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Abstract

The Canadian Council of Ministers of the Environment (CCME) developed guidelines for
petroleum hydrocarbon (PHC i mpacted field soils based on
fresh petroleum spill (CCME, 2001b; CCME, 2008b). Therefore, when these guidelines are
applied as remedial benchmarks, they may be too conservative to be used as realistic targets
as they do nivaccount for weatheringvhich has been shown to decrease the toxicity of

PHGsin soil. Chronic toxicity tests were performed using weathered-iBh{facted field soil

from three different field sites (ON1, AB1 and BCGandFolsomia candidaThe highest

PHC concentration of soil obtained from ON1 (635 mg/kg F2 and 12,000 mg/kg F3) and

AB1 (610 mg/kg F2 and 2,900 mg/kg F3) did not affeatandidasurvival and

reproduction. However, whdh candidawere exposed to PH{Inpacted soil obtained from

the BC1 sitea LGs of 2,809 mg F2 + F3/kg was calculated for adult survival while ag IC

of 1,030 mg F2 + F3/kg was calculated for juvenile productios.tdkicity at BC1 was

postulated tdoe caused by the F2 concentratfirwas the only site withigh F2)

Hea extraction and floatation methods were compared using the soil obtained from
the ONL1 field site. The number of adults obtained using the floatation method was always
higher than the total number of adults obtained from the heat extraction method; however
only two of these results were statistically significant. This suggests that the floatation
method is the best method to use to extrattomia candidand also indicates either

method can be used with no significant effect on the conclusions.

Chronictoxicity tests usually focus on measuring $ethal endpoints; however, only
juvenile production was included in the Environment Canada protocol (Environment Canada,
2005; Environment Canada, 2007a). The endpoints of weight, length and width were added
to chronic toxicity te€ onAB1 and BC1soilsto determine if they were suitable endpaints
The highest concentration tested for AB1 (84§ F2/kg and 2,900 mg F3/kgad no effect
on the weight, length or width of the ddu However, the toxicity databtained forthe
BC1soilsprovided an Egs of 421 mg F2 + F3/kg, 13,750 mg F2 + F3/kg and 17,425 mg F2



+ F3/kg for weight, length and width, respectively. Theddf 421 mg F2 + F3/kg obtained
for the weight of adults is lower than thex4©f 1,030 mg F2 +3/kg obtained for juvenile
production which indicating that weight is a more sévesiéndpoint than juvenile
production

Avoidanceresponse tests involved placing a control and test soil on either side of a
cylindrical container and adding ZFalsomia @ndidato the midline (Environment Canada,
2007a; Liuet al,, 2010). The results using soil obtained from AB1 showed no trend between
soil avoidance and increasing PHC concentration. However, the avoidspoase test,
using soil obtained from BC1, indited thafF. candidaavoidance increased with increasing
petroleum concentration. These results show that avoidaspense tests were able to
predict the outcome of the chronic toxicity tests. Overall, the above results indicate that the
CCME guidelinesare too conservative to apply to weathered Rid@acted field soilvhen
the impacts are primarily FResults also indicate that F2 and F3 concentrations of 250
mg/kg and 2,900 mg/kg, respectively would not adversely afezndidaadult survival,
juvenle production or adult weight.
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Chapter 11 nt r a dwnc t

1.1 Background

Petroleumhydrocarbons (PHC) ateeavily reliedupon by our societybecausehey are the
primary basis for manyuels, plastics, clothing, and other produdfngas, 2011) The
demand for these products has ledrnancrease in transportah of PHCover long distances
through marine and terrestrial environme(fngas, 2011)Any resulting spills in these
areascan behighly toxic tothe surrounding plants, animasd microorganismsAs well,
PHC impacts result from upstreapnoduction ad downstream distributioof petroleum
(Fingas, 2011).

Each year in Ontariampproximately 1175 terrestrial petroleum spillsat cause
negative environmental impactare reported to the Ministry of the Environment Spills
Action Center Ontario Ministryof the Environment, 2032Unlike marine oil spillssuch as
the Exxon Valdezthese terrestrial spills are rarely publicized as they often occur at the
refinery, well site, or other property owned by a petroleum comg@ing4s, 2011Peterson
et al, 20@). However even small terrestrigdetroleum spills will impacgcosystems through
the loss of vegetation and alteration of soil propertiamfet al, 1973. Methods that have
been used to clean up terrestrial petroleumlisspiiclude removal of soil & landfill,
landfarming, bioremediation anghytoremediation Huanget al, 2004 McCutcheon and
Schnoor, 2003Philp and Atlas, 2005)

The Canadian Councibf Ministers of the EnvironmefCCME) havedeveloped a set
of guidelines for petroleum hydrocanp (PHC) impacted soils that are protective of
ecological receptors (e.g. plants and invertebrates) during fresh petroleum(GEINE,
2001b). Theseguideline values are outlined ihe PHCCanada Wide Standardad are used
to screen for PH@mpacted feld sitesthat have the potential to affect ecological receptors
(CCME, 2008a) The ug of Awor st c ansdeothese geidelmasihighdy h a s
congrvative to ensure all potential PH@pacted sites that could affect ecological receptors
are identified These guidelines havaso been implemented as criteria for remediation of



PHG-impacted soilshowever, thg may be too conservative to apply as remediation criteria
for sitesthat do not represemtorst case scenas¢CCME, 200b; CCME, 2008b).

One pocessthat decreases the toxicity of PHC in impacted soils is weathering
(Alexander, 1995; Maletiet al 2 0 ety r. i négWbermi wdich incorporateall
naturally occurringchemical and biologicalrocesssthat are involved in the breakdowand
alteration of organic chemicalgAlexander, 1995; Maletiet al, 201). These processes
include volatilization sorption and biodegradatioAléxander, 1995; Galleget al, 2010;
Maletic et al, 2011; Osujet al, 2006).Weathering has been shown to daseethedoxicity
of spilled PHCandthusthe Tier 1 PHC sbguidelines mighbe too conservative to apply to
sites with weathered PHC residual@lexander, 1995; Maletieet al, 2011). How soil
toxicity changes with weathering and phytoremediation istitgect of this thesis.

1.2 Soil and Soil Properties

Soil is formed from the weathering of bedrock and contains numerous miaedabrganic
materials which make a suitable medium for plant growth (Brady and Weil, 2010; Hillel,
2008; Soil Classification Workg Group, 1998)Soils are importantin an agricultural
capacity as theyegulate water flow, moderatemperature, recycle nutrientemovetoxins

and support plant growiBrady and Weil, 2010; Hillel, 2008The availability ofusablesoil

is decreasig because of contaminatidoy metals, pesticides, PH@&nd other chemicals
which are toxic and camlter asoilés propertiegdBrady and Weil, 2010; Philp and Atlas,
2005) Understanding the complexity ofoil will aid in its preservationand in the
interpraation of toxicity test results (Environment Canada, 2007a; Hillel, 2008
complexity of soils has led them to be defined and classified by their parent material (i.e.
source bedrock) and their physical and chemical characteristics (Brady and Weil, 201
Hillel, 2008). Each of the soil propertiesdescribed belowcan impact the survival and
reprodution of soil invertebratesind plants(Domeneet al, 2011; Kaneda and Kaneko
2002; Marshall and Kevan, 196@wojori et al, 2009; Saitotet al, 2011; Soreson and
Holmstrup, 2005).



Soil texture describes thparticlesize distribution othree soil separatésategories)
sand (0.082 mm), silt (0.0020.05 mm), and clay (<0.002 mrBrady and Weil, 2010; Tan,
2009. These particlesrrangein various wayswith increasing clay and organic matter
form aggregates which make tipe soil structure (Brady and Weil, 20103s most soils are
mineral soils(a soil which containdess than 20%organic mattér the ratio @ the soil
separategnpacs the soil struaire and pomsity Brady and Weil, 2010Simpson, 1983; Tan,
2009. Increasing the sal content improves aeratiodrainageandloosens the soiBrady
and Weil, 2010; Tan, 2009Increasing the clay content elevateater holding capacity
(WHC) andcation exchange capacit¢CEC) of soil (Brady and Weil, 2010; Tan 200%ilt
exhibitssome ofthe goperties of both sand and clay, increashmgaderation, drainage, WHC
and CEC however, this increase is not as large as the increase causedshpdhend clay
separatelyTan, 2009.

The cation exchange capacity is defined as the amount of céhehs, K*, C&*,
and Md@"*) a soil can asorbper kilogram(Brady and Weil, 2010; Tan, 20pA soil with a
high CECindicates that the potential numberaattiors thatcanbe sorbed by the soil is high
(Brady and Weijl 2010; Simpson1983; Tan, 2009 The CEC of a soil increasegenthe
sand contenis low, andthe siltandclay conterdg are high(Brady and Weil, 2010).The
CEC will also be highwhen the orgaic matte content of the soili., biological material)is
high (Brady and Weil, 2010)The relationship between soil CEC and fertility is relatively

complex.

The bulk densityf soil is definedby Equationl (Brady andWeil, 2010). Briefly, it
is the weightof soil dried in the oven divided by tiwelume of dry soilincluding both the
soil solids and the associated pore space (Brady and Weil, 2010). Increasing compaction and
a finer texture will decrease the pore spaiteshe soil resulting in an increase in bulk
density. Increasing the bulk dgty leads tocompaction of soil and an associatkgtrease in
oxygenand wateicontent(Brady and Weil, 2010).
A 90X ¢)0)

O . . Equationl
i EeaodaqQ
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The total carbon content of a soil includes hbabhorganic and organic carbon
Inorganic carbortomprisesghe mineral contents of the solil, includjrtlays and carbonates
(Brady and Weil, 2010whereas lie oganic carbon content of a soil cpnsesthe living
organisms, plant detritus, animal remains and droppings, and humus (Brady an20ail
Simpson, 1983; Tan, 20R9%0il humusis organic mattethat cannot be decayed furthér
comprises 6@0% of the soil organic matteontentand is formed from the degradation and
polymerization obiological moleculesy microorganisms (Brady and We#010; Simpson,
1983; Tan, 200Q Biological moleculesnclude proteinglipids, fatty acidsand amino adis
from decaying organic mattéBrady and Weil, 2010; Simpson, 1983; Tan, 200®)mus
(e.g., fulvic acids)is made ofhigh molecular weightompounds thatan contain many
aromatic rings making them extemely resistant to degradation (Brady and We2010;
Simpson, 1983; Tan, 20P9he presence of soil humus affentany of the soil properties; i
accounts for 5®0% of the CEC, increases the WH@d buffers the ptaf the soil(Brady
and Wei| 2010; Sinpson, 1983; Tan, 2009

The water holding capacity (WHC), also knoas field capacityis proportional to
the saturation of the soil minus the free water found in the large soil {@rexy and Well,
2010; EnvironmenCanada, 2007a; Simpson, 1988henthe soil is moistened to i¥&WHC,
the small soil pores contain the maximum amount of water available totspland
microorganismswhile the large soil pores are a source of aera{Brady and Weil, 2010;
Tiwari et al, 1987).The WHC iselevatedby increasirg the amount of clgydecreasing the
bulk density, and increasing the amount of organic mataristhe soil (Brady and Well,
2010).

The pH of the soil variebetween 37 in humid regions and-9 in desert regions
(Tan, 2009. When the soil is more alic, the major cations available are #land H while
Na', K*, C&*, and Md" become available in basic soi(Simpson, 1983; Tan 2009).
Generallythe pH valueof the soils caraffect thespecificcations available for plant uptake,
the CEC, and the migorganisms that are preseint the soil (Brady and Weil, 2010;
Simpson1983; Tan, 2000 The pHof the soilcanincreasewith decreasing moisture content

and decreasing clay content (Hillel, 2008).
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Soil salinity is affected by the concentration of iomgh asNa', K*, C&*, Mg?*, C,
SQ, NOs, HCOs and CQ? in the soil solution(Hillel, 2008). Salinity isa measuref the
ability of soil to conductan electrical currentvhich is often described byhe electrical
conductivity (EC;Grissoet al, 20®). A soil is considered to bealine when it has an EC
greater than 4 dS/m (Hillel, 2008). An increaseha EC of the soiloften correlates to an
increasean the CEC and a decreasetite or@nic carborcontent the total nitrogerandthe
percentmoistue (Panet al, 2013 Grissoet al, 2009. If there is an increase in the amount
of sodiumions found in soilthrough the addition of salts or brine watérgan result inran
increasein bulk density by dispersinthe clay particles(Hillel, 2008). The @persed clay
particleswill clogg pores when water is present consequently affecting soil dra{hits,
2008).

The soil temperature doawsot affectthe pH, texture or bulk density of a sbit will
impactthe moisture content and subsequentiicrobial growth andactivity as well aseed
germination (Simpson, 1983; Tan, 200Bgcreasing the soil temperatwdl lower oxygen
levels, slow microbial activity andinfluence the imbibition of water required foiseed
germination Increasinghe soil tempeatureto extremewill kill plants and microbe¢Brady
and Weil, 2010Tan, 2009). The soil temperature is affedgdboththe organic matter and
water content (Simpson, 198®)creasing organic matter darkens siefacesoil, decreasing
the reflectiono f t h e geasultidbgsin an morease in temperatwiile increasing the
moisture contentnoderateshe soil temperaturéB¢ady and Weil, 2010Simpson, 1983).

1.3 Petroleum Hydrocarbons and their Effect on Soil Properties

Petroleumhydrocarbons (PHS€} aredefined as aomplexmixture of thousands of organ
compoundsthat containprimarily carbon andhydrogen (CME, 2005, CCME, 2008b;
CCME 2008d).PHGCs arederived from biological molecules that have beerihie soil for
many millenniaPHGCs can be foind in sources such as petroleum and coal (CCME, 2008a).
The PHCs found in petroleum ara complex mixture of more than 700 argc molecules
(CCME, 2008a;,CCME, 2008d; Petrov, 1987; Long, 1998he PHC molecules tmd in
thesemixtures vary amonghe soucesof petroleum By definition, they canconstitute up to

70% of the mass of petroleyrather compounds containing nitrogen, oxygsualphur, and
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metals constitut¢he other 30%of the masgCCME, 2008l; Goodger, 1975Petroy 1987;
Long, 19B). PHCs enter soil environments either directly through deliberate or intentional
releases or indirectly via inadvertent spills. Regardless of howsRH{Er the environment,
they areknown to be toxic tanicrobial, plantandanimal life Erlacheret al, 2013;Fingas,
2011 Georgeet al, 2011; Onwuralet al, 2007).In additionto direct and indirect toxicity to
organisms PHGs can also affectthe soil properties described in secti@r? (Adebiyi and
Afedia, 2011).

Amendingsoil with PHG has been shown to incssathe bulk densitpf the soll
(IzdebskaMucha, 2008; Martinhaet al, 2010). Martinhoet al (2010) showed that the
porosity ofloam forest soil spiked with 7% diesel oil decreased by 3%. lzddWiskha
(2008) used a porosimeter to directly measure tne ppace in the soil samples. They found
that @turating soils of glacial tillvith diesel oiland fipetrob decreased the porosity of the
soil by 9%and 1%, respectively(lzdebskaMucha, 2008) Since the bulk densitof soil is
directly related tothe pore size it was concluded thathe bulk density of soibenerally
increases with the addition of PHd{see Equationl; Brady and Weil, 2010Jzdebska
Mucha, 2008; Martinhet al, 201Q.

The total organic matter @fsoil canbe lower in soilswith petroleum contamation
thancomparable wimpactedsoils (Adebiyi and Afedia, 2011; Labuet al, 2007; Wanget
al., 2010).The decrease in organic matter is thought to be due to the excess addition of
carbon with no caresponding increase in nitrogesipwing the microorganisms #iby to
breakdownorganic materials in the soéls well as PHE(Adebiyi and Afedia, 2011; Osuiji
and Nwoye, 2007)Adebiyi and Afedia (2011and Osuji and Nwoye (2008howed that the
total olganic matter in PH@mpacted soiwas 27.7%and 32%, respectivelypwer than in
the unrimpactedsoil. However, me study has shown that thercentorganic mattein soll
increases with thaddition of petroleum (Kis et al, 2009).This study measuredhé total
organic carbon contetttrough digestiomnd converted it to organic matter while the studies
by Adebiyi and Afedia (2011) and Osuji and Nwoye (2007) directly measured the organic
matter contenthrough oxidation with potassium dichromate andtitm with iron sulphate



When compared to wimpactedsoil, petroleum contaminatioimas been shown to
increasehe pH of the soi{Adebiyi and Afeda, 2011;Kisic et al, 2009; Wanget al, 2010).
Kisic et al. (2009) determined that spikingpils with drilling fluid increased the soilpH
from 6.4 to 6.8. Adebiyi and Afedia (2009) foutitht pH increasd from4.8 to 6.72 in soils
impacted withwaste oil fromautomobilesAn increase in the pH of soil is noted with the
addition of PHG; however, the exten of this increase is dependent on the source of
petroleum (Adebiyi and fedia, 2001 Kisic et al, 2009).

Petroleum contamination has begmown to increase the EGf soil (Adebiyi and
Afeda, 2011; Arocena and Rutherford, 2005)ude oil has been fourtd contain brine, an
artifact of the marine sediments thought to have formed the oil (Goodger, Ad@éb)yi and
Afeda (2011) found thatvaste automobileil increased the EC from 0.24 dS/m to 0.804
dS/m.Although this is likely not a significant increageindicates that petroleum products
have the potential to increase the EC of siibcena and Rutherford (2005) looked at the
impact of petroleum extraction waste fromrégits on the EC of the soil. Though the flare
pits may contain waste producther than PHE, they found that the EC increased from 0.28
dS/m to 4.5 dS/mbecause of the increase in soluble calcium, potassium, sodium and
magnesium{Arocena and Rutherford, 2009)his drastic increase in EC was attributed to the
possible presence ofribe water in the flare pit (Arocena and Rutherfo)03. The
presence of PHC in the soil has also been shown to increasettamdMrf- ions which, in
addition to increasing the EC, are also directly toxic to plants (Onvetralh 2007).

Petroleim has also been found affect the CEC, WHC, and temperature (Kowetar
al., 1969; Ogboghodet al, 2004; Urumet al, 2004). Urumet al (2004) nog¢ that as the
CEC and pHincreases, the sorption of PH@to the soil also increase®gbodiodoet al
(2004) indicatd that the WHC of an oil spiked soillecreased largely becausiee
hydrophobic nature of PHCdecreased the wettability of the sodowsaret al (1969)
showed that petroleum resins sprayed on soil as mulch increased the tempétarigity

clay loam soiby making it darker



1.4 The Canada-Wide Standards for PHC in Soil

The Canadian Council of Ministers of the Environment (CCME) consists of ministers from
the federal, provincial and territorial governments who are committed to protebgng t
Canadian environment by dealing with issues of national conCG&ME, 201). One of the
issues that the CCME hasvestigated is PH@mpacted soil They noted that more than
100,000 sitespr approximagly 60% of the contaminated siteés Canadacontan PHCs
(CCME, 200Hm, CCME, 2008b; CCME, 2008c). The CCME determined that there were
inconsistencies in site magement and remediation whichdlethem along with the
Analytical Methods Technical Advisory Group (AMTAG) preparea standardizechethod

caled the CanadaWide Standard{CWS) Reference Methodor PHC in Soil CCME,
20080. This standard outlines the extraction of F1 with methanol and F2 to F4 with a 50:50
acetone:hexane solution and the determination of each fraction concentration using a gas
chromatograph with a flame ionization detertibralso outlines the concentration of each
fraction that indicated when a site is remediatéab(e 1-1; CCME, 2001a; CCME 2001b).

The PHC CWSwas based on work perined by the US Total Petroleum Hydrocarbons
Criteria Working Group (TPHCWG) with consideratitm scientific, technical and socio
economic factors along with input from stakeholders (CCME, 2008b; CCME, 2008el). T
PHGCs were subdividedinto four fractionsbased ontheir equivalent carbon number and
physical and chemical properties: {s-C1o), F2 (> Go-Cu6), F3 (> Ge-Cas) and F4 (> G4")
(CCME, 2005k, CCME, 2008a; CCME, 2008b; CCME, 2008d).

The goal of the PHC CWS is to protect human health and theoement while
providing consstent and practicalemediation targets (CCME, 2008b; CCME, 2008).
achievethis goal,a threetiered systenwas developed to manage PHCg&r 1 outlines the
generic numerical remediation asdards for eachPHC fraction (Table 1-1); Tier 2
incorporates site specific information into adjustable parameters to obtain guideline values
that are moreapplicable to a specific sit&ier 3 utilizes risk assessment to obtain -site

specificremediation targets.



Table1-1: CCME remediation criterifor the direct contact exposure pathway of ecological

receptordor fine grainedPHCGimpacted soil with different end land uses in kgg(CCME,

2008d)

Fine soil (  Coarse Soil (particle size
75 um) (mg/kg) > 75 um) (mg/kg)
End Land Use F1 F2 F3 F4 F1 F2 F3 F4
210 150 1300 5600 30 150 300 2800
150 1300 5600 30 150 300 2800
260 1700 3300

Agricultural

ResidentiaParkland 210
Commercial/Industrial 320 260 2500 6600 320




The genericTier 1 PHC guidelines(Table 1-1) are considered by the CCME to be
relatively consevative but practical while providingdequate protection of the human and
ecologi@l receptors at most sites (CCME, 2008b; CCME, 2008d). The governing exposure
pathway in Tier 1 is ecological soil contact because of the sensitivity of vascular plants and
invertebrates to PHC; as a result, most toxicity tests have incorporated thesisnosga
(CCME, 2008a; CCME, 2008b; CCME, 2008d). Despite the efforts of the CCME to prepare
scientifically sound and practicguidelines, they have acknowledged that these values were
selected without enough information to supghem and that th&xicity testswere largely
performed by one group of researchers (CCME, 20CCME, 2008b). The CCME have
also acknowledged that they relied on the use of fresh Federated Crude oil despite the fact
thatit was not known whethehis type of oil was representativof those found in Canada
(CCME, 2008b). The CCME also noted that little attention was paid to weathering when
deriving the Tier 1 guidelines because there was not enough data to prepare models that
would include weathering effect€ CME, 2008aCCME, 20@d).

1.5 Weathering of PHC

Weatheringof PHGs is the result ofthree mainnatural processes in soil: volatilization,
biodegradation, and sorption (Alexander, 1995; Gallegal, 2010; Maleticet al, 2011;
Osujiet al, 2006). Volatilization is the loss tdw mdecular weight hydrocarbons (Fd F2)
to the air (Galleget al, 2010; Maleticet al, 2011).The hydrocarbons within the range of
Cs to Cis will largely volatilize resulting in a relative increase of the heavier F2 to F4
fractions (Pichtel and Likanen, 2001)Biodegradationof PHCs can becarried outby
indigenous microorganisms soil, and involves the oxidation of midange méecular
weight hydrocarbons (Rb F3)to form organic acidand CQ (Maleticet al, 2011; Osujiet
al., 2006).Hydrocabons in theCs to Cs2 rangecan be degraded by microorganisms that have
an oxygenase or hydroxylase enzyme whickdsaa carboxyl or hydroxyl group to the
terminal carbon atoniBeilen andFunhoff, 2007) The organic acids produced during the
initial stages of biodegradationdo not appear during sample analysisth a gas
chromatographozzarelli,et al, 1994).Sorption is the association of PEI@ith organic
matter or soil particles, often through diffusion into pore spacattachment throughan de
Waals forces (Brusseau, 1997; Maletical, 2011; Yong and Rao, 199 orption of PHG
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decreasetheir bioavailability to the point where the PldGhould be considered agert as
soil humus (Maletiet al, 2011). Each of these weathering processale to decrease the
amount andvalability of the PHG, shifting the PHC compositiotmwardhigher molecular
weight hydrocarbonsvhich decreases thmverall soiltoxicity (Alexander, 1995; Maletiet.
al., 2011).

1.6 The Plant Growth Promoting Rhizobacteria Enhanced Phytoremediation

System

Landfilling, which involves digging up the contaminated soil and taking it to landill, i
currently the most common method of remediatiRgiGimpacted soil(Philp and Atlas,

2005) This method is not only etly, time conamingand difficult to apply in remote areas

but it can also increase the potentialtfte exposure of theorkers andthe local community
(National Research Council, 1999; Philp and Atlas, 2005). The need for inexpensive, easily
implemented and envirorentally responsible remediation methodss Had to the
development ofstrategiessuch aslandfarming, bioremediation, and phytoremediation
(Marmiroli and McCutcheon, 2003; Bhand Atlas, 2005Zimmermaret al, 1991).

Landfarming involves spreading peteum waste orsoil within a defined area and
physically mixing to promotePHC volatilization Bioremediation employs the addition of
microbes andoil amendmenissuch as fertilizer oorganic matter, t®HGimpacted soll in
anattempt to increasthe indigenous populations of hydrocarbdegrading bacteriaBpllag
et al, 1994;Friend, 1996; Moharet al, 2006 Phiip and Atlas, 200p This technology
assumeshatthe soil contais hydrocarbon degrading bacteribatthe contaminants are in a
form microarganisms are able to degrade dndalt the soil properties (pH, texte, moisture,
etc.) can be optimized to support and encourag¢he growth of PHC-degrading
microorganisms(Philp and Atlas, 2005 It is, however, difficult to reet al of these
assumptiongvhich is the likely reasofor the poorefficacy of bioremediation Atlas and
Cerniglia, 1995; Bollagt al, 1994; Philp and Atlas, 2005).

An improvementto bioremediation was to usplants toaccumulate, volatilize,
degradeor stabilize contaminants soil, wateror air. This process eventually became known

as phytoremediatiofEvans and Furlong, 2011; McCutcheon and Schnoor, 2003; Wei and
11



Zhou, 2008). The rhizospheod plantsis an approximatelg-mm region of soil around the
root that is influencedy the root (Brady and Weil, 2010). The rhizosphereable to
stimulateand supporthe growth ofindigenousPHCG-degrading microorganisms by providing
exudates such as organic acisisgars and amino acittem plant rootsvhich can be utilized
by microoganisms in the rhizosphe(Brady and Weil, 2010QIson et al, 2003; Schwab
and Banks, 1994)The efficacy of this échnology is based on thgoduction of high
amounts ofplant biomass, througimaximizing the surfacearea of the roots and shoots,
which increaseshe potential for rhizosphere degradation and accumulation (Evans and
Furlong, 2011; Olsomet al, 2003; Schwab and Banks, 1994; Wei and Zhou, 2@8)ral
aspect of theremediation techniquetescribed aboveereused to prepare the Plant Gitbw
Promoting Rhizobacteria (PGPR) Enhanced Phytoremediation System (PEPS) éHabng
2004).

PEPS was designed to increase the rate of PHC remediation through the use of tilling
and soil amndments, the treatment of seeds VHBPR (some ofwhich are lydrocarbon
degraders)and the growthof plants (Huanget al, 2004). As was outlined earlier, the
weathering of PHC involves volatilization, biodegradation, and sorption (Alexander, 1995;
Gallegoet al, 2010; Maleticet al, 2011; Osujet al, 2006). Tilling is amethod employed to
amplify the weathering of PHCby improving volatilization and promotirthe growth of
microorganisms (Friend, 1996; Mohanal., 2006; Philp and Atlas, 2005). PGPR are used to
increase plant biomass by mitigating the ethylsiness response (Gligk al, 1994; Glick,
1995; Glicket al, 1998; Hallet al, 1996; Larcher, 2003). These uatly occurring bacteria
decreasesthylene through the production of the enzymaniinocyclopropand-carboxylic
acid (ACC) deaminasand tre phytolormone indole acetic acid (IAAzigure 1-1; Glick et
al., 2008; Larcher, 2003).
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Figure 1-1: Effect of PGPR on the reduction of the ethylene stress response in plants
(adapted from Gliclet al., 198 with permission
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PGPRare in direct contact with the plant root andlvake up ACC as it is exuded
from the plant,inducing the plant to exude ACC to maintain equilibrium; the decreasing
ACC in the plant decreases the ethylene response \dgaidk to a decrease in the plant stress
respons€Figure 1-1; Glick et al, 1998; Hallet al, 1996).The ACC taken up by PGPR is
conver t-ketbbuienate and &monia through an enzyme cA®@ deaminasethe
ammonia that iproduced can then be used as a nitrogen sdardee PGPRGlick et al,
1994; Glick, 1995; Gliclet al, 1998).PGPRcanalso produce IAA, a plant hormorfauxin),
whichis then exuded by the bacterium dakien up by the plant (Larcher, 2003). IAA uptake
by the plant results in root elongation and the production AgGhe plantbasedenzme
ACC-synthaseKRigurel-1; Glick, 1995; Glicket al, 1998; Larcher, 2003Dverall,the ACC
deaminasevithin the bacteriundecreaseshe plant ethylene stress response and afidar
plant growth within contaminated soil§Figure 1-1; Glick, 1995 Gurskaet al, 2009. The
species of PGPR currently being used in PEP$haréseudomonaddW3 and UW4 UW3
has been shown talso be capable of degrading PHGHuanget al, 2009. The ability to
degra@ petroleum indicates that tf&5PRwill also diredly aid in the weathering of PHC
through biodegradation (Philp and Atlas, 2008)e gantsused in PEPS are able¢aohance
biodegradation using root exudates to increase the population of indigenous microorganisms
andenhance volatilization using roots increase the porosity of the s@utchinsonet al,
2003; Waltonet al, 1994). Plants are also abl® intensify biodegradation using the
rhizosphere to support indigenous hydrocarbon degrading microorganisms (Hutakiinson
al., 2003; Waltoret al, 1994). This indicates that plants aisoable tonaturallyenhance
theremediation oPHC contaminantsabove thosehat have beenoted in fieldghat contain
no plants by enhancinghe weathering processgBollag et al, 1994; 2013; McCutcheon
and Schoor, 2003).
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1.7 Toxicity Testing using Folsomia candida

Toxicity testing identifies the lethak(g, using mortality tests) and sdéthal €.g, using
reproduction growth or avoidance testgpncentrations of a contaminant that adversely
affectan orgaism (Newman, 2010; Landet al, 2011). This is routinely investigated ugin
an exposureconcentratiorresponse model wher@ contaminant or contaminant source is
added to a controlled test vessel containing the test organism (Newman, 2010;eLahdis
2011). Standardized toxicity tests have been developed fedweiling micrearthropods
(e.g, Collembola), invertebratese (g, earthworms), and terrestrial plar(s.g, oats) (van
Gestelet al, 1997; Environment Canada, 2@)E&nvironment Canada0R7a; Environment
Canada, 2007b). These tests use natural and artificial soils to determine if there is a toxic
responsef an organism t@nimpacted soil (van Gestet al, 1997; Environment Canada,
200%; Environment Canada, 2007a; Environment Can20@7b).
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Collembola is a large class of organisms that includes more than 6500 species
worldwide (Hopkin, 1997; Rusek, 1998). They are wingless;tswfied arthropods that are
commonly found in the upper layers of soil and leaf litter (Eisenbad Wichard, 1987,
Hopkin, 1997; Rusek, 1998). Collembola range fromi0OI®D millimeters long and play an
important role in organic matter decomposition, nutrieyiling and improvement ahe
structure of thesoil (BehanPelletier, 2003Hopkin, 1997;Rusek, 1998). Manyembers of
the Collembola class have three coomieaturesthe furca, the cuticle, and the ventral tube
(Figure 1-2). The furca is produced from the fusion of the two hind legs and is normally
tucked up underneath their alsden by a hok structure called theenaculum Eisenbeis and
Wichard, 1987; Hopkin, 1997). Collembola use their furca to push against a substrate and
launch them in a somersaulting motion into the air to escape predgisenbeis and
Wichard, 1987)This springing rotion is the reason whynembers of the Collemboldass
are commonly calleé s p r i n g tnheislarsddNicljaklj 198Y). On dcmoscopic level,
the Collembola cuticle follows a hexagonalttpen which is formed from triangular
protuberances, known as notubercles and the ridges that interconnect them (Eisenbeis and
Wichard, 1987; Hopkin, 1997). This structure along with the presence of a waxy layer allows
air to become trapped around their body, creating a hydrophobic outer surface (Hopkin,
1997; Ghiradka and Radigan, 1974). The permeability of the cuticle varies during the
springtails life cycle, but an increase in permeability prior to molting is known tor occu
(Schreiber and Eisenbeis, 198Molting is the process where the entire cuticle is replace
includingthe lining of the gut (Thimnet al, 1998). The ventral tube, formed from a pair of
appendages, is where the majority of environmental exchanges occur (Eisenbeis and
Wichard, 1987; Hopkin, 1997). The main function of the ventral tube is nspost vater
into the Collembola, althouglsome solute upt@k may also occur (Drummond, 1953
Hopkin, 199; Schreiber and Eisenbeis, 1985
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Furca

Ventral Tube

Figurel-2. Three common features of Collembola: the veritraé to collect water, the furca
to spring away from predators and the retinaculum to hold the furca against the abdomen

when not in uséthe retinaculum is not visible on this photograph)
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The ventral tube terminates in vesicles which allow for adherémcemooth surfaces
(Eisenbeis and Wichard, 1987; Hopkin, 1997). The ventral tube also contains sensory
organs resembling hatlike structures which allow Collembola to sense the rstoire
content, salinity, angH of the substrate (Eisenbeis and Wicha@B7; Hopkin, 1997). The
species of Collembola that was used for this research (obtained®&feortec Consulting Ltd.
[Guelph, Ontarip in conjunction with Frei University in the Netherlands) belongs to the
order: Entomobryomorpha, superfamily: Isotodea, subfamily: Proistominae, species

Folsomia candidgdEnvironment Canada, 2087

Folsomia candidaare eudaphic/meaningthat they reside largely in theganicand
topsoil (O and A)horizors of surface soil(Eisenbeis and Wichard, 198HAopkin, 2007;
Kaersgaaret al, 2004; Kolaret al, 2008; Noelet al, 2006). They aralsofound in flower
pots and compost piles located in urban areas (Roetb&le 2006).Folsomia candidénave
anoptimalt e mper ature for reproduction of 21eC and
approximately 130 days (Snider and Butcher, 1973). They average 1.27 mm in length and
can complete one life cycle inB2days (Marshall and Kevan, 1963nider and Butcher,
1973). Most populations ofFolsomia candidaexhibit parthenogenisis (Fragt al, 2004
Marshall and Kevan, 196 Pike and Kingcombe, 2009). Thasexual formof reproduction
might have stemmed fronthe ppr esence of a -pptechacteria, €eananoni ve U
known & Wolbachia in the ovaries whichesults in male killing (Fragt al, 2004 Marshall
and Kevan, 1967Pike and Kingcombe, 2009; Roussetal, 1992; Vandekerckhowet al,
1999; Werreret al, 1995).Folsomia candidguveniles are born with adt characteristics
and moltto increaseri size (Marshall and Kevan, 196®Maturity is reached at the sixth molt
which is approximately 18 days after hatching (Snider and Butcher, 1338pmia candida
are commonly used in toxicity testing because loit parthenogenicity antheir ease of

culturing (Fountain and Hopkin, 2005).
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1.8 Previous Toxicity Research using Folsomia candida

The first use ofFolsomia candidan toxicity testing occurred 16969 for a feedingtudy that
involved spikingfood with DDT (dichlorodiphenyltrichloroethandd determine its toxicity
(Butcheret al, 1969) At the time here were no standard probds forfeeding studies aihe

use ofFolsomia candidaand the resultdetermined that DT did not significantly affect
mortality (Butcheret al, 198; Thompson and Gore, 1972). &kack of a significanttoxic
effectin the DDT experimentielayed the first attempt at preparing a standard protocol until
1972 when fiompson and Gore looked at the effect of 29 insecticides on thevauofi
Folsomia candidgThompson and Gore, 1972)hdmpson and Gore (1972) indicated that
Folsomia candidawere easy to culturand they concluded that these organssfit the
criteriafor use in a bioassay. The authafso noted that becau®lsomia cadidalive in

the soil, they would be better suited for soil toxicity setan the norsoil-dwelling
organisms that were currently being usetiaffipson and Gore, 19728y 1981 Folsomia
candidahad become highly popular in the scientific community fa uspesticide feeding
studies (Subagja and Snider, 1981). It was not until the 1990s that toxicity protocols for
Folsomia candidaincluding survival andeproduction, were developed (@nmentuijnet

al., 1993).

In the 1980s researchers began usinghgpails for teting the toxicity of petroleum
impactedandfarmedsoils (Neuhauseet al, 1989; Pirhonen and Huhta, 198#leuhauseet
al. (1989) estimated the number of Collembola, mites, and earthworms in a plot of soil before
and after the spreading laquid refinery waste oil. Thefpound that all populations decreased
rapidly after PHG wereapplied to the soil and that higher initial oil applicatioed ko
slowerpopulation recovery rates (Neuhaustal, 1989). Pirhonen and Huhta (19&%&rried
out a similar test where the populations of Collembola, earthworms, and nematodes were
estimated anthen hydraulic oil or fuebil wasadded to the soilWhen the hydraulic oil was
applied the nematode population was unaffected while the earthworm poputiecreased
to zero and did not begin to recover until a year and a half after the two year test was

conpleted (Pirhonen and Huhta, 1984Vhen the fuel oil was applied, the nematode
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populationfully recovered less than two months after the treatmerlievthe earthworm
population dropped to 50% of the control for the duration of the twotgea (Pirhonen and
Huhta, 1984 The Collembola population showed no recovery and it rezdlaah less than
10% of the control for the duration of the tesigardlss of oil treatment Rirhonen and
Huhta, 1984 Both of thesdests monitored the populations of naturally occurring organisms
in the soiland showedhat thetoxicity to soil organism populations was greatebew the
spill was fresh(Pirhonen and Huhté,984). As the oilin the soilweatheredthe negative
effectson the organismdecreasedRirhonen and Huhta, 1984 These studies also indicated
that Collembola may be more sensitive to some types of oils than other soil dwelling
organisms bu it was rot until approximately 20 years lat¢hat toxicity tests using
Collembola were applieBHCGimpacted soilsn the laboratoryRirhonen and Huhta, 1984
van Gesteét al, 2011).

In 1999 the International Organization for Standardizafi®@D), ax organizéion
devoted to the preparation of common industrial procedures, published a survival and
reproductiontoxicity testmethosspecifically forFolsomia candidglSO, 1999).0ne of he
first applicatiors of the 1SO test method was as part of a testeby byvan Gestelkt al
(2011) to determine the toxicity of weathered mineral oil. The results of this test showed a
significant negative correlation betweeRolsomia candida reproduction and oil
concentrations of 50 to 3300 mg/kg (van Gestadl, 2011). Once the ISO test method was
proven to be useful in an Ecological Risk Assessment test hdE@rironment Canada and
the Organisation for Economic and -Gperative Development (OEChEegan updatinghe
protocol by incorporating ideas and methods developexinfthe application of the ISO
method (Achazi, 2002; Environment Canada, 2008apttFordsmand and Krogh, 2004
The Environment Canada protocol was completed in 2007two key differences that were
not included in the ISO methodha Environment Canad biological test method
incorporated the use afontaminatedfield soils (in addition to thechemicallyspiked
artificial soilg and both sexually reproducing and parthenogenic spe(figsironment
Canada2007a; 1ISO, 1999).
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1.9 The Effects of Soil Properties on Folsomia candida

As mentionedin Section 1.7, Folsomia candidasspendmost of thetime in contact with the
upperlayers ofthe soil (Eisenbeis and Wichard, 1987; Kaersgagiral, 2004; Kolaret al,
2008;Noel et al, 2006).Folsomia candidare knownto respond to the soil propertigsich
asmoisture contentsalinityand pH through sensory organs on thveintral tube (Eisenbeis

and Wichard, 1987; Hopkin, 1997Their growth and reproduction rates canoalse
significantly increased or decreased by changes to the moisture content as well as the
temperature of # soil (Marshall and Kevan, 196¥immermanst al, 2009; Waagnegt al.,

2011). Soil properties which affedtolsomia candidare describetelow.

The bulk densitysoil structure (i.e., aggregation of soil particlasyl thesoil texture
impact tabitat suitability and the avoidancesponse ofolsomia candidgDomeneet al.,
2011; NataldaLuz et al., 2008; Wickenbrock and Heisler, 199Fplsoma candidaprefer
living in macropore spacdbat are4 mm in diameterthese pore spacesn beformed by
earthworms (Wickenbrock and Heisler, 1997). Increasing thes soilk density (i.e.
increasng compactionjlecreasethe macropore space resultimgdecreasetiving space for
Folsomia candidgBrady and Weil, 2010)Soils with a finer texturare easily compacted
with fewer macropore spaces and ariéen avoided byFolsomia candidgNatalda-Luz et
al., 2008).When soils have a larger proportion sihaller particles (e.ga soil high in
kaolinite clay), they canprovoke an avoidanceesponse irFolsomia candidaBrady and
Weil, 2010; Natada-Luz et al, 2008 Domeneet al., 2011).

The organianattercontentin the soil isalsovery important toCollembolasurvival
(CastaneMeneseset al, 2004; Saitohet al, 2011). Collembola feed on fungi, bacteria,
fungal sporesand decaying plant and animal materi@mund in the soil organic matter
(CastaneMeneseset al, 2004). Collembola populations haveeheshown to increase with
increasing organic matter (Sait@t al, 2011). Saitohet al (2011) determined that 105
Collembola can be supported per gram of organic carbon. Imakappprepared artificial
soil, Folsomia candidavill avoid soils with only2% organic mattedespite alterations soil
texture(Natatda-Luz et al.,, 2008).
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Folsomia candidahave been shown to be very sensitive to moisture content
(Timmermanset al, 2009; Domenet al, 2011; Waagneet al, 2011). A rehative humidity
below 9.4%inhibits Folsomia candidaviposition (Waagneet al, 2011). However, adults
exhibited normabehaviar until the relative humiditydropped t098.2%6, at which pointa
desiccation responsgasinitiated by the springtailgTimmermanset al, 2009; Wagner et
al., 2011).This desiccation response involves the productiothefsugar compoundsyo-
inositol, glucoseand trehaloséy the springtail in ordeto increase the movement of water
vapor through the cuticland into the springtaTimmermanset d., 2009). A delay irthe
molting processnay also occur in an attemjat conserve water (Timmermaasal.,, 2009)
Mortality of adult Folsomia candidavas noted below a relative humidity of 97% (Bayley
and Holmstrup, 1999).

Folsomia candidénave been shan to be adversely affected by low pH (Kaneda and

Kaneko, 2002; Sorenson and Holmstrup, 308®renson and Holmstrup (20GHhowedhat

no mortality was observed in adultghenthe pH decreas# from 7.74 to 5.35n a sandy
loam soil however the lethal concentration to kill 50%L Cso) of thejuveniles occurred at a
pH of 5.4. Kaneda and Kake (2003 studied the effect of pH dfolsomia candidan soils
with a high organic mattecontentand wlcanic ash parent matelidt was determined that a
drop in H from 6.83 to 4.6 significantly decreasEdlsomia candidagrowth (Kaneda and
Kaneo, 2002).

Owojori et al. (2009) showed th&tolsomia candidaare sensitive to salinityThey
worked with anelectrical conductivity (E€ range of 0.08 to 1.62 d&/(Owojoi et al,
2009). A EG of 1.03 dS/m resulted in decreased juvenile production rates while aof EC
1.62 ds/m resulted in complete inhibition of juvendeoduction (Owojoriet al, 2009).
However, a ECG of 1.62 dS/m had no effect on adult survig@ivojori et al, 2009).
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Soil temperature hac statistically significant effect on juvenile production in
Folsomia candidaTable 1-2; Marshall and Kevan, 196Simpson, 1983; Tan, 2009). A
change in temperature ofaew degr ees, either positive or
has been shown to have a marked impact on the number of eggs produced, the percentage of
eggs that hatch, the number of days required for hatching to occur, and the number of days
between ovipsitions inFolsomia candidgTable1-2; Marshall and Kevan, 19%. At 22e C
more eggs were produced than at any other temperature and the viability of these eggs was
also the highestT@ble 1-2; Marshall and Kevan, 1967). In addition to the benefits of
increased juvenile production, the ranges for the time between ovipositions and the time to

hatch are narrower than at other temperat(irable 1-2; Marshall and Kevan, 19§.7

1.10 Alternate Test Methods, New Endpoints and Avoidance Tests for

Folsomia candida

There are two sets of methatisit can be used to remove thesgiails from the soil:
dynamicand mechanical (Edwards and Fletcl®©71). Thadea behind the dynamic method
is to use heat to drive the organisms down through the soil to a catch vessel for enumeration
(Edwards and Fletcher, 1971). The mechanical methods involve floating the organisms from
the soil, using a solutionithh a density (specific gravity) greater than that of the organisms,
and counting them (Edwards and Fletcher, 1971). There are advantages and disadvantages to
each methodFor example heat extraction collects only live, intact organisms and can be
used forsoils with high organic matter; however, it requires a consistent room temperature of
20 N 1 eC and is difficult to use with soil
bulk density) and/or with high clay content (Edwards and Fletcher, 18ib6ljnethod has
been shown to be 100% efficient in removing springtails from the soil and the efficiency of
each method varies with species and soil type (Edwards and Fletcher, 1971; Snider and
Snider, 1997). The Environment Canada protocol recommendsé¢hef uhe floatation and

heat extraction methods which are briefly described below (Environment Canada, 2007a).
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Table1-2: Alterations in egg evelopmat and wipositionwith temperaturéadapted fronMarshal and Kevan, 196)/

Temperat | Number of Days Between  Number of Eggs Percentage Number of Days
Females Ovipositions Hatched to Hatch
18 4 1315 15 46.7 1516
20 4 14-16 35 71.5 10-15
22 5 10-13 41 87.8 9-10
24 *6 *11-13 *59 *88.9 11-13
28 N/A N/A N/A 0 N/A

* - not statistically different from the results obtained a&22

N/A T no data collected



The floatation method involves adding terato the test vessaind allowing the springtails to

float to the surface (because of their hydrophobic cuticle) to be counted (Environment Canada,
2007a).The heat extraction method involvesn@ving te soil from the test containento a

screen and adding a heat source to force the springtails through the screen onto a dark surface for
enumeration (Environment Canada, 2007a). iligsperformed in the 1970&vored theheat
extraction method wle current methods appear to emphasize the floatation method (Edwards
and Fletcher, 1971; Environment Canada, 2007a).

Research into chronic toxicity tests with other organisms indl@afecus on measuring
sublethal endpoints (Environment Canada, 280%&nvironment Canada, 2007b). These
endpoints have included weight and length in addition to reproduction (Environment Canada,
2007b). While the Environment Canada protocol only contains thdethdd end point of
reproduction, other tests involving thexicity of metals and pesticides to Collembola have
measuredhe sublethal endpoint ofjrowth in terms of weight and length (Environment Canada,
2007a; FolkerHansenet al, 1996; Pairsenet al, 1997). Methods of measurement have
included the use of aelectrobalance to measure the weight and a stereo microscope with
monitor to manually measure the length (Folkensenet al, 1996; Hilligsoe and Holmstrup,
2003). By incorporating the ermbints of weight and length into the chrortmxicity test
proto®ls, these tests miglgrovide more information on how PHCs affestil invertebrates
through increased sensitivifffolkerHanseret al, 1996).

Acute toxicity tests use shorter exposure times and meagher lethal orsublethal
effecs (e.g., avoidanceresponse) of exposed organisniEnvironment Canada, 2007b).
Avoidanceresponsdests have been used extensivelyassess the impact of contaminated soils
on earthworms anthe results of such tedtavecorrelated withthe results obtained in the iger
chronictoxicity tests (Environment Canada, 2007@he of he first uss of avoidanceresponse
tests with Collembola wa$o assess the effects tife pesticideBetanal(Heupel, 2002) The
method employed a cylindricabntainer with a divider (Heupe2002. Two different soils were
placed on either side of the divider and ¢efilembolan individualsvere initially placed on one

sideor the other to test avoidamof the organisms (Heulp2002. By 2009 avoidanceresponse
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tests with Collembola had ée shown to havéhe potential as a prscreening @st of PHG
impactedfield sites; the results of the avoidance tests wodddermine if chronidoxicity tests
needed to be performdtlataldaLuz et al, 200§. The method was then adapted as follows:
two different soils were placed on either side of a divider, the divider was removed, and 20
juveniles 10 to 12 days old were placed along the midline Lial, 2010). After 48 hours the
divider was reinserted and water was added to determine the nuntateshbola on each side

(Liu et al, 2010). The use of an acute toxicity test to screen a site farotieentration that
Folsomia candidabegin to avoid would indicate the concentration where toxic effects would
likely be seen in the chronic toxicitysts (NatatdaLuz et al, 2009. If this value was higher

than the CCME remediation criteria then chronic toxicity tests would need to be perfimmed

verification (Natatda-Luz et al, 2009.

The determination of moreefficient methodor remonal of the springtails from the soil
the addition ofgrowth metrics as assessmentpoints and thimclusion of amacuteavoidance
responsdest haghe potential to improvand/or expand the scope thie current Environment
Canadabiological test metho@NatatdaLuz et al, 200§. The inclusion of weight and length to
the chronic toxicity tesiight improve the sensitivity of the te§folkerHansenet al, 1996).
Adding the acutewvoidanceresponsdestprovides apotential screening tool for contaminated
site soilsand eliminate the need for chronic tests if tlawoidance test shows affect (Folker
Hanseret al, 1996).

1.11 Summary and Hypothesis

Folsomia candidas affected by soil propertiesherefore the alterations of soil properties that
occurs with he presence of PHC willkely impact Folsomia candida(Adebiyi and Afedia,
2011; van Gesteet al, 2011). However, thecomposition of petroleunthanges over time
becausef weathering processe§he CCMEdid not consider weathering in their dexiion of
the Tier 1 guidelinesan omissionthat was pointed out by the CCME its@fCME, 2008a)The
hypothesidor this research is thée toxicity of weathered PH@mpacted field soils will occur
at higher concentrations than the CCME guidelinBse four olpectives used to test this
hypothesis were to: (1) use chronic toxicity tests whtiisomia candidato determine the
approximate Cps (inhibitory concentration that decreases juvenile production by 25P6)
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weathered PH@mpacted field soil at three diffane field sites, (2)compare the heat and
floatation extraction methis to determine their efficien@t removingFolsomia candidadults
and juveniles from sqil(3) determine if the sb-lethal endpointsweight, lengthandbr width)
will be a suitable adton to thechronictoxicity test protocol and (4nvestigate the feasibility

of using avoidance tests as a preliminary assessment method of the toxicity of weathered
petroleurmimpacted sites.
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Chapter2Toxi city of Field Soil with Diffe
PHC Roml somi a armdda d@aompari son of Extrac
for Remdvalcadfdtioda Soi |

2.1 Introduction

Oil refineries receive crude oil and process the petroleum into products such as fuels, lubricating
oils and plastics (Bjorlykke, 2010; Fing@€)11). Although the efficiency of oil processing has
increased there are still waste products from production (e.g., oil sludge and oil tank residue)
(Knowlton and Rucker 1979). One method of treating petroleum waste is known as land
farming (Knowltonand Rucker 1979). Landarming involves spreading waste onto soil and
mixing it to increase aeration (Knowltaand Rucker 1979). Lanefarms have been used for
disposal of oil sludge at refinery sites for over 50 years (KnovellmhRucker1979).

Oil contains approximately 70% petroleum hydrocarbons (PBCby mass it is a
complex mixture of more than 700 organic molecules that contain only carbon and hydrogen
(CCME, 200K, CCME, 2008a; CCME, 2008b; CCME, 2008d; Petrov, 1987; Long, 1998). The
Canadian Couil of Ministers of the Environment (CCME) hatetermined soil guidelines for
sites impacted with PHC; these are outlined in The Cawdda Standards (CWS) for PHC in
Soil (PHC CWS; CCME, 20@1 CCME, 2008a; CCME, 2008b; CCME, 2008c). The PHC CWS
were baed on four hydrocarbon fractions similar to those outlined by the Unites States Total
Petroleum Hydrocarbons Criteria Working Group (TPHCWG; CCME, 2008b; CCME, 2008d).
These fractions were determined based on boiling points and equivalent carbon nuthbers: F
(C6-C10), F2 $C10C16), F3 $C16:C34) and F4 XC34). The PHC CWS can be used as
generic (Tier 1) remediation criteria for each fraction that can be applied to alirRp#Cted
sites (Tablel-1; CCME, 2008b). Because Tier 1 values are designed to bectivet of
ecological receptors durirthe worst exposure scenarios, these guidelines were developed using
data from toxicity tests with fresh (i.e. -weathered) oil and did not consider the effect of

weathering on PHC toxicity in soils.

Weathering of PHGesults from three main naturalggesses in soil: volatilizatiorhe
loss of low molecular welg hydrocarbons; biodegradatiothhe oxidation of migrange

molecular weight hydrocarbons by indigenous sodroorganisms; and sorptiotine binding of
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high molecula weight PHC molecules withparticles or organic matter within the soil
(Alexander, 1995; Brusseau, 1997; Gallegal, 2010; Maleticet al, 2011; Osujet al, 2006;
Yong and Rao, 1991). Each of these weathering proceasesther altethe composition of the
petoleum in the soil or influence itsioavailability, thereby decreasing its toxicity (Alexander,
1995; Maleticet al, 2011).

Folsomia candidgcommonly referredtosa fi Spr i n g t-dwelling invertelirage a s o i
species that isommonly used in toxicity tests (Fountain and Hopkin, 2005). Their ability to
reproduce parthenogenically, resulting in arf@thale population, is an important consideration
for use in toxicity tests (Fountain and Hopkin, 2005). Thdeatlale populationemoves the
consideration of male to female ratioswhich is critical for toxicity tests with sexually
reproducing invertebrates to obtain the optimal number of progeny (Environnasrad&
2007Db; Fratiet al, 2004 Fountain and Hopkin, 2005; Marshall aKevan, 196; Pike and
Kingcombe, 2009; Rousset al, 1992; Vandekerckhowet al, 1999; Werreret al, 1995). Two
other features which make candidaideal for toxicity testing are their cuticle and their ventral
tube. The cuticle is hydrophobic dueit® waxy coating which repels water and the microscopic
hexagonal patterof protrusions which trapir around the body (Eisenbeis and Wichard, 1987,
Ghiradella and Radigan, 1974; Hopkin, 1997). The hydrophobic outer cuticle can make the
removal of F. candda from soil easier as the organisms will float water (Environment
Canada, 2007a). The ventral tube is where most of the environmental exchanges, such as water
uptake, occur (Drummond, 195Fisenbeis and Wichard, 1987; Hopkin, I9%chreiber and
Eisenbeis, 198h The end of the ventral tube contains Hike sensory organs which allof.
candidato sense the moisture content, salinity and pH of the substrate (Eisenbeis and Witchard,
1987; Hopkin, 1997).

Soil properties such as organic matter contnd electrical conductivity (EC) influence
the behavior ofolsomia candidgBayley and Holmstrup, 1999; Domegtal, 2011; Kaneda
and Kaneo, 2002; Marshalhd Kevan, 196;7NataldaLuz et al, 2008; Owojoriet al, 2009;
Waagneret al, 2011).Folsamia candidapr ef er soil s that contain
electrical conductivity (EE of < 1 dS/m, a low bulk density (e.& 1.6 Mg/n?) and a soil pH >
6.83 (Bayley and Holmstrup, 1999; Brady and Weil, 2010; Donetred.,, 2011; Kaneda and
Kaneq 2002; Marshall and Kevan, 196NataldalLuz et al, 2008; Owojoriet al, 2009;
Waagneet al, 2011).
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To test the toxicity of soil, a dose response model is often used where an organism is
exposed to increasing concentraiof a contaminant (Newman(20; Landiset al, 2011). The
toxicity test is used to identify the concentrations of a contaminant that causes lethal-and sub
lethal effects on an organism (Newman, 2010; Lamdisl, 2011).Folsomia candidawere
originally used in feeding studies wiglesticides but, their successful leseé to their inclusionn
toxicity test protocols involving survival and reprmtion (Butcheret al, 1969; Commentuijn
et al, 1993; Subagja and Snider, 1981; Thompson and Gore, 1972).

The Environment Canada protd recommend$olsomia candidée removed from the
soil at the end of a specified exposure period using either the floatation or the heat extraction
method (Environment Canada, 2007b). Oniglly, the floatatiormethod employed the addition
of a solutionwith a specific gravity greater than that of the organisms to a@lowandidato
float to the surface for counting (Edwards and Fletcher, 1971). Because the outer suiface of
candidais hydrophobic, e current floatatiomethod employs the addition wfater to the soil
(Eisenbeis and Wichard, 1987; Environment Canada, 2007b). The heat extraction method uses
heat to drive the organisms, away from a heat sootteyf the soil and into @essel where they
can be quantified (Edwards and Fletcher, 19EHch extraction method has advantages and
disadvatages. The floatation method doemt stress the organisms with alterations in
temperatur@nd is most effective with low organic matter content soils; however, it extracts both
living and dead organisms a®ll as molted cuticular tissues (Edwards and Fletcher, 1971). The
heat extraction method collects only live, intact organjsam&l can be used for soils with
relatively high organic matter contentoMever, it requires a constant room temperature of 20 +
1 °C and is difficult to use with high clay content soils (Edwards and Fletcher, 1971). In the
1970s, the heat extraction method was the preferred method for springtail quaottifadéer
chronic toxicity testshowever, current methods emphasize tbatiton method (Environment
Canada2007a).

A comparison of the heat extraction method and the floatation metiidze performed
to determine which extraction methodtie most efficient and appropriate for use in toxicity
tests. The hypothesis forishsection of the research is that the heat extraction method is the most
appropriate method for use in chronic toxicity tests Witthsomia candida The main focus of
this research is to determine B@s (the lethal concentration that decreases the lptipao by

25%) andICzs (the inhibitory concentration that decreases juvenile productio238%) for
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comparison to CCME guidelinealues.To determine an L& andICzs, a concentratiomesponse

curve is prepared by diluting relatively high concentratioof weathered PH@mpacted soill

The hypothesis for this section of the research isttietoxicity of weathered PH{npacted

field soils will occur at higher concentrations than the CCME guidelines. To test this hypothesis,
experiments were conducted eaposeF. candidato a PHC concentration gradient in soil to
determine the approximate Jof weatheedPHC soil at a landarm site,and, in the process
determine if the heat extraction method or the floatation method is the best method to remove
Folsoma candidafrom the soil at the end of a chronic toxicity test.
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2.2 Materials and Methods

2.2.1 Folsomia candida Cultures, Maintenance, and Preparation for Experiments

Cultures ofFolsomia candidavere obtained from Stantec Consulting Ltd. (Guelph, ON) and
wereplaced on a Plaster of Paris and charcoal medium. The medium was prepared using 480 g
DAP Plaster of Parfs 60 g activated charcoal (Catalog number C9383G, SigmaAldrich,
Oakville, ON) and 500 mL of deionized water. Cultures were watered every thysewith
deionized water, 9 Fallitiomal ActivateB Dry iYsast lasnquired and
sealed with Parafilm § (Beemis, Neenah, WI) to maintain moisture (Environment Canada,
2007a). Cultures were maintained in a growth chamber at 20 + 2 °Caaadlevhite fluorescent

lights at an intensity of 6-3.5 umoles/(ms), a photoperiod of 12 hours and a relative humidity

above 30% (Environment Canada, 2007a).

Synchronization offFolsomia candidacultures was performed to generate juveniles
within two days of age for use in toxicity tests. Glass microscope slides were coated in the
Plaster of Paris and charcoal medium (desctilabove), and allowed to dryd@pted from
Environment Canada, 2007a by Wan Lee, May 23, 2011). A moist paintbrush was udktto co
and remove eggs from sto€lolsomia candidaultures which were then placed onih@ coated
microscope slides @apted from Environment Canada, 2007a by Wan Lee, May 23, 2011).
These slides were then placed into Pelaies which had been coated wihe Plaster of Paris
and charcoal medium and moistened to saturation using deionized water (Environment Canada,
2007a). Approximately 15 yeast pellets were placed on opposite sides of each microscope slide
and eggs were allowed to hatch for 48 hourshadrowth chamber. The slides along with any
unhatched eggs were removed and all of the springtails that had hatched were allowed to develop

for 10days (Environment Canada, 20D7a

2.2.2 Soil for Chronic Toxicity Tests

Site soil was obtained from a refinerynthfarm site in Ontario (ON1). The refinery was
decommissioned 20 years ago and the-fanch had been left to weather. Soil was obtained
from two points: an impacted section with high PHC content and ampacted section from

just off site.
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2.2.3 Initial Soil Preparation

2.2.3.1 Site Soil

All impacted and uampacted soilfrom each container obtainedas sieved through arém

med screen to remove rocks, roatsd other large debris (Environment Canada, 2007a). Soils
that were too moist to sieve immediately were dried overnight in &ume hood. Soils in
containersvere thoroughly homogenized then ssamples were taken and tested for F2 to F4 by
WEBI (Waterloo, Ontaria)Based on the results obtained, control soil was thoroughly mixed and
used to dilute the PH{npacted soil. A sample of each dilution was sent to Maxxam for F2 to
F4 analysis and these concentrations are reportddlite 2-1. The soil was stored at room

temperature until required.

2.2.3.2 Artificial Soil

An artificial control soil, which was used for the chronic toxicity tests, was prepared by
thoroughly mixing 10% air drie@phagnunsp. peat moss (Belgian Nursery, Breslau, @

had been sieved though en& mesh screen, 20% air dried kaolin clay (Dundee Pottery, New
Dundee, ON)which had a patrticle size of <40 um and 70% grade 70 air dried silica sand by
mass (Barco 71, Opta Minerals, Waterdown, ON; Environment Canada, 2007a). The pH of the
artificial soil was adjusted to 6.b.5 by adding 70 g of CaGQcatalogue number C592809gG,
SigmaAldrich, Oakville, ON; Environment Canada, 2007a). 1.7 L of Milli Q water were added
to prepare an artificial soil with 20% moisture (see seci@¥.). The soil was then left at
room temperature for three daysatow for pH equilibration (Environment Canada, 2007a).
The actual pH and moisture content were determined as described in 22#mand the soll

was stored at 4°C until required.

2.2.4 Soil Properties required for use in Toxicity Tests

The pH, water holding capacity (WHC), percent moisture content and ideal moisture content of
all soils were measured prior to their use in toxicity testing (Environment Canada, Zabls;

2-1). The eledtcal conductivity (EC) was also measurdaifle2-1).
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Table2-1: Soil properties for site ONdnalyzed by SGS laboratories (Guelph, ON), petroleum content (mgfiayzedoy Maxxan
Analytics (Waterloo, ON) and thouse testing of WHC, moisture content, ideal moisture conteptaf@Cwater repellancy, of the
PHG-impacted dilutions.

Soil Properties

. 2 g 3
g g £ 8 7 g <
site o€ s 5 3 & = s 2 3 ) § g =
Dilutions z g § g 3 (% % 3 § Ei Ei Ei Q o S @
o 2 2 Q < 8 S g = g g = Z e o
3 T = 8 i o i i S 2 m
= 5 o = s = 2
s * 3§ ° g z =
= ) = E
O (control) 51 4.04 034 534 220 80 15 5 59 <10 95 51 1.84
1 51 230 030 524 130 76 17 7 56 <10 180 130 520 96 33 200
2 50 370 028 549 210 76 17 7 5.9 17 280 130 498 94 30 200
3 58 450 024 581 250 78 17 5 6.7 <10 390 240 504 10.2 31 1.02
4 58 470 0.27 584 260 79 16 5 7.9 99 1200 550 516 106 27 1.92
ON1 5 6.3 510 0.23 611 290 79 17 4 8.8 62 1300 640 504 113 29 214
6 6.7 6.70 030 766 3.70 76 17 7 94 330 3500 1700 46.7 135 29 274
7 68 149 035 669 830 71 21 8 95 410 6200 3100 434 153 32 450
8 66 870 036 861 480 71 21 8 103 520 5400 2000 46.6 13.7 34 4.88
9 6.7 11.3 045 917 6.30 71 22 7 126 160 7900 3900 44.3 156 37 4.78
10 6.6 16.2 0.60 1214 9.00 68 26 6 12.0 635 12000 5350 46.4 194 33 5.44
Artificial Soil 75 400 005 55 220 76 8 16 8.73 <10 27 17 644 200 70 0.70




2.2.4.1 pH

The pH of the soils was tested as follows: 25 g of soil at the ideal moisture c(sgent
section2.2.4.3 was placed in a beaker and 50 mL of water was add#thanoughly mixed
(adapted from Environment Cadi@ 2007a by Emma Shrive Stantdday 12, 2011) The
mixture was allowed to settle for 30 minutes and the gbHhe solution was measured
(adapted from Environment Caal@, 2007a by Emma Shrive Stantbtay 12, 2011) using a
pH meter (Fischer Scientific, Ottaw®N). The pH of the Plaster of Paris was measured
without allowing itto settle and using pH paper (Micro Essentials Laboratory, New York,

NY) to avoid damage to the pH meter probe.

2.2.4.2 Water Holding Capacity

To obtain the WHC approximately 130 gofsoilwerdr i ed i n an oven at
18.5 cm in diameter with a course pore size (catalogue numb@O®ERG, Fisher
Scientific, Ottawa, ON) was placed into a glass funnel with a 10 cm diameter (Environment
Canada, 2007a). The filter paper was primgith approximately 10 mL of deionized water.

The funnel and moistened filter paper were then weighed usinglaadpg balance with

0.01 gram sensitivity (OHAUS TS400, M&L Testing Equipment (1995) Inc., Dundas, ON).
The funnel was placed into a 586 Pyrex Erlenmeyer flask to support the funnel and
collect the water that flowed through. A slurry of 100 g of the dried soil and 100 mL of
deionized water was prepared and added to the funnel (Environment Canada, 2007a).
Deionized water (10 ml) was used tose the vessel that contained the soil slurry. The
funnel was then covered with aluminum foil to prevent evaporation (Environment Canada,
2007a). After three hours the aluminum foil was removed and the funnel containing the filter
paper and wet soil waseighed (Environment Canada, 2007a). The WH&3 walculated

using the following equation

08 O 00 QWE Wi iwé Qa 5 Equation2
w0 00O Q1 G Qo P
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Where,
F = weight of funnel + wet filter paper + wet soil

| = weight of funnel + wet filter paper

2.2.4.3 Moisture Content

Briefly, the percent moisture was determined by weighing a soil sample before and after
drying in a 105eC oven for 2then daloulateds usingT h e
Equation 3

LWL 0QDE DEOWR DI b QY Equation3
0 OME V1 GE Qo P

To determine the ideal moisture content for each field soil, water was added to the oven dried
soil until soil clumps became®mm in diameter (Environment Canada, 2007a). The percen
moisture was calculated as above and then expressed as a percentage of the WHC on a dry

weight basis.

2.2.4.4 Electrical Conductivity (ECe)

The EG can be obtained by preparing a soil slurry from 1 part soil to two parts wates) (EC
and multiplying by 2 (Chang2008). The E¢. was determined by drying approximately 50

g of soil at room tengrature for at least 72 hoursiépted from Chang, 2008). The dried soil
was then passed through -an2n sieve, and 15 g were added to ari0falcon tube (catalog
number CA2008940, VWR International, Mississauga, Ohith 30 mL of deionized water
(adapted from Chang, 2008). This was then shaken for 30 minutes at 120 rpm and the soll
was allowed to settle overnight dapted from Chang, 2008). The supernatant was then
removed and the E@> was measured using a conductivity meter (CON 510, Oakton
Instruments, Vernon Hills, IL). The values obtained were multiplied by two to give the EC

in dS/m (aapted from Chang, 2008).
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2.2.5 Toxicity Tests

2.2.5.1 Soil Preparation

The chronic toxicity tes, as described below, were performed using the soils outlined in
Section2.2.3 The soil was prepared prior to testing by increasing the soils moisture content
to the ideal moisture content (séable2-1 for idealmoisture contents). Equations 4, 5, and

6 were used to determine the amount of water to add to each soil:

@] W W 00
Equation4
Where,
Dw = the dry weight of the soil
Ww = the wet weight of the soil required for the test
MC = the desired soil moisture content
- o 0
U w 00 — U O
pmT .
Equation5

Where,
Pw = the percentage of water to add to the soll
WHC = the water holding capacity
Pwhc = the ideal moisture content

MC = the initial moisture content of the soil
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o 0 O Tpmm Equation6

Where,

Vw = volume of water to add to the soil (mL)

Pw = the percentage of water to add to the soll

M = the total dry weight of soil required for the test

The calculated amount of deionized water required to obtain the ideal sstlrao
was added to the soil and thoroughly mixed in. The soil was then allowed to sit for

approximately 20 minutes to ensure all water was absorbed.

2.2.5.2 Chronic Toxicity Tests

The juvenile Folsomia candidaand soil were prepared according to Sectib@.1 and

2.2.5.1 Thirty grams of each soil were added to three-m25clear glass jars with opaque

lids (Maxxam Analytics, Waterloo, ON). The total weight of the jar and soil was measured

and recorded. Thsoil in the jars was then gently compressed to a consistent density and the

soil surface wasnade ever(Environment Canada, 2007a). The jars were then sealed and

pl aced into the growth chamber at 20 N 2eC o
jars were removed from the chamber and 10 juveniles were added along with eight yeast
pellets (approximately 8ng; Environment Canada, 2007a). The jars were resealed and

placed back into the growth chamber at 20 N 2

Once a week for the duration of the fdke test jars were aerated and watered as
follows. Eight jars vere randomly selected, weighed and deionized water was added until the
initial total jar weight (the previously recorded initial weight of the jar and soil at its optimum
water content) was reached (Environment Canada, 2007a). The amount of water required,
was recorded for each jar and an average was obtained (Environment Canada, 2007a). The
average amount of water was then added to all remaining jars in that test (Environment

Canada, 2007a). On weeks 2 and weeks 3 the yeast was removed from all japtaaed re
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with 10 mg of fresh yeast due to the presence of mould. After 28 days all of the jars were
removed from the chamber and the number of surviving springtails was measured using the

heat extraction method or the floatation method (Environment Cana@iza)

2.2.5.3 Heat Extraction

In preparation for heat extraction, the heat extraction units were prepared using two 4.5
ounce polypropylene cups (catalogue number 14955103, Fisher Scientific, Ottawa, ON). The
bottom of one cup was removed and-m&sh round PVC eedlework canvas was cut and
glued with nortoxic glue into the lip groove of the cgnvironment Canada, 2012Jhe

other cup was filled with approximately one centimeter of the Plaster of Paris/charcoal media
(Environment Canada, 2012)

The Plaster mixn the cup was moistened to saturation with deionized water. The cup
containing the needlework canvas was turned upside down and a double layer of cheesecloth
was placed over the needlework canyBasvironment Canada, 2012The cup with the
needlework cavas was then placed on top of the cup containing the Plaster of Paris and they

were joined together with ParafitM® (Environment Canada, 2012)

Once the toxicity test was finished the test jars were removed from the growth
chamber and the soil was pldcmto an extraction unit. The test jars were filled with water
and any remaining live springtails present were counted and the total number was saved to
add to the number obtained from the heat extractiemvironment Canada, 2012The
extraction units wre then placed under lamps with 60 watt light bulbs set 30 cm away from
the soil surfacéEnvironment Canada, 2012)here were four extraction units per lamp and
the soil was watered every hour for the first 36 hours of the extraction. After 24 heurs, th
lamps were lowered to 15 cm above the soil surfBo@ironment Canada, 2012)hen the
soi l temperature had reached 36eC (after ap|]
and the soil from the extraction unit was placed into a be@kerironment Canada, 2012)
Water was added to the beaker and any live springtails preseatcounted to obtain an

extraction efficiency valu@Environment Canada, 2012)
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2.2.5.4 Floatation

Water was added to the container containing the soil and the slurry was swirled and
immediately decanted into a second container. More water was added to edvettdim of

the second container along with several drops of dye (Color Coat Red, Becker Underwood,
Ames, IA) for easier visualization. The number of adults and juveniles were counted and
recorded. The contents of the secondary container were then disddate water was then
added to the container containing the soil, to cover approximately 1 cm above the soil, and
the process was repeated until no soil was left in the container. If necessary a stir stick was

used to aid in the mixing of the water and shurry.
2.2.6 Statistical Analysis

Statistical di fferences wi t hi n -tdstewsth s twover e

tailed distribution and equal variance.
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2.3 Results

The 11 dilutions prepareidom ON1 soilandused in toxtity tests were initiallyassessetbr

F2, F3 and F4Table2-1). The lowest concentration of weathered PHCs in the soil was in
the site control (dilution 0) which had an F2, F3 and F4 concentration of 10 mg/kg, 95 mg/kg
and 51 mg/kg, respectively. Whiléne highest concentratiodifution 10 had an F2, F3 and

F4 concentration of 635 mg/kg, 12,000 mg/kg and 5,350 mg/kg, respeciiadlieR-1). F4

is the least toxic of the fractions tested (EB@&rnational 2003) and the F4oncentration

did not exceedthe 5,600 mg/kg CCME guidelinéen dilution 1Q Becausethe F4
concentratiomat this levelwas unlikely to have effed on the organismst was excluded
from the analysis. Both the F2 and F3 concentrations exceeded the syl guidkelines of

150 mg F2/kg and 1,300 mg F3/lkad 12,635 mg~2 + F3/kg total(dilution 10 F2 = 635
mg/kg and F3 = 12,000 mg/kdgherefore both fractions were used in the data analyses.

2.3.1 ON1 Chromatogram

The representativehromatogranmwas preparethy WEBI and can be uset determine the
concentration of each PHC fractiam the sample. The chromatogranas generated by
injecting a sample of the PHi@hpacted field sojl that had been extracted with a 1:1
Acetone:Hexane solution and passed througlicaagel column to remove biogenidsto a

gas chromatograph with a flame ionization detectasch hydrocarbon has a specific
retention time with the lower molecular weight hydrocarbons volatiliinsgjand the higher
molecular weight hydrocarbons vbleing after an increase in temperature. Hydrocarbon
standards o€, C16 andCzs were usedo determingheretention time of the boarders 62
(Cioto > Goand Ge) and F3(> Cis and Gato > Gzs). The area under the UCM (lasolved
Complex Mixture)in thesample chromatogram between these retention times is proportional

to the concentration of that fraction in the sample.

The representativehromatogranobtained for ON1dilution 10 soil (Figure 2-1) indicates
that the F2 section of the UCM (appimately 1 to dminutes)contains all hydrocéions in
the F2 rangé€Cioto Cie), while the F3 sdmn of the UCM (approximately 4 to Ifiinutes) is
largely composed of higimolecular weigh£3 hydrocarbongapproximagly Czoto Czs). The
ON1 chromatogram also indicates that the distribugbfR2 and F3 is approximateb?o and
95%, respectivelywhich indicates F3 is the predominant fraction
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Figure2-1: ON1 Chromatogm

It is important to note that the large peak found at approximately 1 minute is a solvent peak
and the vertical line at approximately 4 minutes represents the retention time ofsthe C
standard while the vertical line at approximately 11.25 minutesgept® the retention time

of the G4 standard. The horizontal line across the bottom of the UCM represents the area that

was used to calculate the concentration of the F2 and F3 fractions.

42



2.3.2 ON1 Chronic Toxicity Tests

Chronic toxicity tests were used tletermine an Lgs for survival andCzs for reproduction,
using soils obtained fror®N1, to compardo the CCME Tier 1 guidelinesThe results for
the endpoints of survival and reproduction were plottedhe y axis againghe total F2 to

F3 petroleuntontenton the x axigFigure2-2 to Figure2-5).

2.3.2.1 ON1 Chronic Toxicity Test Results with Floatation

F. candidaadult surwal for springtails placed inr#ficial soil wason average 9.4 + 0.43
springtails per test unit (n = 6) while adult survival for springtails placed in the reference
control solil, dilution 0 (146 mg/kg total F2 to F3), was on average 7.2 + Ei§oré 2-2).

The difference between the averages of the artificial soil and reference control soil used to
dilute the site soil was not statistically significant (p = 0.131). There were no statistical
differencesbetween adult survivalt e ach di | Rigure22pn An(egtimade oDthe0 5 ;
LC2s5 could not be determined because the data were not monotonic (i.e., did not show a
decreasavith increasing PHC concentration in the different dilmgowith respect to adult
survival Figure2-2). Thereforethe highest exposureoncentration of 12,635 mg F2 + F3/kg

was determined to have no effectlarcandida

The average juvenile production fbr candidain the site soil treatments was 739 *
128 for artificial soil and 489 * 48 for dilution 0 (146 @ + F3kg) (Figure 2-3) which
were not statistically different (p = 0.11@)he differences between the numberwfgniles
obtained from the other concentrations were also not statistically diffgren®.073;Figure
2-3) indicating that here was no relationship between juvenile production and increasing
petroleum concentt@n (R? = 0.00005) Therefore, the highest concentration at ON1, 12,635

mg/kg, was determined to have no effecFocandida
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Figure 2-2: Average number oFolsomia candidaadults extracted with floatian for each
treatment of chronic toxicity tests with ON1, a reference control soil and an artificial control

soil.

Adult survival counts werelotted relative to the total F2 plus3 concentration of each
dilution; standard error bars are shown; natistical differences are noted< 6) for all
points.
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Figure2-3: Average number dfolsomia candidguveniles extracted with floatation for each
treatment of chronic toxicity tests with ON1, a refereocastrol soil and an artificial control
soil.

Juvenile production counts wepéotted relative to the total F2 to F3 concentration of each

diluti on; standard error bars are shown;
for artificial soiland dilution 8; n=5 for dilutions 0,3,4,5,7,10; n=4 for dilutions 1,2,6,9.
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2.3.2.2 Results with Heat Extraction

As a comparison to the above data using floatation, toxicity weste then performed with

heat extractionTable 2-2 summarizes the medh candidaadult survival for Collembola
extracted from chronic toxicity tests on ON1 with heat extraction and heat extraction plus
floatation. Extraction efficiencies varied for each treatment and ranged from 4%toréé

initial room temperature was also noted to be 24°C when the heat extractions performed here
were completed(Note: as will be presented later in this thedis, initial room temperature

for heat extradon in Chapter 3 wa20°C and the extractiorffeeiency was 100% Because

of the low efficiency(seeTable 2-2), the total adult survival df. candidaused in toxicity

tests with ON1 were plotted iFigure2-4. The site control, dilution 0 (146 mgj total F2 to

F3), had an averagalat survival of 5.33 + 1.31 and there were no statistical differences
bet ween each point ( pFigute 2-0) inOicat@s0a) slight ihdrease inr e nd |
toxicity with increasing petroleum concentration which indicatek@us can be determined

using the equation of the line. The ds@vas estimated to be 35,960 mg/kg.

2.3.2.3 Comparison of Heat Extraction and Floatation Results from Chronic Toxicity
Tests on ON1

The adultspringtailsfrom chronic toxicity tests on ON1 were remdviEom the soil using
either heat extraction or floatation. The efficiency of the floatation method in comparison
with the heat extraction method was determined (Tabl).2The methods yielded
comparable results with only two statistidéfferences: diltion 5 (1,362 mgF2 + F3/kg

and dilution10 (12,635 mg F2 + F3/kdp = 0.0364 and p = 0.0067, respectively). The total
adult counts obtained from eacletinod were plotted in Figure®and trend lines were used

to determine a probable L& For heat exaction the LGs was determinedotbe 35,960 mg

F2 + F3/kg However, an Lgs for the floatation method could not be determined using the
formula for the trend line because the data are not monotdimérefore, 12,635 m§2 +

F3/kg was determined to have @fbect onF. candida
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Table2-2: Adult counts (n = 6) from chronic toxicity tests with heat extraction and with heat extraction and floatation

Experiment 1: Heat Extraction

Experiment 2: Floatation

PHC F2to  Adults from Total adults (heat

Average

Efficiency of floatation

Sample F3 heat extraction extra_ction + E_xt_raction fﬁil:g;(:;o(r;) vs total adulf[s from

(mg/kg) #) floatation (#)) Efficiency (%) heat extraction (%)
Artificial soil 54 9.17 £0.75 10.00 £ 0.73 91.65+3.37 | 9.50%0.43 95
Dilution O (control) 105 517 +1.25 5.33+1.31 97.50+559 | 7.17+1.35 116
Dilution 1 190 4.83+1.22 6.17 + 0.87 72.20+10.91 | 6.83+1.01 111
Dilution 2 297 4.17 + 0.61 5.83+0.71 #81.07 +4.88 | 5.50*1.23 94
Dilution 3 400 3.67 +£0.80 5.50 + 1.06 #69.92+8.39 | 8.00+0.68 145
Dilution 4 1299 4.67 £ 1.45 5.50 £ 1.50 82.22+9.20 | 6.17+0.98 112
Dilution 5 1362 3.67 £0.95 4.33 +0.99 83.67+7.64 | *6.83+0.31 154
Dilution 6 3850 4,17 +0.83 6.67 + 0.84 59.49+791 | 8.67+0.42 130
Dilution 7 6610 2.50+0.76 5.67 £1.36 #49.24 +13.65| 5.83+1.30 103
Dilution 8 5920 4.20 £ 0.87 5.60 £ 1.64 71.98+10.70 | 7.33+£1.50 131
Dilution 9 8060 3.83+0.48 6.33 +0.61 #62.65+9.46 | 6.00+0.68 95
Dilution 10 12635 2.83+0.48 4.33+0.76 #70.28+7.82 | *7.67 £0.61 117

Note:

* indicate a statistically significant increase in adults from heat extraction to floatation (p = 0.0364 and p = 0.088iKalg3p

#indicate statistical differences infiefencies from dilution 0
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Figure2-4: Average total number dfolsomia candidadults extracted with heat extraction for
each treatment of chronic toxicity tests with ON1, a reference control soibmrattificial

control soil.

Adult survival counts werelotted relative to the total F2 to F3 concentration of each dilution;
standard error bars are shown; no statistical differences are noted; n= 6 for all points.
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Figure 2-5: Average number oFolsomia candidguveniles extracted with floatation for each

treatment of chronic toxicity tests with ON1, a reference control soil and an artificial control soil.

Juvenile counts wenglotted relative to théotal F2 to F3 concentration of each dilution; n= 6 for
all points.
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2.4 Discussion

A weathered PHC concentration study was perfornmedietermine an L& and 1Gs for
comparison with the CCME criteria. When chronic toxicity tests with ON1 were ctedplkevo
methods ofolsomia candidaxtraction, heat extraction and floatation, were used as there were
difficulties in maintaining initial room temperature during heat extraction. The findings indicate
that the heat extraction and floatation methods efmoval of Folsomia candidadrom soil are
equivalent Importantly,there was no effect of a PHC concentration of 12,63% ¢ F3kg on

F. candidaadult survival or juvenile productiomhe PHCs in the ON1 soil are primarily F3
(F3:F2 ratio of greater tha®1) indicating that weathered PH@pacted field soil with a high
F3:F2 ratio is not likely toxic t&. candida

2.4.1 Heat extraction versus floatation methods

Heat extraction and floatation methods are used to remove organisms from soil at the end of
chronictoxicity tests (Edwards and Fletcher, 1971; Environment Canada, 2007 d)odth&on

method is currently the most commonly used metioogtmoveFolsomia candiddrom the soil
(Environment Canada, 2007a). The efficiency oftthat extraction method wasmpared to the
efficiency of the floatation methodby comparing the number of adults obtainedgetermine

the most appropriate method to retri@&@somia candiddrom the soil.

The adult survival counts obtained from the heat extraction are list€abie 2-2. The
heat extracted soil was then placed in a beaker and the floatation method was performed. The
extraction efficiency fothe reference control soil (dilution 87.50 + 5.59) and the artificial soll
(91.65 + 3.37) were not statistically different (p = 0.21%x of the dilutions (2, 3, 6, 7, 9 and
10; Table 2-2) had stastically different efficienciesvhen compared with the exence control
soil (dilution Q Table 2-2). It is not known what factors influenced the extraction efficiency;
however both soil properties, initial room temperature and room ventilation may have had an

effect.

Based on the extraction efficiaas, the heat extraction alone was unable to remove all
surviving Folsomia candiddrom soil after the chronic toxicity tests. The total surviving adults
from both the heat extraction and the floatation extraction of the soil after heat ertraetie

adced. The result was compared with the number of adults obtained from the floatation method
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(Table 2-2). In almost all cases the number of adults obtained from the floatation method was
higher than the total numbef adults obtained from the heat extraction method; however, only
two of these cases were statistically different. These results indicatadHidatation method is

the best method of removirfg candidafrom soil after chronic toxicity tests; howeverhean

total adults are considergoboth methods provide equivalent results

2.4.2 Concentration curve of weathered PHC-impacted soil

Weathering alters the composition of P$#rough volatilization, degradation and sorbtion to

soil particles (Alexander, 1995; Gadjoet al, 2010; Maleticet al, 2011; Osujiet al, 2006).

PHGCs with carbon chain lengths from 6 to 14 will largely be lost to the air through volatilization
(Pichtel and Liskanen, 2001). PH@ith carbon chain lengths from 6 to 32 can be degraded by
microorganisms (Beilen and Funhoff, 2007). PHC compounds with carbon chain lengths greater
than 32 can diffse into pore spacegthin soil particles (Brusseau, 1997; Maleg¢ical, 2011,

Yong and Rao, 1991). All of these weathering processes are able der rERICs less

biologically availableand therefore, less tox{Maleticet al, 2011).

ON1 soil was obtained from a decommissioned Hamch that had been weathered for
approximately 20 years. Maletet al (2011) determined that weathering soil impactéth
diesel and crude oil for 9 years resulted in a NOEC of 35,000 mg/kg total PHC. Sinee PHC
impacted soils at ON1 had weathered for more than twice as long as those of the édlaletic
(2011) site and the highest concentration was only 12,636 mgikgs isuspected that ON1 soils
would show no toxicity. Théighest concentration of soil obtained from ON1, 12,635 mg F2 +
F3/kg had no effect or. candidawhich agrees with expected resulifie weathered PHC
impacted field soil obtained fr@ ON1 had ahigh F3:F2ratio indicating that the CCME
guidelines for F3 can be raised from 1,300 mg/kg to 12,000 mg/kg without having an effect on
candida However, F2 has been shown to be more toxic than F3 (ESG, 2003) so it may be

possible that thaigh concentation of F3 may be moderating the toxicity of F2.

2.5 Conclusions

It was predicted that the heat extraction would be the best method of rerRoisngia candida

from the soil. Results indicate that, when total adults are accounted for, both heat extrattion a

the floatation method provide equivalent results. Even though there are several advantages to
51



using heat extraction, such as obtaining only live organisms, the labor intensive protocol and the
number of factors that may affect the extraction (i.e. teatpee and soil properties) suggest that

heat extraction is likely not the most practical method of extraction.

The main hypothesis for thigesearb wasthatthe toxicity of weathered PH{npacted
field soils will occur at higher concentrations thae tBCME guidelines. Bmusethere was no
effect of weathered PH{npacted field soil from ON1, the CCME guidelinese not
appropriate to apply to weathered Pidpacted sil. If the CCME guidelinesire to be usedsa
remedial benchmarks for weathered Rid{pacted soil, they will need to be raised

accommodate the significant decrease in the toxicity of PHCs that occurs through weathering.
Recommendations and Further Research

Based on this research, it is recommended that the floatation method be ussal/aF@somia
candidafrom soil after chronic toxicity tests. It is alsecommended that if CCME guidelines
are to be used as remediation critettie values should be raised to account for #erehse in

toxicity resultingfrom weathering on PHEC

There was no effect of the weathered Phi@pacted field soil obtained fro@N1 which
indicates that the F2 criteria can be raised from 150 mg/kg to 635 mg/kg and the F3 criteria can
be raised from 1,300 mg/kg to 12,000 mg/kg without having an effeotsoma candida
These results indicate that a signifitancrease in the CCME guidelinesay be warranted;
however, they are based on the use of a siAbl€&impacted field site with &igh F3:F2 ratio
More PHGimpacted field sites need to be investigatedétermine an apppoiate increase in

CCME guidelineghat can be applied to these sites.
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Chapter3Toxi city of Weat-hmpadt et 5861 e udoi
candadd an I nvestigation of New Endpoi

Col |l embol a

3.1 Introduction

Approximately 30%of the mass of petroleum is made up of compounds containing nitrogen,
oxygen, sulfur and metalsvhile the other 70% is made up of organic molecules called
petroleum hydrocarbons (PRBCCCME, 2001a; CCME, 2008a; CCME, 2008b; CCME, 2008d;
Goodger, 1975; Petv, 1987; Long, 1998). Aere are more than 700 types of PHC molecules,
each of which contain only carbon and hydrogen (CCME, 00CME, 2008a; CCME, 2008Db;
CCME, 2008d; Goodger, 1975; Petrov, 1987; Long, 1998). PHCs are the primary source for
products sch as fuels, plasticand clothing; increasing demand for these products has led to
increased drilling operations j@lykke, 2010; Fingas, 2011). Thesacieased drilling
operations and decreasing oil resources has led to the development of safeciemd eféithods

of drilling through the use of drilling fluids and muds (Bjorlykke, 2010). Drilling muds suspend
and remove rock cuttings from the heddhe drill, cool the drill bitand act as a counterweight

if a high pressure pocket is encountered dyudnlling (Bjorlykke, 2010). One type of drilling
mud is diesel invert; a watam-oil emulsion composed of diesel oil #2, salt solution, an
emulsifier and a weighting agent (Bennett, 1984; Boyddal, 1985; Jacquest al, 1992;
Macyk, 2005). Diesebil #2 is considered the most toxic part of diesel invert as it contains 30
60% aronatics, more than 30 ppm benzemsl PHG (Boyedet al, 1985; Jacquest al, 1992).

More than 100,000 sites across Canada are contamiwétegetroleum hydrocarbons
(CCME, 2001, CCME, 2008b; CCME, 2008ahany of which contain diesel invert and drilling
mud waste Inconsistencies in management and remediation of these sites led the Canadian
Council of Ministers of the Environment (CCME) along with the Analytical Methigeshnical
Advisory Group (AMTAG) to develop a standardized protocol called the Canadia
Standards for PHC in Soil (PHC CWS; CCME, 280CCME, 2008a; CCME, 2008b; CCME,
2008c). This standard was based in part on work performed by the US Total Petroleum
Hydrocarbons Criteria Working Group (TPHCWG) with consideration of scientific, technical
and socieeconomic factors along with input from stakeholders (CCME, 2008b; CCME, 2008d).

The TPHCWG subdivided PHCinto four fractions based on their physical ancerofcal
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properties as well as their equivalent carbon numbers: FACI0%, F2 (C16C16), F3 (C16

C34) and F4 (C34€50). The PHC CWS document outlines thengric Tier 1 screening
guidelinesfor each fraction that can be applied to all sites (Table 1; CQ@&8b). The CCME
considers these guidelines to be attaindilé conservative enough to provide adequate human
and ecological protection at most sites; however, the CCME also admitted that there were issues
with the derivation of these guidelines (CCME)01a; CCME, 2008b; CCME 2008d). One of
theseissues was using fresh (i.e.-weathered) oil to develop the guideline values without
considering how weathering alters PHC toxicity.

Weathering of PHEis the result of three main natural processes in golatilization,
biodegradation and sorption (Alexander, 1995; Galktgal., 2010; Maleticet al, 2011; Osujet
al., 2006). Volatilization is the loss of low molecular weight hydrocarbons to the air (Gallego
al., 2010; Maleticet al, 2011). Biodegadation involves the oxidation of mrdnge molecular
weight hydrocarbons by indigenous microorganisms (Makstial, 2011; Osujiet al, 2006).
Sorption is the binding of PHCwith soil particles or organic matter within the soil matrix
(Brusseau, 199'Maletic et al, 2011; Yong and Rao, 1991). Each of these weatherowegses
results in a decrease ithe availability of the low to midange PHC and a subsequent
compositional change (i.e. proportional increase in the higher molecular weight hydnsdarbo
and a lowering of toxicity (Alexander, 1995; Malegical, 2011).

Folsomia candidaa common invertebrate species used in soil toxicity testing (Fountain
and Hopkin, 2005), have three features that make them ideal for toxicity testingcutele
ventral tube angharthenogenic natur@.e. asexual reproductionMicroscopically, the cuticle
has raised ridges that form a hexagonal pattern viitangular projectionsat the corners
(Eisenbeis and Wichard, 1987; Hopkin, 1997). This structure althghe presence of a waxy
layer allows air to become trapped around their body, creating a hydrophobic outer surface
(Hopkin, 1997; Ghiradella and Radigan, 1974). The ventral tube is where the majority of
environmental exchanges, largely emtuptake, ocur (Drummond, 1953 Eisenbeis and
Wichard, 1987; Hopkin, 1997; Schreiber and Eise)b#985. The end of the ventral tube
contains hatlike sensory organs which allol candidato sense the moisture content, salinity
and pH of the substrate (Eisenbarsd Witchard, 1987; Hopkin, 1997. candidaare likely
parthenogenic because of the presence of an -ghah@obacteria in the ovaries; this bacteria
results in male killing which results in an-8imak population (Fratet al, 2004; Marshall and
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Kevan, 1967 Pike and Kingcombe, 2009; Roussetal, 1992; Vandekerckhovet al, 1999;
Werrenet al., 1995).

Previous researclBuggest that petroleum may be either directly toxic F@lsomia
candidaor indirectly toxic through the alteratiasf soil propeties (Adebiyi and Afedia, 2011
Arocena and Rutherford, 2005; Erlachetr al, 2013; Fingas, 2011; Georgs al, 2011,
IzdebskaMucha, 2008; Kisiet al, 2009; Labucet al, 2007; Martinhcet al, 2010; Onwuralet
al., 2007 Wanget al, 2010Q. F. canddahave been shown to avoid soils with a high bulk density
and an organic matter content of less than 2% (Doraeag, 2011; NatadaLuz et al, 2008).

Their survival and reproduction are negatively affected by a humidity level lower than 99.4%,

soil addity (pH < 6.83, extreme deviations fromhte i r opti mum t awhprer at ur
electrical conductivity (EC) of more than 1.03 dS/m (Bayley and Holmstrup, ¥e8ftda and

Kaneo, 2002 Marshall and Kevan, 196 Owojori et al, 2009; Waagneet al, 201). The

presence of PHE in soil havebeen shown to increagbe bulk density, pH and EC while

lowering the organic matter when compared with-ionpacted catrols (Adebiyi and Afedia,

2011 Arocena and Rutherford, 2005; Izdeb9®acha, 2008; Kiseet al, 2009; Labudet al,

2007; Martinhcet al, 2010; Osuji and Nwoye, 2007; Urwrhal, 2004; Wanget al., 2010).

The first application of toxicity test protocols involving survival and reproduction agsre
part of a toxicity test batteryisingseveral toxiity tests to determine the toxicity of weathered
mineral oil (van Gesteét al, 2011). Once the method involving survival and reproduction was
shown to be useful as part of an ecological risk assessment test battery, Environment Canada
decided to updatthe protocol (Environment Canada, 2007a). The heat extraction method is one
of the methods recommended by Environment Canada to refmaamdidafrom the soil at the
end of the chronic toxicity test (Environment Canada, 2007a). The heat extraction mnstkod
the application of heat to the soéncouraginghe organisms to migrate away from the heat
source and out of the soil at which point the organisms can be collected in a vessel for
guantification (Edwards and Fletcher, 1971). In the 19Tiis extra&tion method was the
preferred method for springtail quantification after chronic toxicity tests while current methods
emphasize the floatation method (Edwards and Fletcher, 1971; Environment Canada, 2007a).
The floatation method uses water to separatestilefrom the hydrophobié. candidawhich

float to the surface of the container permitting quantification (Environment Canada, 2007a).
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Chronic toxicity tests using other organisrhave focused on measuring sidgthal
endpoints such as weight and len(fmvironment Canada, 20@3Environment Canada, 2007b;
FolkerHanseret al, 1996; Pedrsenet al, 1997). Weight has been used for toxicity testing with
cadmium using~. candida but this endpoint has not been applied to toxicity tests with-PHC
impacted oil (Crommentuijnet al, 1993). It is postulated that by including weight and body
length dataalong with the adult survival and juvenile production endpoints of the chronic
toxicity tests, more detailed information on how petroleum affects soil invatésbcan be
obtained (FolkeHanseret al, 1996).

Acute toxicity tests use shorter exposure times and measure either lethal effects on
survival or subethal effects like avoidance behaviour (Environment Canada, 2007a).
Avoidanceresponse tests have beesed extensively with earthworms and have been shown to
have the same trends as the results obtained in the longer chronic reproduction tests
(Environment Canaal 2007a). Heupal (2002) useadoidance tests with Collembola to test the
toxicity of pesticiees. By 2004, avoidance tests with Collembola had been shown to have
potential as a precreening test of PH{npacted soils to determine if chronic toxicity tests were
necessary (NatabalLuz et al, 200§. An acute avoidaneeesponse test would be used to
determine the lowest PHC concentration at wikcleandidawill avoid in the weathered PHC
impacted soils. This avoidance concentration indicates the PHC concentration where
reproductive and mortality effects are likelyldegin (Natalda-Luz et al, 200§. If the measured
PHC concentratiohigher than the CCME guidelingghen chronic toxicity tests would not need
to be perbrmed (NatadaLuz et al, 2009.

The properties of soil can be altered by the presence of petr@ed, by consequence,
there midnt be measurable effects &n candida(Adebiyi and Afedia, 2011; van Gestet al,

2011). However,weathering processes have been shown to dectieaseoncentration othe
lighter, more toxic PHCpetroleum fractions which has been shown to decreasxicity
(Alexander, 1995; Maletiet al, 2011). The CCME did not consider weathering in their
derivation of the Tier fuidelines, an omissiahat was pointed out by the CCME itself (CCME,
2008a). he hypothesis for thisesearh wasthatthe toxicity of wathered PHGmpacted field
soils will occur at higher concentrations than the CCME guidelifies threeobjectives ued to
test this hypothesis were to (19auchronic toxicity tests witRolsomia candiddo determine the
approximate Cps and 1Gs of weaheredPHC soilat two different field sites and compare the
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reallts to the CCME Tier 1 guideline§2) determine if the sulbethal endpoints (weight, length
and/or width) will be a suitable addition to thlronic toxicity test protocol as these endpoints
may be more sensitive drbetter able to detect effe@nd (3) nvestigate the feasibility of using
avoidanceresponseests as a preliminary assessment mefbotbxicity screeningf weathered

petroleummimpacted sites.
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3.2 Materials and Methods

3.2.1 Folsomia candida Cultures, Maintenance, and Preparation for Experiments

Cultures ofFolsomia candidavere obtained from Stantec Consulting L{@&uelph, ON) and
were placed on a Plaster of Paris and charcoal medibiem medium was prepared using 480 ¢
DAP Plaste of Pari§€, 60 gactivated charcoal (Catalog number COBBIG, SigmaAldrich,
Oakville, ON)and 500 mL of deionized water. Cultures were watered every three days with
deionized waterfed with F| e i s ¢  Tmadiiomad #éctivated Dry Yeast as requireddan
sealed with Parafiim 1 (Beemis, Neenah, WI) to maintain moistyEnvironment Canada,
2007a). @ltures were maintained in a growth chamber at 20 + 2 °C under cool white fluorescent
lights at an intensity of 6-3.5 umoles/(ms), a photoperiod of 12 hmiand a relative humidity
above 30%Environment Canada, 2007a)

Synchronization ofF. candidacultureswas performed to generate evaged juveniles
for use intoxicity tess. Glass microscope slides were coated in the Plaster of Rawdscharcoal
medum (descibed above) and allowed to drydépted from Environment Canada, 2007a by
Wan Lee, May 23, 2011). Aoist paintbrushvas used to collect and remowgge fromstockF.
candida cultureswhich were thenplaced ontothe coated microscope slidesdégted from
Environment Canada, 2007a by Wan Ly 23, 2011). These slides were then placed into
Petriplateswhich had been coated withe Plaster of Paris and charceakdium andnoistened
to saturation using deionized wat@Environment Canada, 2007a)pproximately 15 yeast
pellets were placed on opposite sides of each microscopeaslitkygs were allowed to hatch
for 48 hours in the growth chambérhe slides along with any unhatched eggs were removed
and all of the springtails that had hatched wal@wved to develofor 10 days or 124 days for

use in either chronic toxicity tests or avoidance tests, respectiu@yronment Canada, 2007b)

3.2.2 Soils for Chronic Toxicity and Avoidance Tests

Soil samples were collected from two sites which had bemnqusly been impaed with diesel

invert. The PHGimpacted soil was excavated from thee sif the petroleum spill and spread on a
treatment pad for remediation. One of the sites was in Southwestern Alberta (AB1) which had
been left to weather for six e and had undergone phytoremediation for two years at the point

of soil collection. The other site was in Northeastern British Columbia (BC1) which had been
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weathered for 10 years and haddergone phytoremediation forygars at the time of soll
collecion (Table3-1).

Soil was obtainedt each sitdrom four points an urimpacted control soil (C) as well as
points whichhad previously beedetermined to have lsigh (H), a medum (M) and a low(L)
total petroleum conterfTable 3-1). The uAimpactedcontrol soil for BC1 was collected from
plots designated as remediatioontrols while the control soil for AB1 was a subsurface soil

sample collected from off of the treatment fjadble3-1).
3.2.3 Initial Soil Preparation

3.2.3.1 Site Soils

Site soils were sieved tugh a énm mesh screen to remove rocks, roots,ahdr largedebris
(Environment Canada, 2007&oils that were too moist to sieve immediately were air dried
overnight in a fume hood. The sieved soil wan thoroughly homogenized, placed into storage

containersaaind stored at room temperature until required.

3.2.3.2 Artificial Soil

An artificial control soil, which was used for the chronic toxicity tests, was prepared by
thoroughly mixing 10% air drie@phagnunsp. peat moss (Belgian Nursery, Breslau, @)

had been sieved though arzn mesh screen, 20% air dried kaolin clay (Dundee Pottery, New
Dundee, ON) which had a particle size of <40 um and 70% grade 70 air dried silica sand by
mass (Barco 71, Opta Minerals, Waterdown, ON; Environment Canada, 208&g)H of the
artificial soil was adjusted to 6.b.5 by adding 70 g of CaGQcatalogue number C59Z0D0gG,
SigmaAldrich, Oakville, ON; Environment Canada, 2007a). 1.7 L of Milli Q water were added
to prepare an artificial soith 20% moisture (see s@mn 3.2.5.). The soil was then left at
room temperature for three days to allow for pH equilibration (Environment Canada, 2007a).
The actual pH and moisture content were determined as described in 8¢zdotand the soll

was stored at 4°C until reiged.
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Table3-1: Soil properties for sitdB1 and BC1 analyzed by SGS laboratories (Guelph, ON); petroleum content (mugakggedoy
Maxxam Analytics (Waterloo, ON); and-house testing of WHC, moisturertent, ideal moisture content, E&hd water repellancy,

of the low (L), medium (M) and high (H) PHithpacted site points as well as theimpacted site specific reference control soil (C).

Soil properties and PHC content
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C 658 110 001 156 0.60 55 32 13 999 12 38 15 4632 120 35 0079
L 774 510 007 413 2.80 52 29 19 2156 150 1200 42 9922 200 41  0.700
ABL 7529 31.0 48  1.182
M 764 1350 011 505 7.50 51 31 18 2327 340 2600 84 : : :
H 769 790 010 458 440 52 31 17 2133 610 2900 g8 [>18 280 43 1270
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3.2.4 Soil Properties required for use in Toxicity Tests

The pH, water holding capacity (WHC), percent moisture cérted ideal moisture content
of all soils were measured prior to their use in toxicity testing (Environment Canada, 2007a;

Table3-1). The electrical conductivity (EC) was also measuiiable3-1).

3.2.4.1 pH

The pH of the soils was tested as follows: 25 g of soil at the ideal moisture content was
placed in a beaker and 50 mL of water was added and thoroughly nadaotgd from
Environment Canada, 2007a by Emma Shrive StanteculliogsLtd., May 12, 2011)The
mixture was allowed to settle for 30 minutes and the gbHhe solution was measured
(adapted from Environment Canada, 2007a by Emma Shrive Stantec Consulting Ltd., May
12, 2011) using a pH meter (Fischer Scientific, Otta®d). The pH of the Plaster of Pdtis

was measured without allowingtad settle and using pH paper (Micro Essentials Laboratory,

New York, NY) to avoid damage to the pH meter probe.

3.2.4.2 Water Holding Capacity

To obtain the WHC approximately 130 gofsoileerdr i ed i n an oven at
18.5 cm in diameter with a course pore size (catalogue numb@O®ER2G, Fisher
Scientific, Ottawa, ON) was placed into a glass funnel with a 10 cm diameter (Environment
Canada, 2007a). The filter paper was primaith approximately 10 mL of deionized water.

The funnel and moistened filter paper were then weighed usioglaading balancewith

0.01 gram sensitivity (OHAUS §40Q M&L Testing Equipment (1995) Inc., Dundas, ON).

The funnel was placed into a 56@L Pyrex Erlenmeyer flask to support the funnel and
collect the water that flowed through. A slurry of 100 g of the dried soil and 100 mL of
deionized water was prepared and added to the funnel (Environment Canada, 2007a).
Deionized water (10 ml) was used tose the vessel that contained the soil slurry. The
funnel was then covered with aluminum foil to prevent evaporation (Environment Canada,
2007a). After three hours the aluminum foil was removed and the funnel containing the filter
paper and wet soil waseighed (Environment Canada, 2007a). The WHC weadsulated

using the following equation
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Where
F = weight of funnel + wet filter paper + wet soil

| = weight of funnel + wet filter paper

3.2.4.3 Moisture Content

Briefly, the percent moisture was determined by weighing a soil sample before and after
drying at 105eC in an oven f dhencaldulatbdausings . The
Equation 8

LWL O QDE VROWR DI b QY Equation8
00 TG Q1 e O p M

To determine the ideal moisture content for each field soil, water was added to the oven dried
soil until soil clumps became3mm in diameter (Environment Canada, 2007a). Thespé
moisture was calculated as above and then expressed as a percentage of the WHC on a dry

weight basis.

3.2.4.4 Electrical Conductivity (ECe)

The ECe of soil can be obtained by preparing a soil slurry from 1 part soil to two parts water
(EC12) and multiplying by 2 (Chang, 2008).The ECi» was determined by drying
approximately 50 g of soil at room tesmature for at least 72 hoursdépted from Chang,
2008). The dried soil was then passed throughhar2sieve, and 15 g were added to a 50
mL falcon tube (catalp numberCA21008940 VWR International, Mississauga, ON) with

30 mL of deionized watgadapted from Chang, 2008). The falcon tuiees then shaken for

30 minutes at 120 rpm and the soilsnalowed to settle overnightdapted from Chang,
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2008). The supeatant was then removed and theiE@as measured using a conductivity
meter (CON 510, Oakton Instruments, Vernon Hills, IL). The values obtained were

multiplied by two to give the EGn dS/m (alapted from Chang, 2008).
3.2.5 Toxicity Tests

3.2.5.1 Soil Preparation

The dironictoxicity and the avoidance tests, as described belawe perforred using the
soils outlined in 8ction3.2.3 The soil was prepared prior to testing by increasing the soils
moisture content to the ideal moisture content {(Eslgle 3-1 for ideal moisture contents).

Equations 9, 10, and Mere used to determine the amount of water to add to each soil:

O W W 00
Equation9
Where,
Dw = the dry weight of the soil
W = the wet weight of the soil required for the test
MC = the desired soil moisture content
x vz O "
) w00 — U O
pTITT
Equationl10

Where,
Pw = the percentage of water to add to the soll
WHC = the water holding capacity
Pwhc = the ideal moisture content

MC = the initial moisture content of the soil
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Where,
Vw = volume of water to add to the soil (mL)
Pw = the percentage of water to add to the soll

M = the total dry weight of soil required for the test

The calculated amount of deionized water required to obtain the ideah@sture
was added to the soil and thoroughly mixed in. The soil was then allowed to sit for

approximately 20 minutes to ensure all water was absorbed.

3.2.5.2 Chronic Toxicity Tests

The juvenileF. candidaandsite soil were prepared according to Sect®@1 and3.2.5.1
Thirty grams of each soil were added to a minimum of threemiR%lear glass jars with
opaque lids (Maxxam Analytics, Waterloo, ON). The total weight of each jar and soil was
measured and recorded. The soil in the jars was then gently essefdrto a consistent
densityandthe soil surface was made ey&mvironment Caada, 2007a). The jars were then
sealed and placed into the growth chamber at
2007a). The jars containing the test soil were then removed from the chamber and 10
juveniles were added along with eight yeast pelletspr@imately 8 mg) to each jar
(Environment Canada, 2007a). The jars were resealed and placed back into the growth
chamber at 20 N 2eC for 28 days (Environment

Once a week for the duration of the test, the test jars were aerated aredvester
follows. Six jars were randomly selected, weighed and deionized water was added until the
initial total jar weight (the previously recorded initial weight of the jar and soil at its optimum
water content) was reached (Environment Canada, 2007a)armbent of water required,
was recorded for each jar and an average was obtained (Environment Canada, 2007a). This
average amount of water was then added to all remaining jars in that test (Environment
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Canada, 2007a). On weeks 2 and 3 the yeast was checttetrmine if there was enoutgh

last until the next weekif the yeast had been largely eaten in any container, extra yeast
(between 4 and 8 mg) was added to all containers in the test. After 28 days all of the jars
were removed from the chamber and ttumber of surviving springtails was measured using

the heat extraction method (Environment Canada, 2007a).

3.2.5.3 Heat Extraction

In preparation for heat extraction, the heat extraction units were prepared using two 4.5
ounce polypropylene cups (catalogue nunb#55103, Fisher Scientific, Ottawa, ON). The
bottom of one cup was removed and-m&sh round PVC needlework canvas was cut and
glued with nontoxic glue into the lip groove of the cugEnvironment Canada, 2012)he

other cup was filled with approxiately one centimeter of the Plaster of Paris/charcoal media
(Environment Canada, 2012)

The Plaster/charcoal mixture in the cup was moistened to saturation with deionized
water. The cup containing the needlework canvas was turned upside down and aageuble |
of cheesecloth was placed over the needlework cgiEvrasronment Canada, 2012)he cup
with the needlework canvas was then placed on top of the cup containing the Plaster of
Pari€ and they were joined together with Parafilt? (Environment Canad2012)

Once the toxicity test was finished the test jars were removed from the growth
chamber and the sditom each jarwas placed into an extraction unit. The test jars were
filled with water and any remaining live springtails present were cduatel he total
number was recordei add to the number obtained from the heat extra¢ikonwironment
Canada, 2012)The extraction units were then placed under lamps with 60 watt light bulbs
set 30 cm away from the soil surfa¢Environment Canada, 2012Thee were four
extraction units per lamp and the soil in each test unit was watered every hour for the first 36
hours of the extraction. After 24 hours, the lamps were lowered to 15 cm above the soil
surface(Environment Canada, 2012Vhen the soil temperatue had reached 36
approximately 48 hours) the lights were turned off and the soil from the extraction unit was

placed into a beakdEnvironment Canada, 2012)Vater was added to the beaker and any
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live springtails present were counted to obtaineatraction efficiency valuéEnvironment
Canada, 2012)A small ruler was added to the bottom of the cup with the plaster and
springtails and several photograpbg each extraction vesselere takenusing a 6.1
Megapixel Nikon D50 with an 285 mm lensienr y 0 s , Wad tleat Iéngtlognd ON)
width measurements could be ma8everal adult springtails were then removed from the
cup, placed into vials and cold killed -&0°C for 24 hours to determine their weight. The
vials were then kept in the freeaantil weight analysis could be performéfater waghen

added to the bottom of the cup containing the plaster and springtails and decanted into a
second container. More water was added to cover the bottom of the second container along
with several dropsf dye (Color Coat Red, Becker Underwood, Ames, IA) for easier
visualization of the springtails. The number of adults and juveniles were counted and
recorded. This process was repeated until no springtails were pregentup

3.2.5.4 Avoidance-response Tests

The avoidanceesponse test was developed based on the work ofetial (2010) in
combination with the Environment Canada biological test methods (Environment Canada,
2007a). The purpose of preparing this method was to create a standardized protseohfor

an initial site assessment tool to determine if petroleum toxicity is likely to occur on a PHC
impacted soil site.

After the Folsomia candidguveniles and soil were prepared according to section
2.2.1and2.2.5.1 the avoidance test units were set up. An 8.9 cm diameter cylindrical plastic
test vessel (catalogue numbers8BNPPC and 89WRMJCp, taraP plastics, Union City,

CA) was divided into two sections (right and left) using a phydeatier that had been
modified to fit into the container (Liat al, 2010). Half of the container was filled with 30 g

of PHGimpacted test soil while the other half was filled with 30 g of thanacted control

soil. The soil on each side was then gesbmpressed to a consistent density and the soil
surface was leveled. The dividers were then removed and the test vessels were lightly tapped
until the two soil types made physical contact with each otherdtil, 2010). The test
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vessels were thend owed to acclimate in the growth c
(Environment Canada, 2007a; latial., 2010).

An age synchronization was performed to decrease the possibility of behavioral
variability with age and to obtain larger specimefrmmedidgely following the age
synchronization, twenty 16 24 day old adults were placed along the midline of each test
vessel (where the divider had been). The test vessel was then returned to the growth chamber
at 20 N 2 eCetfalp20l088 hours (Liu

At the completion of the test, the divider was reinserted along the midline and the soil
on each side was removed and placed into separate beakees &LjL2010). The floatation
method was used to quantify tRecandidain each test vessel by adding 5Q of deionized
water to each beaker containing the test soils; the mixture was then stirred thoroughly
(Environment Canada, 2007a). The soil was allowed to settle and an initial count of the
floating springtails was performed (Environment Canada, 2008d)w8s repeatedly stirred,
allowed to settle and counted until the number of springtails recovered was consistent with

the previous count.

3.2.6 Data Analysis

3.2.6.1 Photographic Analysis of Length and Width

Photographs taken at the end of the chronic tests weradasedlyze springtail length and
width. Each photograph was uploaded to a computer, enlarged to 200% and the number of
pixels/mm of the ruler in the photograph was measured digitally. The number of pixels in the
length and width of 5 randomly selected ured springtails (or every springtail that could

be counted if the total number of adults recovered was less than 5) was then determined. The
number of pixels obtained for the length and width was then converted to millimeters. The
average length and widfer springtail in each replicate was then calculated.

3.2.6.2 Weight Analysis

The springtail samples that were cold killedzat0 e C f or a mi ni mum of 24

20eC wuntil wei ght analysis could be perforr
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thawed to room temperature. Theterv8 lolrsthewer e t h
vials were removed from the oven and placed in a desiccator. Vials were removed one at a

time and the springtails were placed into 5 x 3.5 mm tin capsules (catalogue number D1002,
Isomass Scientific, Calgary, AB). The tin capsule withgpengtails was then weighed on a

CAHN C-31 Microbalance (+ 0.1 pg, CAHN Instruments Inc., Cerritos, CA) and the total

weight plus the amber of springtails weighed werecorded for each replicate. The weight

per springtail was then calculated for eagblioate and was averaged with the other replicate

of each treatment to obtain the average weight per springtail for each treatment.

3.2.6.3 Statistical Analysis

Statistical di fferences w e rtest withe & éwo ntailede d usi
distribution andunequal variance (type 3). Quantal adult data were analyzed according to the
Environment Canada statistical recommendations (Environment Canada).20Q0§it

analysis was performed in R (wwwproject.org) and the concentration required to kill 50%

and 296 (LCso and LGs) of the Folsomia candidaadults were determined. Juvenile data

were analyzed for the concentration required to inhibit juvenile production by 50% and 25%

(ICs0 and 1Gs) in SYSTAT according to the Environment Canada biological test method
(Environment Canada, 2007b). Weight, length, and width data were modeled in SYSTAT

and an effective concentration to decrease each endpoint to 50% and 2&%an&EECs)

was determined.
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3.3 Results

The soils obtained from AB1 and BC1 for use in thedity tests were initially tested for

PHC F2, F3 and F4. F4 is the least toxic of the fractions tested (ESG, 2003) and the F4
concentration did not exceed 120 mg/kg. Since the F4 concentratiaimkikasdy to have a

effect onF. candidait was excludedrbm the analysis. Both the F2 and F3 concentrations
exceeded the criteria (150 mg F2/kg and 1,300 mg F3/kg) in most samples. Therefore, both

F2 and F3 were included the data analysis.

3.3.1 Chronic Toxicity Tests on AB1 and BC1

Chronic toxicity tests were usdd determine the L& and the 1Gs for comparison to the
CCME Tier 1 soil guidelines. Atrtificial soil was used as a control to determine the response
of Folsomia candidaunder standard conditions and to determine if the pbydiemical
characteristics othe reference soils influencddl candidaperformance. The survival and

reproduction results were plotted relative to the total F2 tarB&2 petroleum content.

3.3.1.1 Adult Survival

Adult survival forthe AB1 tests was on average 7.4 £ 1.00 fD=springtailsper test unit
initially) in the artificial soi] while adult survival orthe site controkoil had an average of

5.0 £ 0.37(Figure3-1). The difference between the averages of the artificial soil and the site
contol soil are not statistically significant (p = 0.053).
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Figure 3-1: Adult survival courg from chronic toxicity tests withrtificial soil, unimpacted

control soil and impacted site soil from AB

Counts are plottedelative tothe total F2F3 concentrationsstandard error bars are shown;
no statistical differences were noted; artificial soil contral& for all other points n =.6
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For the AB1 soils, @ult survival at 1,350 m§2 + F3kg (low PHC) was 6.0 £ 0.97 of 10, at
2940 mgF2 + F3kg (medium PHC) was 5.0 £ 1.10 of 10 and at 3,510A&¢g F3/kg(high

PHC) was 5.0 + 0.96 of 10. These adult survival averages were not statistically different from
the site control (low PHC p = 0.37, diam PHC p = 1.00 ahhigh PHC p = 0.64 The data

were plotted with a linear trend as there were no statistical differences néted)(B051;

Figure 3-1), which indicates that that there was no correlation batwadult survival and
petroleum concentration. An LEcould not be determined because the total F2 to F3 PHC
concentration is too low to extrapolate a line with any confidence and the trend line shows a
slight increase in adult survival with increasingrpeum concentration. T indicates that

the highest PHC concentration AB1, 3,510 mgF2 + F3/kg, $ nontoxic to F. candida

adults.

The adult survival data obtained from AB1 soils were then plotted wit{FigRire
3-2). The statistical differences between the numbers of adults obtained were not affected
therefore, lhe data were also plotted with a linear trend.liihough, the Rdoubled when
the results were plotted with F2 (0.0051 versus 0.0104) theraavagnificant decrease in
adult survival with increasing F2 concentration. This indicates that the F2 concentration of
610 mg/kg had no effect dh candida
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Figure 3-2: Adult survival counts fsm chronic toxicity tests oanimpacted control soil and

impacted site soil from ABplotted with F2.
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Adult survival for BCltestshad an average of 7.8 £ 0.95 of 10 for the artificial soil
and the site control had an average of 8.5 £ 0.85 afdllts. Adult survival in the artificial
and site control soil were notasistically different (p = 0.5%igure 3-3). The average adult
survival at 660 md=2 + F3/kg(low PHC) was7.8 = 1.05 of 10vhich was notstatistically
different from the averagef the site control (p = 0.63However, the average adult survival
at 6,810 mg-2 + F3kg (medium PHC) wa$.8 + 0.48 andat 10,000 md-2 + F3/kg(high
PHC) it was2.2 + 0.83 which were statistically significaiy different from the site control
(p < 0.0001 for 6,700 mg2 + F3kg and p = 0.0003 for 10,000 nk@ + F3kg). Thus,BC1
testsshowed a statistically significant decrease in adult survival between 66@ md-3kg
and 6,700 md-2 + F3kg (p = 0.0005) wich indicates a correlation between adult survival
and increasing petroleum concentrati®? € 0.4634;Figure3-3). As there are at least two
points that have partial effects (j.a.value other than 0% or 100%tbe site control value),
the logit model could be used to determine theoL&hd LGs. The logit model had a
statistically significant fit to the data (p < 0.0001) and had 4ofR.4634, indicating that
46% of the variability in the response data cdoddexplained by the increase in petroleum
content. The LE was determined to be®7 mgF2 + F3kg (95% confidence interval
3,02271 4,811) while the LGs was 2809 mgF2 + F3kg (95% confidence interval, &1
8,156;Figure3-3). These lethality values indicate that the PHC contetiteoBC1 soils were
toxic toF. candidaadults.

The adilt survival data obtained frorBC1 soils were then plotted with F2
(Figure 3-4). The statistical differences between the numbers of adults obtained were not
affected thereforelogistic analysis was also performethe LCso was determined to be
2,173 mg/kg and theCzs was déermined to be 1,518 mg/kg. These valueBcates that the
F2 concentrdabn causes significant toxicity . candida.
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Figure 3-3: Average adultFolsomia candidasurvival from chronic toxicity tests with
artificial soil, unimpacted control soil, and impacted st#l fromBCL
Adult survival averages were plotted relative to the totaFBZoncentrations; lettetsat are

the sameaepresenno statistical differencedyars represent one standard error of the mean;
artificial soil control n = 10, for all other pus n = 6.
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Figure 3-4: Average adultFolsomia candidasurvival from chronic toxicity tests omn

impacted control soil and impacted site soil frB@1 plotted with F2.
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3.3.1.2 Juvenile Production

F. candidajuvenile production was on average 672 + 73 forAB4 site controlsoil (n = 6)

and 500 + 87 juveniles for the artificial control soil (n =Rgure 3-5). The difference
between the juvenile avages obtained from the site control and the artificial soil was not
statistically significant (p = 0.156). Tlawverage number of juveniles obtained fromttivee
weatheredand phytoremediatedHCGimpacted soils olained from AB1 wer&76 = 121 for
1,350 ng F2 + F3kg (low PHC, n = 6), 666 + 81 for 2,940 rR@ + F3kg (medium PHC, n

= 6) and 561 mg/kg + 119 for 3,510 R + F3kg (high PHC, n=6)These valuewere not
statistically significant from the average of the site control soil (p = 0.514, p = ar@bp =

0. 445, respectively). No statistical difteiIces were noted so the data welated with a
linear trend (R= 0.19;Figure3-5). Theresults indicate that the highest concentration of the
soil obtained fom AB1 (3510 mgF2 + F3kg) had no effect on juvenile production Bf
candida

The adult survival data obtained from AB1 soils were then plotted withFigRire
3-6). The statistical differences between the narsbof adults obtained were not affected
therefore, the data were also plotted wittadir trend line. Althougthe R increased by 1.5
timeswhen the redts were plotted with F2 (0.19 versus 0.3p58ere was no significant
decrease in adult survivatith increasing F2 concentration. This indicates that the F2

concentration of 610 mg/kg had no effectForcandida
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Figure 3-5: Average Folsomia candidaJuvenile productionfor chronic toxicity tets on
artificial soil, unimpacted control soil and impacted site soil frABl.

Juvenile counts are plotted relative to the totaFBZconcentrations; standard error bars are

shown; no statistical differences were noted,; artificial soil control n = &llfoether points n
= 6.
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Figure 3-6: AverageFolsomia candidaluvenileproductionfor chronic toxicity teston un

impacted control soil and impacted site soil frAB1 plotted with F2.
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For the BC1 tests, juvenile production was 671 #@#he artificial control soil and
450 + 78for the site control sailThe differences between the averages were not statistically
significant (p = 0.08Figure 3-7). The average juvenile production at 660 mg F2 + F3/kg
(low PHC) was 397 + 68 which was not statistically different from the site soil (p = 0.624).
The average juvenile production in the mediBrC soil 6,700 mg F2 + F3/KRgwas 24 + 9
and in thehigh PHC soil was 10 +.4Juvenile production was significantly lower in these
soils relative to that in the site control soil (p = 0.0027 and p = 0.0025, respectively). The
average juvenile production for 660 M@ + F3kg was statistically significant dm the
juvenile production determined at 6,700 Ag + F3kg (p = 0.0027) which indicates a
correlation between juvenile production and increasing PHC concentration. The data were
described best with a logistic regression modél{R.923). The |6 was ctermined to be
1,655 mgF2 + F3kg (95% confidence interval 3907,030) and the I¢s was 1,030 mdr2 +
F3kg (95% confidence interval 2534592). An IGs of 1,030 mgF2 + F3kg at a site that
contains 10,000 m§2 + F3kg indicates that the PHC found aBC1 significantlyeffects

juvenile production.

The juvenile production countsbtained from BC1 soils were then plotted
with F2 Figure3-8). The statistical differences between the numbers of adults obtained wer
not affected therefore, logistic analysis was also performedlTdaevas determined to be
987 mg/kg while théC>s was determined to be 310 mg/kighese values indicate that th2
concentration causes significant toxicityRrocandida.
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Figure 3-7: Average number ofupeniles produced during chronic toxicity tests on artificial

soil, unimpacted control soil and impacted site soil frB@L
The average number of juveniles were plotted relativéhe total FZ=3 concentrations;
letters above standard error bars represent statistical differences; artificial soil control n = 10,

for all other points n = 6; error bars are present on the two highest site points, they are
covered by the point.
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