e  rate m l  a p p r m n x i t m m a t e l v  8 1- ii~ - Timey reported
tha t  foliage contact  w i t l m  c rude oil en i l in c l ~ e l inn mi n u a f ed  so m nme spec ies (h erbicide e f f e c t ) .  Mosses an n d
l i cl tem m s svere severel y af fected , Species l i a v t m tg  wa xy ever gr e enm leaves (thick p rm m tec t i v e  leaf cut i c l es)
were heasf a lic e ted. Time on t lv lw’ m i s ince es to simow mes s ege t i era  t i o n m d t i r i ng  t ime gr i scm mg least m mm m t
i mmi mia l  oil app h ica t i m nnm we t e  / , edu,n grm m -,mlanm// eum amid I ’Orm ’ntiIla tr ulicosa , him m l n e u r  im m itma l  report
I hi t cl m imms m n m m and h l e l l ebmis t  m m d  ica ted n Ima t Pj eea mar manma a pp eared re lat ivel y r e s i sma nnt t i n I m l  i.iee
app lic a mi o mis of crti d e m nil .  I - kw es - er . a t n hIm s c . im p c p u  m ( hh u tc l mim i som u  e m al ,  1974a ) te pmmrt e d  t h a t
/ i~ ca marianua died during the 2nd year aft er  a~ip lication (as its t he t, S \  (‘RRI -  L i i ~~ sçnt tU .

Time first  report  ( i l u m t c l t i n m s m n t i  amm d h h e l l e b m i s ;  l9 74 )  also imidic a ted t h a t  pe m n i mat  ru st  t hi a s s  w as
tn t c r e as e d  omm t Ime s i tes cc he re  c r m t m f e  nil  was app lied. l’hw~ w a s  nmmls t  es t d e n t  on ami an ea t r e a t e d
w h mi ch m had pm e s - j o us ls  bee mm hu r m icd  by m m a t  u mra I cc i Id t ’i re . l ’hmis area pn es i nint h Iv had less imms ul a l  l u g
v e g e t a t i o n  a t  the  m i n n i e  of t h e  s p i l l  t h i a m m  did a c i i r i e s p m m m m d i m n g  uu mihurnm e d  t r e a t n i e m m f  s i te . TIme i t m m t t a t
s m t m d m e s  a l so im mvo l ve f sonmi e a q I I . m i u L - i n m v e s t m g a m u m n n t s  (crmide il spil ls  mum m mpc i i  l ake  c~ l imider s ) ,  l I m e s
f m i u i n i d  m l m a l  SI t L ’it spi l ls  did not a f f e c t  l ak e  p hi y t i u p l a n k t i m n .  l i t  c i m n m t r a s t . n it  did at ’f ’ect p laint  l m r t s
a h m m v e  the  sv. t f er l in e  for species such as (‘are,v amid l~~m ui . ce i t m t tm:  h m ssev e r . he lowgr mnund parts sser c
r e l a fmve l s  un maf ’f c c t e d .  F l i e s  al smn f ’ou m md t h m a f  a q u t a t i c  n mm sses sver e less it  f ec t ed  liv nil spills than
th u mmse  u mnm ten e s t r m a l  areas ,

Time l m m i l o w . u h n  re p m mrm was p uthl is l te d m i  A u g u s t  mi t ’ l I ” ,1 ( h h u t c l m i m u s o m i  ci a l ,  l9~ 4) .  Sec imm md .ye a r
elf  eel s  on /‘u ’m ’a ,nar,ana have a I rca dv bee mm m mm cm i f i smned . TIme a so t i n  tm mmd t Ima t  sege I a m i s- c i ccos’c r~ 1mm
t he terrestr ia l  spill  p l u m s svas s i r s  hu m s . w i t l m  t ime e x L e p l l o m m  ot ’ s m nmmme Species hm avinm g time ab i l i t y  to
produce n ew’ sh io ofs m n r fo l iage  f ’rmimnn  t m m t d c r g r n u t m m d  t h i i , m n m e s  ( e x a n n t p lcs were lr etos t aphm - lmis rubra .
I,edu,n gr oenlandiewn, am id I ‘ lm ’cilm (t i ln m ’iris -i da ea ~ l - e r t i h i , e r  s tudies inndicat e d l i t t le  bemie lit was
derived during the f i r s t  s-ear f m n l low - ing  tIme oil sp i l ls ,

Th ey also exp ermtne n ted wi tl m a wh i ter  spill . fimmdim m g t h at desp ite several months of wc at lmer ini g
prior to p lant  gr u mwt hm . fIne  m m ml was  I l lu me p his  t o t mm x ic, i h m ss i ’v em , w m n m t e r  spi l l  e f f e c t s  ott v e g e t a t i m i m i
wer e st i l l  less severe t i tan t i m m ns e  I t  thne  s minmnnn m er  sp il l .

Inn t ime i r  r e p u mr t  i h m i t c l m i n m s u m n  ef ml . ( I ’) 74 )  a lcu m co t m np ai e d  re su lts m l ’ f u n m d r a  oil spills w i f l i  oil
s i n i l l s  nm a b la ck  spruce f ’(m re st c m m n n m m m m m t n m t s  - F lue c mn n m c l mided  t I t ~mt . ev e mm t l m m m tm g hi nino sses . lhch m cn ms amid
sp ect l mc plant spec me s were severely m l  t eeted . dant ia g e  was less seve re th m ami mum t a i ga c m m n m m m m n n m m m m n i e s .
Thn ey n a w ’mf h eir  cm inn c f m u s i m m m m  i n t l  mime fact t hm a t / i-s up/u n u n ,  i ’agi na tmonn an id Salix gl auei . si in

t m m n p o r n ; i m m t  species m m  mIme n u m t n d r a  e u m m m m i m m m t n m i t v . appeame u l  ‘,ii m mnes c - I mat oil re s i s t am nt  amid s i d e  able t i n

t n m m t  1.1 t e mmcw s hi umn I gm mw - l i t  m l t i r i t n g  tIme se acmm m m t’o l l m m winig  the spill,
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~~ pIta se of m Ite i r s t mid s mm u su mI c e ii mn tmn n i  i t  u n r in t  g sc mm l a n t  I m ti p mnd popula t immns. Tlmey did find that

~u i spm ll s  reduced t h e s e  p u m p u l a t i m m m m s . h lmmweve r , t h e y  akin f o u n d  a sinnmi l ar  r educ t i tmn n  s’ th construction
dms mmmr h amm ce s .  TIm e s c im nu c l uded  t imat  arct ic  pi pe line comnstructiom n mnm a y be potentiall y mmmor e destructive
to smith art Itr opod popu l a li i i  mi s I m a  m m isola ted oil sp ills.

\hac k a s  ci al. (1 974)  issued a thi rd C a mmad ia mm repmur t  amid fm un i d ve g eta t ive  results t imat were
es semmt ia l h s  tIme s amm n e as thm mn se r epmur l e d  hs hl u t chm i nms u n m arid h l e l l e b t us t  ( 1974 ) .  and hl u t ch in son et al.

I 974 ) - I hm n we s ’e r , t Ime ir e \ pe r inmm e mm n immdi c a ted l i t t l e  or mmm i ch i ami g e iii t I me the r n nna l  reg i mine of t lie
sm mi l a l t e r  spills. T lney t miu t m d  t h a t  tIme t hm er mm i a l  characterist ics of dead v e g e t a f h m m m m  d i f f e r e d  l i t t l e  t ’r m m t t t
tIn u ice mi t live vege ta ti m i n n .

Their s t u d i e s  i n melu ded laboratory exper inn n emm f s  related t i m  m ni l-s mmm iw - i t m te ra c t iu m tms  d u r i m mg wimmten  sp ills.
lii additmo n f lue s  de t e rnm m i n ed absorptive capacities for various sum nfa ce  areas amid t u m u m t d . as also
observed itt l Ime VS.~ CRRF L Fox exper i tmm e mmta l  spill . t h a t  oil w m imul d  f low a h m m t m g  m i t e  wa te r  table be-
neat im the surface , A vers’ in m t e r c s t in ig  part iii thm e i r  report im mel uded pre d ict i c e nnn ode l s of time heh m avimmr
m l  a SO .000-hhl oil spill unn der smum m nmm n e m ammd svin t er cm nmtdi t i o nms.  Th ese n imodels inmc lu ded areas affected
and am n m o un i s  v t n l a t i l i i e d .  Th te ~ a lso discussed c l eanm- u p t e c l mtn n log ~ w h ich inc lu ded htu r ~ tmm g .  eon-
c hu idimug that  it hmad too m m m a n i \  associated pr o b l emmms t n  warran t i ts use ,

.- tmuo t imc r  repor t  (~ 1acKav et ah.  1 9 75) I’ohlowe d. dea l imt g cvitli crude oil sp ills on snow . They
f ’otm mmd t h a t  sm iow served as aim e xc e hhe mit  ah sorhem n t , a ll owimug coverage of 0.01 m mm 2 / 1 of cold oil or
about ~ m i  t I me area con i tammi l i m ane d hs a si mnm mtmmer  spill.  h i o w e v e m  - 11mev a l sm i f ’oum m d that  after thaw .
m u g ,  t Ime m iri g inmal w m n m m e r  spill un n a y  exceed t I me sum nm m nmer sp ill b y a factor of 2 , unless cleanmup is
mi t n der m a kemi s h mo r th y a f t e r w a r d  am i d dui rimig the wimmten  n m mo m mths .  Macka y  Ct al. also smu ud i ed ai m
exper innieni ta l  sp ill m l i im o t oil , w hmichm inmdic a t ed t h at c o n m tan nn ini  at iou ra f es were Imig im e r (0 .024 tim 2 /1
of oil ) m r  about n twice t h at (ml m m i i  spilled at a n mm hien m t  t en mi pera t  tires. Th me i r  report also inmc luded
addi tmotma l work  oni mill-ice-air sim mt ~ce el lec fs  amid (1mw rates in snmow. m m  Ilmese t h e y  found t h a t  hot
ciii spills di f ’f ’er f m ommi anm h i e n i t  spills as time h e a t  of time oil generates an oil-water mm m ix t h at pe inetrates
time snow m i  adv a n m c e of ’ the  limit  mi i l . amid if smmmmw temperatures are ~m n ol enoug h , t h is ni ix may freeze
amu il pre s-emi t fur t h ne r  oil pet me t ma l ion .

PART IV. CONCLUSIONS AND RECOMMENDATIONS

Based ump o m m m n u mr i rm vest i g a ti mm mms amid t i mm se of others , it h a s  been demnionstrated that  time imitr oduction
of ’ pet r mn le unm , w i m e tim e r  re fi tned pr os hmiets or crude m i il , wi ll to son ic degree be detri m nienta l to both
su barc t ic  amid arc t ic  p l amm t cm unm mmmum m it ies .  Time degree amid ln nmgevity of damage will be influenced by
a n nm m m mnh e m of e nv i ron immienna l  facfor s , In i t ia l  dammiage will be related prin mm ari lv  to the tinie of year and
tine s m m i l  nmn o i s t u i r e  condi t iomis  preva i h in ig  at tIme n inn i e  of time spill ( h m i gi m soi l moi sture , less damage).
Recover y f ’rm in m f ’m n lhm r con tact wi t h petroleum , whicim usually results in d e at im of time affected
lum l iage . usu m a l ly m ncc u mrs , html m m m l  i f  f I n e  r mn mt  sys t enmms are re la t ivel y  u m na f ’fected. Genera lly hi gh root !
sh oot ratios enc mnu mm m tered mm the arctic . conmbined with high soil nmoisture levels simould result in
hig h p t nf emit ia ls 1mw re covery. Tine previous com m diti o ns m ay, in fact . nma ke arctic terrestrial regi omi s
less vul n mc r ah le t i n  severe and l on g- termmm damage thanm terrestrial  me g im u ns in subarctic or taiga areas.
Il mmwev cr . wh en pem metra t ion  of pe t rm m l cum m n mnmto  time soil does mccu r iii arctic regions , da m niage niay be
nmnore e xt emms i ve  amid e f f ec t s  mnnmnre long -ter rim . It should be mmoted t h at iii experitn me n m ts on time North
Sl mmpe at smi b h et h ia l  levels of con m an mm inat io n n , deat h of vegetati omn continued to imicrease over several
seasonms. Th is was apparent ly inf luet i c ed b y winn t e r  stresses. Tine ohs er vation ms at Cape Sinnmpso n
pro ve t i m a t  at smnmc point in timnie recovery will conn n mnnence , butt  the time factor involved is still an
iu mm knmmmwn.  Because of t h i s , there is a need to 1(1110w amn i t u a l ly  all of time commtro lle d spills in order
t hat changes cum nu he nnnm n ni t umred  as they m n ecmm r.
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1m m subarctic regions , mmma n my of ’ the sau te conditions appl y except timat , due to the hot , dry comidi .
tmons throu g h mimuc i m of the growinmg season , spills can result in a deeper amid nmmore thmorou gh saturat i ont
of organic amid soil layers; here inundation of tile plan t root zone would occur. The resultant dead ,
hig iml y hyd. ophmobic organmic nmat in imibit s plant gernmm h ma t ion and growth. Thus damage m im ay be
ex ime m miely l omm g . te mr n i . Where moisture is seasonmall y high , as iii depressions amid lower ends of drainm -
age bas mnms , recovery rates will be accelerated. In any case , the prolonged existence of the dead , but
relatively stable , organic mm i at preserves thermal equ i ibr iunm of pe mn nm a f rost  tones in underl y i n g  s t ra ta
and in h ibits soil erosion.

There does appear to be a sensitivity spectrum of arctic and subarctic species to crude oil con-
t a m nmi t mat i o n .  Thus spills probably will cause tenmp orary changes m m  species cmnn ipo sit ion iii the
al ’fected areas. Furthe r  work needs to be done on species sensitivity. Wh mic h m native species are
tolerant to the prese n ce of petro leunm products in the soil? Can selectio n s of genetic immater ia l  be
mmm a de in areas like Ca pe Simpson which are even nmore highly re sistant? If carex aqua r iu s is
resistant , as it appears to be , w imat is know mm about its seedin g h abits , its ge mnminati omi requi m em n me nts ,
its growth requiren sents? This itmf o rn m atio n wilt be necessary if a givemm species is to be used m m
r evegetatio n of spill areas. The area of mnicrobiah degradatiot i of petroleum mmee ds to be addressed
fully. Results of recen t experinments in nnicrobe .oil relatio n ships inmd icate th at nmicrobia l seeding
ccn nm b i xted wi th  fer t i l izat ion h a s  defimmite possibilities in arctic regiomis. Fu rt imer s tudy of
ferti l ization in s t i n m i u l a t m nig  the plan t-soil nmu t r ient  cycle is warranted  frommm the re sults of the
p h m s siological studies reported earlier.

In a d di t iomm , it ms inmperat ive that further  studies be inmitiated in time area of cleanup procedures
mu m n o r t h ern ecimsys t ems. In areas devoid of permafrost and imav inmg gentle slopes . mechanical
scar il lcat i onn f’oll owed by reseed ing wit h pre pare d plant seed nm ixtures can he used , as t h e y  are in
tem perate i mnc s. h owever , this will be restricted to nm on -pernmafrost areas 1mm t ime tai g a.  I m n mmmore
severe s i t ua t k mns .  h u r n m utm g mig h t  be used to renmove surface cm i nmtamiminat io n m ami d aid m m  s t immmu l a m ing
natural  revegetative processes. The work along the i l a ines -Fairhanks pi pe line proves the validi ty
of t imus. I howeve r , precautions must be t aken in time use m u this m i me tl m mn d where u n i tes of’ disco ni-
t m n i umo us amid c u nn n t inm u mou s  permafrost exist un i t i l  furth er investigations determine time effects of burn .
immg oni p m mss i h l e p erm nm afr ost degradation and suhse quem m t soil erosiont.

Re searchi m m  t Ime above areas needs to be unde r t akenm as such tec lutn ol o g s is esse mmt ial if eI ’fect ive
c o mt t u nm ge nc s  p l at ms are to be formulated for oil sp ills imm t e r res t r i a l  r egi ouns of the nort im.  Time unma de .
q uiaci e s described sitou ld provide mm nnp e nus fo r  s u m chm research , If tIme I fa u mues  l i m e  ammd o t h e r s  are u sed
as ex a m m n p les , it is u mn il y a nimat fe r  of ti m nme u inmt i l  a sp ill of m mn aj m mr m m m a g m m i t u d e  mn ccurs  along the Tra mm s .Al ask a
pipe h imme.  TIme success in dealing w i t h  su ch a spill will  depend upomi a s i -m i rkimi g kn owledge i f  all m d  thm c
v , urm a b le s  in volved. Research will he necessary, not on ly in developing time proper tec h mmmq u ies to mimini-
mite site i mmmpact  dur mmmg the p h ase of d ean up a ct ivi t ies , hut  also to develop revegetatiom i nmnet hio dolmigy
m m  order to nmimmin m nize ti me recovery t in m e spa n .
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