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Resuno

Os estudossobretoxicidadede metaisem solo €m-se focadona realizacdo de ensaios
ondeespécies sitestadas individualmentecada metalEst abordagemontrastecom a
maioria @slocais contaminados por metajge contém misturas complexas quetafe
todo o ecossistemasuas funcdes ende o0s organismosteragem entre SiEm
ecotoxicologia de solog maioria dos estudos com misturas de metaissiderouapenas
misturas binarias ou tedrias, que estao abaixdacomplexidadenormalmentebservad
em locais contamindos Para misturagle metais mais complexasde cinco ou mais
elementosexperiénciazom desenhos fatoriais completos ndo s&ves. Assim, ne&
tese foram preparados sola®m diferentes dosede racios fixos de cincmetais Estes
racios fixos foram definidos com base naporcbese concentracdes de metais
estabelecidas Hagislacdo Europeia e Canadiana e em locais contaminados.

A contaminacdo de solasom metaisem e&otoxicologia € geralmente feieom sais
metalicosquerequeem lixiviacdo posteriorpara remover 0 excesso s#s no solo Este
process@romovea perda demetaisemtaxas diferentesonsoante o elementalterando
as propor¢cdedos elementososracios Por esta raza@m experiénciasom racios fixos
sdo necessaris métodos alternativos de dosagemetais que ndo necessitem de
lixiviacdo. No capitulo2 deste trabalhdoi testado o uso déxidos metalicos e€inzas
metalicasque ndo requerem lixiviagacomo alternativaacs saismetélices. Os métodos
de dosgem foram testados quanto a concentracdo total de metais no actoiae
toxicidadea trés espécies de invertebradquedrdo(Folsomia candida, Oppia nitens
Enchytraeuscrypticug utilizando trés slos naturais Comparado com o0s nitratos
metélicos a desagemcom Oxidos e cinzasapreserdgrammaiores concentracdes totais,
mais proximas das doses nos e mantveram melhor as proporcde® cada racio
Em termos deoxicidade,os 6xidos metalicogoram toxicos para todas as espécies
teshdas embora anferior a toxicidadedos sais.Por outro ladoascinzasmetdicas ndo
foram toxi@s paranenhuma das espécidsmbora ambos o8xidos e as cinzas tenham
mantido melhor a proporgéo entre elementos, devido ao esfianco depreparacae a
falta de toxicidace das cinzas metalicasforam utilizads 0xdos metalicosnas
experiénciaseguintes
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No capitulo3, foi estudada acédo conjuntaak cinco elementos metéalicos enmstura e
os seus desvioao modelo CANesta experiéncia, foram estabelecidasnifiuras cm
raciosfix os comdifererte relevanca anbiental. Cadaéacio foi testad com 10 doseseem
trés espécie€E. crypticus, F. candida e O. nitgns com dois solos naturaidlém das
misturas, cada metal foi testadulividualmentepara calcularunidadesde toxicidade
(TUs) especificaspara cadaespécie.Os desvios ao modelo Cloram testads as a
diferentes niveis de dose/efeito (EC10EC90). A acdo conjunta @ metais, foi
globalmente aditivgparaF. candida enquantgarakE. crypticuse O. nitensapreserdgram
desviosao modelo CAque forammaispronunciade emdoses/&eitos acima e abaixo do
EC5Q Em particularforam detetadosinergismos significativoabaixo do EC50onde
sdogeralmentalefinidosos limitesde protecacambient

No capitulo4, foram testadstrés racios fixos (CSQG, ARL e SUD) de cinco elementos
numa experiéncia de microcosmos com comunidadasam Nesta experiénciafoi
estabelecidao conceito deconcentracdcefeito para acomunidade assmindo que a
medida que a contaminagaumerd, a similaridade da comunidade entre os tratamentos
e o controlo diminyiproduzindo uma curva dose resposta e permitindo o calculo dos
valores deECx da comunidadeO conceitode ECx da comunidade foi aplicado com
sucesso para as trés misturas de rdgm testadasNos racios baseados na legislacédo
(CSQG e ARL), os EC10 da comunidade foram quatro vezes maiores quidres va
limite esabelecidos na leidemonstrando qua legislacdo atual pode ser demasiado
restritiva Para a mistura estabelecida consebaa proporcdo de metais de um local
contaminado (SUD)as concentragcdesodocal contaminad@orresponderam apenas a
um ekito de 20%{EC20) mas era esperado gunevocassem um nivel de efeito maior na
comunidade, especialmente considerando a exposig&ohmmogénea que normalmente
ocare nos micocosnos Estes dados sugerem que na avaliacdo de risco mdivasge
metais devem ser tidas em consideracdo as propreedadecal de estudo, que podem
influenciar o efeito dos contaminantes.

No capitlo 5, as misturas testadas no capitulo 3 foram usadas numa experiéncia de
TMEs. Nestaexperiéncia os efeitos das misturas foram medidos na comunidade de
microartropodes na atividade enzimaticddesidrogenase, nitrificacdo potercia
fosfatese a@a), na ativdade alimentar e na decomposicdo da matéria organica. Foram
utilizadas trés des para cada racio de mistura (baixa, média e alta) estabelecidas com
base nos ECx de comunidade do capituldNenhum dos tratamentos testados afetou
significativamente a abd@ncia da comunidade devertebralos apds 16 semanas de
exposicdo Nas enzimas do solo, a fosfatase acida também nédo foi afetadag mas
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atividade da desidrogenase nitrificacdo potencidbram fortemente afetadasom uma
reducdo superior a 50%m tods os tratamentos.As misturas também afetaram
funcionalidades do ecossistema, mesmo na ausénciafeites na abundancia e
microartropodes Os resultados sugereque paramieos estruturais e funcionais nem
sempre sdo corroborados entre si. Na avaliacaosde de metai® das suas misturas
devem ser consideradas as propriedades especificas do local, os varios compartimentos
do ecossistema e a estrutura e fungie®cossigma @ra se assegurar uma protecao
ambiental adequada e integral.

Palavras chave
Misturas Metais,CompeticdpComunidades, Ecossistemas
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Abstract

Current research in soil metal toxicity has mostly focused on the exposure of single
species toingle metas. This isa stark catrag from real world scenarios where metal
contaminated site contain complex mixtures winicaffect the whole soil ecosystem
where organisms are heavily interconnectadsoil, some ecotoxicological research has
been conducted with metal nhixes butthe majority has considered simpler binary or
ternary mixtures,which are still below tie level of complexity observed in metal
contaminated sites. For complex metal mixtures with five elenmntsore performing

full factorial desigrs is not feasibleAs a result, irthis thesigdosingof five element metal
mixtureswas performedisingfixed ratios based on environmental regulation &odh

metal contaminated sites.

Dosing sdis with metal salts, the standard for soil ecotoxicology, requires leaching to
remove excess salinity, which promotes the loss of metals iafjettte irtended fixed
raios. Therefore, alternative dosing method which better retain mixture ratios while
keepng adequate levels of toxicity to soil invertebrates must be consider€tapter2,

metal oxides and annealed metals which do not reqeaehing wee testedas
alternatives to dosing with metal nitrate salts. Dosing methods were tested for their tota
metal concentrations in soil and their toxicity Folsomia candidaOppia nitens and
Enchytraeus crypticususing three natural soil€ompaed to metal nitrate salts, oxide
and annealed metal dosing Hadher total metal concentrations, closer to nominal doses
and maintained better mixture ratios. Regarding toxicity, metal oxides were toxic to all
test species bt les toxic than metal nitta salts while the annealed metal treatments
were nontoxic. Casidering that annealed metals require a higher dosing effort and had
no toxicity, metal oxides were used for dosing metal mixtures in the following
expeiments.

In Chapter 3, the joint actionof metak in mixtures andheir deviations from CAwvas
evaluated In this experiment, ten fixed ratios were established with different
environmental and regulatory relevance. Each ratio wasdt@gth 10 mixture doses on

three soil invertebrate test spex(E. crypticus F. candidaand O. niten$ in an acid

sandy forest and a loamy natural soil. In addition to mixtures, each metal was also tested
as a single andsed tocalculde species specific toxic unitBeviations fromCA were
testedat different dse/effect levels (EC10 EC90). The joint action of metalsvas
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globally additivefor F. candida while bothE. crypticusand O. nitenshad deviations
from additivty that were more pronounced outside the EC50 dose effect level.
particular gynificant g/nergisms wereat low dose effect levelswhere most
environmental thresholds agstablished

In Chapter4, three fixed ratios (CSQG, ARL and SUD) of the five element metal
mixtures were tested using a natural community microcosm experinrenthis
expeiment the community effect concentration was establiskddch assumes that as
contamination increases, the community similarity between testamitol treatments
decreases producing a dose response curve that allows the calculation of community
effect concentrations (ECs)n this experiment it was possible to successfully apply and
calculate community ECx values for all threeefil rato metalmixtures.For regulatory
mixture ratios (CSQG and ARL), commity EC10s were four times higher than
regulatory threshold values and current regulation might be overprotedtve the
contaminaed siteratio (SUD), the field dose in the contaminated site corresponded to a
community ECP but larger effect level was expecte@specially considering the
homogenized aling in microcosmsResults sugest that irretrospective risk assessment
site specific properties should be considered to addretential additional stressors.

In Chapter5, the same mixtures tested in Chaptewere used in a terrestrial model
ecosytem (TME) experiment. The fefcts of metal nixtures were measured on the
microarthropoccommunity, soil enzymes (dehydrogenassgenptial nitrification and acid
phosphatase)and on ecosystem functioning (feeding activity and organic matter
decomposition)Each ratio was dosed withrde mixure doss, (Low, Med and High)
established based on the community EC valiresn the microcosm experiment of
Chapter 3For the invertebrate community, none of theatments significantly affected
invertebrate abundareafter 16 weeks of exposurtn soil enzymesacid phosphatase
was not dected but dehydogenase activity and potential nitrification were severely
impacted with a reduction above 50 all dosed treatments. Metal mixtures also
affected ecosystem funotiing, even in the absena# effects onmicroarthropod
abundaces The results suggest that structural and functional parameters are not always
corroborated. In the risk assessment of metals and thetunesx sitespecific approadats
shauld be pusued aross multiple compartments, considering both ecosystem structure
and function for a complete and adequate environmental protection.

Keywords
Mixtures, Metals, Competition, Communities, Ecosystem
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Chapter 1- Generalintroduction
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Metals in soil, sourceszontamination, and soil gudance values

Soils are formed from the weathering of pedogenic materid) @nsequentlyyary in their
metal compositionwhich is highly related taherr geological sourcg¢l]. Some soils have
naturaly high metal concentrationsuch asserpentine sal extensively studied in plant
ecology[2]. The high metal concentrations and low nutri@uintent typcal of serpentine
soils forcedplants to develop adgtationsto thesesoils, resuling in a high nunber of
endemiglant specien thistype of soilg2]. In serpentine soilssoil communities (including
fauna ad flora communities) had time tadaptand develop functional communities in
equilibrium with tose soil characteristics Contrasingly, in metl contaminated sites
resultirg from anthropogenic dovities theincrease ofmetal concentrations in soibccus
over a short period of timand soil communities have no time to adfg4]. Moreover,
metak originated from anthropogenic activities alsnd to be more mobile and hiailabde
compared tohose from lithogenic sourcescieasing their potential toxic effed®]. Within
the main anthropogeniactivities that lead to metal contaminatiom sals are the use of
organic/sewage wasteand industrial wastes pesticides and fertilizers, atmosphgr
deposition, coal combustion, and mining activitigs3,4] Mining activities including
extraction and smelting, are one of the most reizadpe indutries leading to metal
contaminated land whichao remain degraded for seveyalars,even after mimg activities
have ended, if remediatias not performed (Figure 1).

& = R v aver e e : SRR S s s
Figure 1i Deserted open pit mine, in southern Portugal (Mina de Sauriyos), mie
closedin 1966, picture taken in 2018.
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In the European Union(EU) mining ard quarying employed in 2017 more than 400,000
people over 7000 enterprises and represethiian added value ofO4billion euros([5]. In
Canada, in 2016, 200 mines and 7@0@rres produced metals representiagyalue of over
43 billion dollars. Either dectly or indirectly, in 2016, Canadian mining activities
contributed to more than 3% of its gross domestic producP{Gand employed more than
400.000 peopl¢6]. Mining activties are diverse and Canadanighin thetop 5worldwide
produces of potash Uranium, niobium, ni&el, cobalt, aluminum, platinum, gold and
diamondg6].

The importance of mining and the environmental ris&m metal contamination have led to
regulaton and environmental protection for st In the BJ, no generic valuesre
established as threshold metal concentrationdor soils. Metals are regulatedy the
Registration Evaluation Authorisation and Restriction of Chemicals (REACH) regulation
which looks to establisipredicted no effect ewentratbons (PNECYaking into considetion
different soil types[7]. Soil PNEC values are established based on soil invertebrates, soil
microbial processsand plants whilst wildlifeis considered separately. Inrapliance with

the REACH regulation, a soil PNE€lculator ha been developebly consdering specific

soil properties (soil pH, organic carbon content, cation exchange capacitjagrabntent)
affecting bioavailability and the toxicity of meta]8]. Soi PNEC values are determined
using ecotoxicity dta (NOEC or EC10) correctedrfbioavailability using a soil leaching
factor. The corrected data is then compiledspecies sensitivity distribution&S$D where

the 5" percentile hazardousoocentration(HC5) is selected and to which an assessment
factor between 1 and 5 is applietipending on the unceainty associatedo the HC
calculation[7].

Several EUMember Statessuch as Germany and the Netherlarmlsp have their own
guidance values for metals soil, that are usually more restrictive thaaues of metal limits
based onPNEC alculator. In Gemany there are three types of legislativalues
precautionary valuethat intend to prevent further contamination of a site, trigger values
where furthe investigation is required and action valuesevéhremediation actions must b
takento clean the ¢ [9]. In the Netherlands a similar approactfaBowed but with only

two categories, target values whicbrrespond taemedial goals and interventioralues
which ae concentrations above which renain actions must be takéhQ].

In Canada, theraresoil quality guidelines established to protect the soil from the negative
impacts of metalknown as the Canadian Soil Quality Guidelines (CSQ[&L]. These
guidelines are recommended threshold wal@stablished by the Canadi&@ouncil of
Ministers ofthe Environmenaind are adaptdor differenttypes of land usg11]. Guidelines
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are more restrictive for agricultural and residential asg@Bnore pernssive for commercial
and industriallands. CSQGare established by determigitiC vduesderived fran SSDs
using chronic EC25 toxicity dafd2]. For residential and agricultural lartie HC25 is used
and for industrial and commercial areas HC50. An uncertainty factor between 5 and 10
may be appliedto these HC valuedependig on the type (chronicvs acute) and quantityf
data availableWheninsufficientchronic EC25data is availablethe lowest observed effect
concentration (LOEC) or median effs throughEC50 data are usebh risk assessmegnsoil
quality guidelines carbe imgemented direcyl by adopting the guideline values as the
remediation objectivebe modified to a sitspeific remediation objective or ultimately
disregardedf a full site-specific risk assessmei#t performed[13]. In addition to national
guideine vales, many provices and territoriesf Canada ha their own guidance values
and environmental policig43].

In this thesis the focus will be on five metal¢ead, coppe nickel, zinc and cobgltwhich

are of concerrin some Canadian mining asdike Sudbury (high @ and Ni)[14,15], Flin
Flon (high Zn, Cu, Pb)16] and Port Colbornéhigh Ni, Co and Cu]17]. Also for cobalt
there is little research into its toxic eftts on soil invertebrates and for the most comm
standard test specie€HD datais only known forFolsomiacandida[18,19] There are also
other metals which @tr as high concentrations in these metal contaminated bkesAs,

Cd, Hg[15i 17], but these elementaere not considered within the framork of this thesis
as theywould increase the congxity of dat beyond a reasonable limit. For the selected
metals,the CSQGvalues and the soil PNEC vakiealculated for reference soils using the
soil PNEC calculator are presented in Table 1.
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Table 17 Soil environmentiathresiolds for the Caadian soil Quality guidelinéCSQG)
under Agricultural, Residential/Parkland, Commercialndustrial ®il use andderived for
different reference soilsA¢id sandy forest,acid sandy arable,loamy alluvial, loamy, clay
andpeaty)in the BJ usingREACH, approach.

Soil Environmentathresholds

Environmental Lead Copper Nickel Zinc Cobalt
Guideline mg/kg dry weight

Agricultural 70 63 45 250 40

CSQG ResidentiaI/P.arkIand 140 63 45 250 50
Commerdal 260 91 89 410 300
Industrial 600 91 89 410 300

Acid sandy forestail 127 40 13 35 9

Acid sandy &able @il 44 26 4 28 2

EU REACH Loamy aluvial soil 359 89 50 271 43
Soil PNEC Loamy il 211 63 23 134 18
Clay il 474 144 97 282 87

Peatysoil 470 176 94 299 84

Toxcity of Sngle metals

In soil invertebrates, there has been little research on how they regulate internal metal
concentrations ahmost existing research has focused on earthwolsiessential metals,

Cu andZn are generallyegulated by an increase ihreination rates throuly excretion or a
decrease in their rate of uptgl@®,21] Additional mechanisms for regulation vary according

to species For instance,in some earthworms pgcies, Cu and Zn can be bound to
chloragosomesand cytopasmic granules andequesteed for storag, detoxification or
regulation[20]. However, after prolonged exposure to metal contaminated soil, earthworms
can have a decrsed ability for Cu and Zn regption [22]. Cobalt § also an essential metal

(at least for earthwormss Co is included in therequired vitamin B12jand its regulation
could also be through uptake and excretion but there hascbesiderably less research into
specificinternalmectanisms[23,24] Unlike essential metals, na@ssential metals likéead
andnickel (rickel essentigy in soil invertebrates is still not clef5]), are not requireéor
biological processes and organisms must limit their accumulation Ig1 arebtorethem in
nonttoxic forms[20]. Specific methodor regulation of Pb and Nirapoorly reported butin
earthworms, Pb can lpermanentlystored in waste nodul¢22].

Above a certain concentration (which teridsbe species specific) metals can cause itgxic
inhibiting the functioning of soil invertehtes and affecting their regguctionand survival.
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The underlying mechanisms for tak toxicity in soil invertebratesare still not fully
undersbod, butin general,metals are known to cause the generabbmeactive oxygen
species (ROS) leading to oetive stress. Oxidativdamaye and lipid peroxidaton has been
demonstrated, foEndytraeusalbidus when exposé to Zn [26] while toxicity of Pb has
been linked to both ROS formation and enzyme imation in Eiseniaandrei[27]. In more
recent studiessing transcriptomic approaefi the oxicity of Zn was linked to the regulation
of gene expession, calcium homeostasis and cellular respirg#®8h Taxonomic pproaches
alsoconfirmed that Cu and Ni toxity is linked to oxidative stress and organissponse to
ROS, while Ni spe€ically aso affectsk. albidusimmune responsg5]. This study also
found that Cu,Ni and Zn (under individual exposuredqll have a similar action when
compared to Cd25]. In amore recent study Ni toxicity was linked tacreaseproteolysis,
apoptosis inflammatory response and with interference in the nervous system and
glutathione synthesi&9].

Extensive researchas been donen the ecotoxicity olingle metad to standad test species
affecting their surwial and r@roductionand guidelines depcted abee are basedrothese
data.Table2 compilesall the availableEC50 and LC50 data for the five metals of interest in
this thesis (Pb, Cu, Ni, Zn, Cdhere is significarty more research dealing with thesegie
metds that do not report E&D orL C50 insoil ecotoxicdogy and were not presented in Table
2. However, lhe data presented ifable 2allows an understanding ofvhere research has
been predominantljocusedat In terms of species most research besn perfaned onF.
candida E. aypticsandE. andrei/fetidacompared to the recently standardizedroduction
tests withOppianitensandHypoaspisaculeifer In terms of metals, most research basn

focused on lad, copper and zinevith considerahby less resarch for nickel and espetly

cobalt For cobalteven for the mositudiedspeciesthere are still considerable data gaps (
candidaLC50, Enchytraeusalbidus/crypticusEC50, E. andrei/fetidaLC50 and ECB). The
toxicity daa gathereds also quite vaable not only between mas and spees but wihin

the same species for the same metals (Tabl€h&re are three important factors which can
affect metal toxicity: (i) the soil and its properties, (iig thnetal itself andts speciation agh

(ii) the species and its biologic#hits. Ervironmentalvariables such as temperature and soll
moisture can also affect metal toxicity [34,53,92,93] but these are usually controlled under
laboratory testing.
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Table 2. Median andange of lethal d reprodutive 50% effect concentratior{t C50 and
EC50) forthe standard test speci€slsomia candida, Enchytraeus albidus/crypticus, Eisenia

fetida/andrei, Oppia nitengnd Hypoaspis aculeifelin the scientific liteature for lead,

copper, nickel, zinand cobalt

EC50 LC50
Species Metd Median Range Median Range References
Lead 2575 389- 4256 1700 181- 2573 [19,3036]
Copper 710 45-2270 2023 869- 6840 [30,33,34,3742]
F. candida Nickel 469 105- 1148 882 214- 4025 [41,43 45]
zZinc 600 50- 3233 1155 391- 6282 [19,30,52 54,33,3446i 51]
Cobalt 409 368- 1480 - - [18,19]
Lead 126 81-1008 1881 287- 7040 [551 61]
Copper 305 73-617 271 15-778 [38,55 57,62 67]
E. albidus/crypticus Nickel 168 60- 275 133 - [25,43]
Zinc 219 35- 345 605 73-2950 [26,46,48,55,57 £,65,8,69]
Cobalt - - 455 227- 683 [35]
Lead 1340 110- 5080 5211 4480- 5941 [36,70 73]
Copper 260 53-716 351 72-8700 [37,701 72,74 78]
E. andrei/fetida Nickel 245 159- 362 913 684- 1202 [43,71,7981]
Zinc 462 136- 1898 1010 451- 4147 [46,48,87,70 72,82 86]
Cobalt - - - - -
Lead 1678 - 6761 - [88]
Copper 2896 - 3311 - [88]
O. nitens Nickel - - - - -
Zinc 5339 201- 30882 2291 1805- 11076 [88,89]
Cobalt - - - - -
Lead - - - - -
Copper 2634 2459- 2814 4482 - [90,91]
H. aculeifer Nickel - - - - -
Zinc - - - - -
Cobalt - - - - -
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Soil Propertiesand Metal Toxicity

Soil properties are knowio affect metal toxicityand many of the studies presented in t&ble
address the variation in toxicity sa a result of different soil properties,
[33,36,82,87,92,93,37,38,45,56,59,66,68,7B)tal metal concentrations represent the total
metal pol in a soil but sib properties deermine their availability to organismaffecing
their toxicity [94,95] Metal partitioning and consguently availability is a complex interplay
of chemical reactions of precipitation/dissolution, adsorgtiesorption, and cmeous
complexation, deperdt on soil composition for adsorbing surfaces$/E&/Mn oxides, @y
and organiandter conteny and modlated by soil chemical properties (isail pH, CEC,)
[1,95,96] The complex inteplay between these variables implies that predicting metal
availabiity and toxicity based on soil progies is acomplicated task. It is possibk®
determine a measuref metal bioavailabilitythrough chemical extraction with different
solventshowever these chemical measures tend to be organism and endpoint gdcific

It is generally thought that is the metd free-ion which can transversaddogical membranes
and cause toxicity and consequently metal toxicity would be regulated byioinee
concentrations in soil pon@ater[96,98] In generalpH is considered #hmaster variable in
regulating metal availabily in porewater and the most iportant soil property ¢ predict
metal solubility[94,99,100] However in literaturethere are contradicory evidenceswith
some studies correlating oxicity to solubility aml porewater concentrationgs1,77,101]
while others, where solubility and poravater concentrations dmot fully explain toxicity
[47,48,89,100,102]Currently t is notpossible tgredict the toxicity of metals basedly on
soil chemistry and metatlubility.

Cation exchange capacity, or speallyg effective cation exchange maity (eCEC), has
beenfound to be a good predictor of toxicity to soil organisms and pkd better overall
predictor of toxicity than pH1,37,100] CEC is the measure othe negatively charged
sufaces available fothe adsorption of cati@[95], thus for caionic metalshigher CEC
leads to a stronger binding to the soil mineral surfaces and lavedability for uptake by
organismsSome studies have also found thahea than a single regressor, a combination of
pH and CEC best explain the ecatoty of metals in sdi[56]. However, since it is the eCEC
rather than CEC that best predicts toxicity, this p&tamhides a pH effect in itsglisthe
eCEC is the CEC meared at the native soil p00]. Other propeies like Clay content,
organic natter, Al/Fe/Mn oxides, as binding surfaces fometals also correlate with
bioavailability and uptakebut are rarely significant predicirs alone and normallpnly
significantparameters iconjunction with pH and CEC, immplex metal specific equations
[68,94]. In fact, the sdl CEC, as a measure of adsorption surfates|osely relatedand
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already incorporates soil clay content, metal oxyhydroxides and organic mattert conten
[37,56,94]

In ecotoxicology therole of sois and their properties on thexicity of metalshave leen
extensively studied but mostlyconsidering their role in metavailability (as described
above). However, soilare also the habitat for organismsdacan affect their performance

and theresouresknergy they have available tolerate and resist thdoxic effects @
contamination. Recently, it was demonstrated that habitat quality affects the toler&hce of
niters to zing whereO. nitenswas ableto toleratehigher body burdens in high qualiggils,
compared to low qualityasls [89]. Soil habitatquality in this study was positively correlated
with soil organic carbon and cation exchange capacity and was determined using the
reprodiction of invetebrates and plant growth across a range o$alig in the absence of
contamin&on.

Metals, metal speiation and toxicity

Metal chemical forms and speciatiocan affect their toxicity to soil invertebrates
[48,53,61,62,87,103nd their availabilityf104]. Research has found contradicting evidences
on the role of chemical forms ié toxicity of metals ¢ soil invertebrated-or instane, zinc
chloride salts were found to be maxeute[53,87,103]and chronically [53,87] toxic than
nano and nomano zinocoxides which had similar toxicifyvhilst in another study oxides and
powders vere nore acutely toxidhan chloride salts, but all amécal formsproduced similar
chronic toxicity[48]. Lead oxdes were less toxic than lead nitrate spfd while copper
nang@articles were more toxic than chloridég]. Interestingly in these studs o different
metalformsonly one study performed leaching to correct for salinity when dosing with metal
salts[61]. Added salinity is a confounding factor which can seit produce toxi@ffects on
organismg105,1®] and also affect the availahyliand toxicity of metds [74,107,108]

Organism traits influencing exposure

Soil organisms not onlydve different intrinsic sensitivities to metals, but their biological
traits can in addition to affecting the inteal regulation of metalsaffect her routes of
exposurechangingthe wayandthe amout of metalsto whichthey are exposef94]. The

routes of exposure for contaminants are generally ingestion, dermalptaaisoand
respirationbut the latterdoes not eem particularly relevant for mostetals [42,99,109,11Q]

The porosity and permeability of their external membranes can affect exposure through soil
porewater or even direct contact. Usintarsdard test spexs as anxample, thg present
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very distinct gternal barriers,O. nitensadults have a heavily sclerat exoskeleton F.
candidahave an impermeable cuticle white crypticusare softbodied[109i 111] Organism
feeding behaviour, and soil ingestion iarficular, is expected to play a significantleoin
their exposure to metals biihe degree and impon&e of soil ingestion is not clearly known
[48,111 113]. The body size of organisms can also affect their exposure to reegsisvith
similar exteriorbarriers. Organisms with smatlbody size (i.eE. crypticusvs E. andre) are
expeded to have a highleexposure due to a higher surface to volume §téd]. Some
researchhasrepored the importance oflifferent routes okexposure but manyries resuft
are contradicbry and research clearly measwyy and quantifying the importan@xposure
routes and tair interlink with traits is lacking42,91,113,115]Exposurgo contaminantsnd
how traits affect them is expected to shift with eliéfint contaminas and soil properties
affecting contaminant p#tioning between soil solid angore-water phase. Whilghere
might not be a universal route of exposarbetter understanding of species traits would aid
in interpreting differences in expore for speciti scenarios.

Overall, the toxicity of metals iaffected by soil propertiethe netals and their specian

and the organism itself. However, these défer t Afactorso ar e hi gh
modulating metal toxicity. Soil properties affabe partitionng of metals which in turn is
dependent on whit metal and its chemical form opeiation. Species trés influence

organism exposure and are dependenth® partitioning of metals in soil and soil pore

water. Also, different metals haweherently diffeent toxicities to organisms based on their

intrinsic sensitivity and ability taegulate its internal @ancentrations which, in turn, is

affected by habdt quality dictating the available energy to resist against metal prd&&ce

Finally, organisms ahtheir traits willdictate which properties @iee the quality of a habitat.

Metal Mixtures

Modeling metal mixtures

Current environmental regulation amabst of theresearch has focused on the toxicity of
single metalsin fact in the EU REACHapprach metal mixturescannot be considered
becauseeffects must be attributed to thedividual chemica) or metalunder registratiofi7].
However, h most metal contaminated sitésxicity resuls fromcomplex mixtures of several
metals rather than singléeenents|1,14,16,116,117]Sincemetals occur mstly as mixtures,
guidelines baskon single metals willonly be usefulif the toxicity of a mixture is equal or

INCREASING THEECOLOGICAL RELEVANCE OF THE EFFECTS OF METAL MIXTURES IN SOIL 10



lower than the most toxic compoundlhis is arely the case and mixtures of chemical
contaminats, (including metals) produce toxic effects ialth are larger than each chemical
applied singly[118].

For mixtures there are two general reference modelsnéorinteractive jointaction the
concentration addition (CA) artdeindependent action (IAnodels[118,119] These models
differ in their asumptions regarding the toxic mo@é action of the contaninants in a
mixture. The IA modelassumes that contaminaihtave a dissimilar mode of action whitee
CA assumes similar mode of toxic actiofitom the different contaminan{819,120] In risk
asessment schemes CA model is recmmded as the defaultirst tier for metal mixtures
[118] andhas beememonstratedsaareasonable worst caseenaricand more conseniae
than IA[55].

The ®@ncentrationaddition model assumes that the individual congnts of a mixture can
be added m the form of toxic unts (TU) [120]. TUs areestimated bydividing the exposure

concentration of the metal element {&jth the concentration which elicits a particular
biological respnse (ECxa)typically the reproductie EG0 or lethal LC50 (equation).1

_ la]
"~ ECxa

TU — Equation 1

If a mixture follows concentration addition, the sum of the TUs at a particular ECx, should
equall at the same level of biological respse(ECX) for the mixture. Howeer, elements
within a mixture can intecct andproduce responses that are higf@mergism) or lower
(antagonism) than the added toxicities of the single elements leading todem or
overestimation of risk, respectively when such interactions are ntatken into account
Specifically, if tre sum 6the TUs of a mixture is signifartly larger than 1, thn the mixture

is less than additiv@.e. antagonisti and if the sum of TUs if significantly lower than 1,
then the nxture is more than additivé.e. synergisti¢ equation 2). For risk asssmet)
synergistic mixtures (those mhacing more toxicity tlanthe one expected by additive effgcts
are thosehatare particularlyof concernandthat constitute highesnvironmatal threat.

Z TUgc, = ECxi = 1 additive; > 1 Antagonistic; < 1 Synergistic — Equation 2
i=1
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Similarly, to what occurs withthe toxicity d single metalsin mixture toxicity we should
consder threeaspects thamodulatemetal interactionaffecting theirtoxicity to organisms.
Interactions can occur in the soil, in the process of uptake by the organism hediat Df
toxic action[52,121] In solil, different metal elements can competesbrption sitesandcan
interact between themselvesffecting their precipitationleading to changes in their
bioavailability. Interactions can also occur in the momentptdke by the organispauring
their physiologi@l regulation andwvhen binding to receptors in the site btoxic acton
[62,121]

The TU approach has a serious drawbak it does not consider the futiesponse of
organisms to mixtures but rathesingle pint (generally theeC50) within thedoserespmse
of organismg[120]. In mixtures, deviations from addivity may not be constant or static
even within the sameorganismand soil and may be both doskepenlant and ratio
dependant. These deviations can diadied using surface response models lookanhg
different doses and ratios ahixtures [55,122,123] These more complexodels were
particularly studied by Jonkeat al.[122]. to address dose and mtiependant deviations
from additivity.

Jonkeret al. [122], assumes four different possible outcente mixture toxicity: (i) no
deviaton where mixture toicity is accurately predicted by concentration additidin
synergism or antagonisiis/A), where all combinations and dosdsaomixture produce a
corsistently synergistic or antagonistic respon§g; doselevel dependant deviahs (DL)
where deviatins from CA are dependent on the dose of the mixtude(ah dose ratie
dependant deviation (DR) where the deviations from && dependent on the @tof the
different elements in the mixtur&@hese four scenarios are depicted3iD form in figure 2,
for binary mixtures.

CA

Control —

A\
WA
',\“»‘»‘«\‘*\»‘\\‘\‘ _—
| A‘)‘*x\;“k“‘\ \V\‘

Response

High

Figure 2- Binary mixture doskiresponse relationships illustrating concentration addition and
three deviation patterns from thisference in 3D response surfaces: no devig@ay),
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antagonistic deviation (S/AYlose level dependentleviation (DL), and dee ratié dependent
deviation (DR. The biological response is high in the control group and decreases as doses of
toxicants increse (e.g., survival or reproduction) Source:k#omet al.2005.

The models propmed by Jonkeret al. [113], provide very detadld information on the
interaction betweermetak butare limited to simpler (binarynixtures because of their high
data requirments. For complex mixture modelingych assuface response models, a full
factorial or central compote designshould becorsidered and provide the bestanation
across dose and ratjb5,124]. This is possible with binary mixtures and maybe fonaer
mixtures but as mixture complexity increasthe experimental requiremetdagonduct these
test aesigns increases geometricattyaking it unfeasible[55,125] Also, when increasing
mixture complexity, the interpretation of deviations using surfazgpanse models is
complicated as ivould requie multiple (more than three) dimgonal space.

Ecotoxcity of metal mixtures in sd

There are not many studies thre effects of metal mixtures on soil invertebrates and most
have focused onsimpler binary or ternarymixtures. This section will cover aevision of
metal mixture studiesin soil, being focused uniquely on studies with colembola
enchytraeidsand earttworms. Unfortunately to dateno studieshave been reporteon the
effects of metal mixture$or soil mites. Studies containingmetals in nxtures with other
contaminants (& pesticides) were naonsidered.

Collembola

For Collembola there are four stlies on the effects dfinary metal mixtures td-. candida
with some contradicting responsgl,52,124,126] In the first study, conducteih 1997,
mixtures of Cd andn were found to be antagosiic when measuring. candidagrowth but
additive when measuring reproducti®?2]. This study also found that usirgdl, extractable
and organism kay concentrations of metals did not chatlgeoverall outcome®f mixture
toxicity. In a more ecent stdy, the response df. candidareproduction and survival to
mixtures of Cd and Zn was doekevel dependant and switahé&rom antagonism at low doses
to synergism at high dos¢s26]. Baaset al.[124], tested binary mixtures of C@u, Pb and
Zn and foundno interactions foF. candidasurvival (including Cd and Zn), e&pt for the
binary mixture of Cu and Zn whiclwvas slighly antagonic [124]. In andher study,
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mixtures of Pb and Cd were antaggiid when testing-. candidarepraduction and growth
[31].

Binary mixtures of Cu, Mn andlli, were also tested on the reproduction of ¢bééembola
Paronychiurus kimi[127]. The binary mixtures containing C(Cu/Mn and Cu/Ni) were
synergistic at the EC3@vel whilst the mixture of Mn/Nwasadditive. Consideng different
dose levels, mixtures shifted from antagonism at low @ffeet levels to synergism at high
dose effect levels.

For Collembolathere isonly one known study with more than binary mpds, testing a
quaternary mixturef Cr/Cu/Ni and Znon F. candida[128]. In this study ®ils were dosed
either in the laboratory with metal salts or amended with sewage slu€tyebothdosed
soils (laborabry or sewage sludge)nixture effects were anagonistic for collembola
mortality, whilst for reproducton laboratory spiked soils were antagonistic, but sewage
sludge amended soils were synergistic.

Enchytraeids

For Enchytraeid worms there are a simitamber of studies compared @vllembola but
covering a larger variety of etals(Cd, Cu, Zn, Pb, Ni ad Co)[55,64,129132]. The first
metal mixturestudyon enchytraeids was conducteyl Posthumaet al.[64], investigatingthe
effects of Cu and Zn mixtas onE. crypticus reproduction and found dietions from
additivity changed ba&sl on how metal concemations were determined. When considering
total and CaGlextractable metal connations, toxicity followed concentration addition but
for internal baly concentrations antagonism was observédek difference was attributed to
interadion between metalof sorption sites within the soil and during the process of uptake.
In another sidy with E. crypticus,Weltje [129], alsoobserved thathe reproductie effects

of Cu and Zn mixtures followed condeation addition whilst Cd and Zmixtures were
significantly antagonistic considering total and extractable metal concentrations. Lock and
Janssen55], tested binarymixtures of Zn, Cd, Cu and Pb @&nchytraeus albidususing a
more complex central compts design to develop surface respe models All binary
mixture combinationn this studyproducedantagonistiaeproductive effectfor total metal
concentrations ni soil, contradicting previous finding o€u/Zn for E. crypticus [55].
Recently Heet al. [130,131] studied the effects oNi and Co nixtures onE. crypticus
survival. In these studieso deviation from additivityvas observeadvhen considering body
concentrations ofNi and Co but when consideringree ion activity the response was
generally atagonistic[130]. In addition toreproductionand mortaty the effects of metal
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mixtureswere also tested on enchytraedoidance behaviour where Cd and Zn mnigs
were found to be additive across a ranfdoseq132].

Earthworms

Regarding edahworms only two studies have observeueteffects of binary mitures of
metals[129,133] In the first study Weltj¢129], found that mixtures of Cd/Cu, Cu/Zn and
Cd/zn all had antagonistimteractions when measng Eisenia andreicocoon production

and totalmetal concentrations soil. For extractable metal concgrations (only measured

for Cd/Zn mixturesE. andreiresponse was additivéhe effects of Cd and Zn mixtures were

also testal using Aporrectodea caglinosa [133]. Mixture toxicity for A. calginosa was
antagonistic but théntensty of antagonism was &e and ratio dependant and increasing
concentrations of Cd promoted higher levels of antagonism. There has also been a recent
study testing binary anemary mixtures onk. andreibut this stay did not model mixture
responses ancegiations from additiviy [134].

Studies on more than binarmyixtures were also conducted witdarthwormswith three
studies reporting the effects of ternary mmet[129,13%,136]and two studiesn quaternary
mixtures[128,129] The effects of temary mxtures of Cd/Cu/Zn werinvestigatedusing the
earthworm A. caliginosa and were additivefor growth but antagonistic for cocoon
production [135,136] Weltje [129], also obseved the effects of a teary mixture of
Cd/CuZn onA. caliginosaand a gaternay mixture of Cd/Cu/PlZn onE. andreiand E.
fetida Both tenary and quaternary mixtures followed concentration addition, except when
testing a contaminated smelter sotjuftenary mixture of Cd/Cu/ZfPb) that was
signfficantly antagonistic forE. fetida. Finally, the effects of a quaternary mixture of
Cr/Cu/Ni/Zn, dosed using metal salts or in organic matrix (sewage sludge amendrezat),
determined foE. andrei[128]. For both spiked and sewage sludge amended sbiésts on
E. andreisurvivd wereantagonistic.When meauring effects on mroduction, mixtures were
antagonistic for sludge amendment but syistigfor metal spiked soils.

Overview of metal mixtures on il invertebrates

A full summary on the effectsf metal mixturego collembola erchytraeids and earthovms
is presenteth table3. Metal mixture studies hawansiderable variation in test design, many
studies test only at the EC50 level while more mecgudies measure deviations across
different dose levelsOverall in the currat literature responsdo metal mixturesis very
variable but seeno either bllow concentration additior antagonism. Synergisnwhen
detectedis most common at high des.Even for the same mixture combination, i@sges
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are quite variablen the suveyed literature Forinstance, with the ost tested mixture Cd/Zn
responses iffered between additive or antagonistic based on the endpoint measured (i.e.
reproduction or gywth), species tested and dose level of mixtules previously mentioned,
thereare threeaspectghatmodulate thenteradions between metalésoil, uptake ad site of

toxic action) thereforeeven for the same metal combinatio@sponses are expecténl
change as the soil and species tested shifere is still considerable resezh lacking
especiallywith more relevant md complex mixturesAs the complexy of metal mixture
increases, so does the number of potential interactions not only betveaartals butalso
between metals arather factos like soil propertiesand orgarsmand theirtraits.

In currentmetal mixtue research in sqilno studyso far, tests arange of species within the
same experimental design, and it is complicated to extgpthe differences in species
responses to miures based on studies conductéth different mixturecombinations, soils
and test deghs. However, it § expected that species respond differently to metal mixtures,
due to their different biological tta affectingnot onlytheir exposure to metaksit alsotheir
internal regulatia of metals It is also important to consler that from an ecological
pergective species are not isolated dheir interactions can lead to unpredictainidirect
effects fom contaminationln this case it is importanto consider the effects of metal

mixtures at increasinglels of ecologial complexity.
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Table 31 Summary of Metal mixture studies @vollembola Enchytraeids and Earthworms,iRReproduction, G Growth, S'i
Surival, Ci Cocoon Production, JJuvenik production, TU Single toxic uit, DR Dose and ratialeviations, Ant Antagonistic,
CA'1 Additive, Syni Synergistic.

Species Mixture Metal type Sail Metal concentrations Endpoint Estimations Generakespnse REF
. G G-ANT
Cd/zn Chloride salts OECD Total R TU R-CA [52]
Binary Chloride salts Body Cu/Pbi ANT
© Cd/Cu/PbZn Nitrate salts Lufa 2.2 (estimated) S DR Rest- CA [124]
° Folsomia . Natural soils Total; SoilSolution;
g candida Pb/Cd Nitrate salts 3) cacp G, R TU Cu/Pb- ANT [31]
% Cd/Zn Chloride salts Lufa 2.2 Nominal S,R DR Low dosesANT, High doses SYN [126]
O Sludge or spiked S- ANT(Spiked and sludge)
Cr/Cul/Ni/Zn mtrateErCérs)t;:hlonde Natural Solil Total S,R TU R - ANT (Spiked), SYN(sludge) [128]
Paronychiurus Binay - chloride salts OECD Nominal R TU Low doses ANT, High doses SYN  [127]
kimi Cu/Mn/Ni
. Total, water, CaQ Totd, Water, CaC2 CA
o Cu/Zn chloride salts OECD Body R TU Bodyi ANT [64]
o Enchytraeus crypticug Cd/Zn chloridesalts OECD Total and CaCPp TU ANT [129]a
5 . . Body Bodyi CA
)
Z Co/Ni chloride salts Quartz sand Eree ionactivity S DR Free ion activity ANT [130]
S Binary Nitrate salt (Pb)
w
En{;gﬁi_eus Cd/Cu/Rb/Zn chloride salts (rest) OECD Total R DR ANT [55]
Cd/Zn chloride slts Lufa 2.2 Nominal A DR CA [132]
Binary Total C C, Total metat CA
Cd/Culzn chioride salts OECD CaCPe (only Cd/zn) éé‘/’gr'% T C,J- CaCP (Cd/Zn)- ANT [129]a
E;g?é? Cd/Cu/Pb/zZn Smelter containation Natural soil Total and Cail C TU CA [129]b
g Sludge or spiked S- ANT (Spiked and sludge)
o Cr/Cu/Ni/Zn nitrate (Cr) chloride Natural Soil Total S,R TU R - Synergism (spiked), ANT [128]
E (rest) (sludge)
E Eisenia Smeler contamination | Naturd soil Total and Smelter soit ANT
w fetida Cd/Cu/Pb/Zn nitrate salts OCED CaClI2 (only smelter soil) C i Spiked soil CA [129]c
. Total, porewater and i . .
Aporrectodea Cd/Zn acetate salts Natural Soll cacp S DR ANT - Increasing wittdose [133]
Caliginosa Cd/Cu/Zn sulphate salts Natural soil Total S,C,G TU S,GC_-QXIT [135,136]

abf pata from Posthumeet al. [137], Weltje et al.

[138], Spurgea and Hopkin[72], respedtely, reviewed andcollected from Weltje [129].
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Tacklngthe Ecology irkcotoxicology

In ecological risk assessmetite goal is to protect the ecosystem and its communities.
As such and whilst single species tests are an ingyarfirst step teevaluatethe risk of
contamirants, in routine risk analysis, Waes derived fromsingle speciedestsrequire
validation frommore ecologically relevant and complex sdimid or field studiesvhen
they reveal to beinacceptableMoreover outside a routine risk assessment procedure,
these ecologically more relevaness can/should also beconducted to calibrate
assessment famts used in association to low tier teStkerefore threshold values may
be improved whemsing more relevant @ammunity researchncluding more ecological
principals in interpreting the effexof contaminants ono®system structurgl39]. In
addition to ecosystem strucéy soil systems are responsible for a variety of ecosystem
functions, such as nutrient cyajrand organic matter decompositi@ssentiald human

life and ecosystem heal{i40i 142]. In this seabn some of the literature testing the
effects of chemicals onpsecies interactios) multi-species community,and ecosstem
responses using laboratagd semfield experimentswvill be reviewed.

Two-species tests

To understand theffects of contaminda onspeciesnteractions and food wepbsome
research has beg@erformed on simpler two species predgitey interadbns. A model

test systemfor the predatoiprey interactions betweeRolsomia fimetaria and H.
aculeiferwas devdoped by Axelsenet al.[143] in 1997 This study foud that, whilst

this setup is much simpler than larger community food webs, it is still complex for
experimental testingresenting some caveatsSor instance, food plament in the test
vessel will ppmote aggregation of preyand consequently predatorsicieasing prey
catchability which changes the natural outcome of this interaction. Algbe starting
number of collembdans must be chosen carefully to avoid effedfs reduced
reproduction for mitedue to starvation.

One of the first studiesusing ths systemwas performed by Hamers and Krofl#4],
who observed the predatprey interactiondbetweenF. fimetata andH. aculeiferwhen
exposed to sulethal concentridons of dimethoateln this study F. fimetaria juveniles
were mostly affected by predatidmyt dmethoate may affect pdator evasiomncreasing
predation levelsThe effects of dimethoate were @lstudiedby Baatrup Bayley and
Axelsen2006,which confirmedthatF. fimetariahad signiicartly higher predatio by H.
aculeiferwhen exposed to stbthal concentrations of diethoatg145]. For F. fimetaria

INCREASING THE ECOLOGICALRELEVANCE OF THE EFFECTS OF METAL MIXTURES IN SOIL 18



adults theywere affected by a combination of dimedit® toxicity and préation despite
preferenceof H. aculeiferon juvenile predadn. Regarding e predtor,H. aculeiferwas
not affected by dimethoate at any dose tested in the individual exposure, but in the
predatofprey experiment, reproduction wasduced in the highedose because of
reduced pey availability. Predateprey sysemswith H. acueifer andF. fimetariawere
also used to assess the effects of the pharmaceutical ivernjédth and the
polyaromatic hydrocarbon benzo[a]pyrefig7]. For benzo[a]pyrene no effects of the
chemical werebserved buin theivermectinexpenment, F. fimetariawas significantly
more affected in theredator/preycombined test than under single exposurhe
increased effects in the predator prey system couldugetoincreased energy investment
in predatoravoidance reducing their tolerare to ivermectinor more likely increased
predation due to sulethal toxic effects of the chemical affecting predator evasion

In more recent studies, predator prey dynamiese studied still usingl. aculeiferas a
predator but withF. candidaas a prg species. Predator gy systems withF. candida
were used to determine the toxicity of (1d8] and the mobility of microplastidd.49].

In the Cd experiment, unlike traditial predatory prey systems no single species
exposure was conducted onlgombined exposure. In the Cd eperiment, unlike
traditional predatory prey systems no single species exposure was conducted only
combined exposurdn this case, the response I6f candida in the combined exposure
was more sensite than literature value®r singe exposure, because tiie combined
effects of predation and Cd toxicity. Interestingly aculeiferwas also more affected
thanF. candida however it is unclear if thesefefts are due to Cd toxicity or reduced
prey awailability in higher testdoses, & no Cd toxicity undersingle exposure was
determinedFor microplastis, predatoiprey experimentsvere usedto test the mobility

of microgastics in soil. In this study, nodata was presented on the toxicity of
microplasics or the reproductiveffect of the predatofprey inteaction. Compared to
single species exposurthe combined predatgrey exposure increased ttispersionof
micropastics by 40% compared to singleesfes exposure$pecies interaction may in
this case increase thigspersionof microplastics (and potgially other contaminantsih

soil increasng the exposure of other soil biota.

Recently the role ofa preexposue of preyto contaminant before itsse intess with H.
aculeiferas food was inw&igated. Although thestests cold not be considered awo-
species test inthe sense that effects on prey were not measuffexbe studes
demonstrated the importance ainsidering contaminant accumulatiam preyswhen
measuringoxic effects @ predabr specie$91,150]
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Unfortunately research on twespeces interactions has mostly focused on predgatey
systems and no research has been performed on otheapés®@s interaction such as
competition.

Mul ti-species Tets

Soil food webs and communityesponses were also studied in ¢omged artificial
comnunitieswith more than two specie¥hese studies increase the level of complexity
and species interactions oveio speciepredatory prey systentsit are still sinpler, less
variable and more repdacible than natural community expments.

Domene et al. [151], constructed a community withvena sativaas the primary
producer, severakoil invertebrates as consumer®ofcellinoides sgfasciatus, E
crypticus, F. candida, Ceratophysella denticulat@and Proisotoma minutp and one
precatory mite speciesH. aculeife, to test the effect of nonylphenol (NRJicrocosms
were destructively sampled at three time points (2&risb112 daysafter the start ofhe
experiment. Results found that only the Hhgst concentration of NP (27@g/kg)
significantly affecied the communityat the 28 and 56 day sampling periodster 112
days, the community recovered from the effects oleskat the highs& dose, due to &
degradation of the contaminat community NOEC of 90 mglkg of NP was derived
usng an ANOVA to compee the samples scores between tested doses and the control at
each time point derived from principal response curvédowever, dueto the rapid
degradion of this compound and the ability of the nmmunity to recover high
concentréons even above the NE@C have a relatively low ecological risk. iBh
communityresilience would not beetectedin standardsingle speciesestswhich are
generallymuchshoter in durationand more suitable for the asse®nt of resistance of
test specigagginst a contaminant

Artificial soil invertebrate communities were also used by Peenial.[152], t0 assess
the communityeffects ofa sewage sludge amalcopper enriced sludge. In addition to
the community effects this studyalsoincludedecosystm functioningby measting the
decomposition of oak leaves. The commurdbnsisted ofsix collembola species(F.
candida, Isotomurus prasinus, Lepidocyrtus cyaneus, Mesaghomacrochaeta,
Parisotoma nothilis, Protaplorura armatg, two species obribatd mites @rchipteria
coleoptrata and Adoristes sp, one predatory mitespecies(H. aculeifep) and one
enchytraeid speciesE( crypticug. Community abundance#creasd in all sludge
treatmentdue tothe highernutrient and organic mggr concentratias, but the rate of
increase was lowen the highest dosdsecause othanges in habitat conditions due to
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higher sludge application (pH, OM, microbial community) while copoicity was
considered low due to its complgion with sludge organic matter. For leaf
decompositionno effects were observed for the different treatments, but changes in leaf
chemical composition werdetectedwith significart increases in N conteimt leaves in

the highest sludge/copper treatrheand attributedo changes imicrobial community
strudure (not measuredh the highest dose

Previousresearchtestedthe effectsof contaminanton a artificial communities with a
fixed combination of sp@esbut Cortet et al.[153], measuredhe effects of phenanthrene

at a single dee of 43 mg/kg (correspnding toF. candidaLC50) on five different
artificial communities with increasingomplexiy. The simplest community contained
only natural soil microrganismgtha were common in all the five canunities) in the
second communitythe collembolan F. fimetaria was added to anothercommunity the
collembolans specied. prasinus, Hypogastrura assimilis,.MhacrochaetandP. armata
wereadded the fourthcommunitycontained alsthe enchytraeidE. crypticusandto the

final community with maximum level ofcomplexity,the predatorymite H. aculeiferwas
added This study found that responses to pollutants are strongly mediated by the
interactons within he soil community and predicted effects basediogle species eve

less accuratwith increasing commity complexity. For instance, in the most complex
community, F. fimetariawas confronted by three stressors (competition, predation and
phenanthrene teicity), which resulted in a decreased perfonece Interestinglynot only

did phenanthrene affect theoil community but the fate of phenanthrene was also affected
by community composition and degradation rates were higher in the most complex
community. The higher degradation of phenanthrene in tlestntcomplex commiuity

was attribuéd to a higher functioal richness leading to either an increase in the
mesofauna activity or changes in the soil microflora composition. However, the effects of
functional dversity could notbe distinguishedrom increass in degrader abdances

with increasng community comgxity.

Recently, the effects of BTEXmixture of benzene, toluene, ethylbenzene ayténe
generatedin petrochemical industriesin soil were determirge using a community
composed oftwo plant spe@s (actuca satia and Sinapis alla) and two soil
invertdorates the earthwormk andrei and the woodliceArmadillium vulgaré [154].

BTEX was tested at a single dose but dduite either ethanol or watelo effects were
observed for BTEX on invertebratmortality, seedling length or miobial activity.
However when BTEX was delivered through water rather than ethanol, there was a
decrease in woodlice weight and plant germamafor both plant specietn this case the
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authors attributed the effects thet direct toxicity of BTEX to plangemination and
woodlice and did not considendirect effectdrom species interactions

In recentyears,an attempt has been made to deadize artificial community testin soll
multi-species test system{&MS) to understand the effects of contamitson soil
communites This was performed with the goal of introducing community effects in
regulatory decisions, with lower variabilitiesich higher reproducibility than stems
using natural communitie§ hese systemgenerally include 4 to 6ollembobn species,
an oligochaetespecieseither the enchytraeid. crypticusor the earthwornk. andreiand
the predatory mitéd. aculeifer[155 159]. SMS systems havieeen used tassess the
effects of copper[155,159161] ivermectin [156], acypermethrin[157] and three
biocides sfenvalerate, picoxystrobin and triclosd®8]. Experimentaldesign can vary,
but usually SMSmicrocosmsare destructivelysampled at certain time peds and the
number of organisms from each sm@scis coated.

In the first expement with copper, ScotFordsmancet al.[155] used a SMS to assess
the effects of a field copper contaminataal and a copper sulphate spiked soithe
laboratorywith destructive sampling of microcosms after, 28. &td 84 daysin both
experiments te community was signifcantly affected by all copper concentrations and
no recovery was observed after 84 slayhis study alsomeasuredndividual species
response within # community to calculate EC10 and estimate HGBcentrationvia

an SSD The estimated HC5 was estimatd between 25 to 3%ngkg depending on
exposure duration andas the advantagef including species interactionsver HC5s
calculated fronsingle species

Copper contamination was also studied by ®msOliveira et al.[159] throughsimilar
SMS systems as$cottFordsmandet al. [155], but in conjunction with changes in
exposurgemperatureThe experiment wasonductedat four experimental temperatures
(19, 23, 26 and 2€) using acontrol or a coppeexperimental dose of 10@gkg. SMS
were sampledafter 24, 61 and 84 day#ligh temperature negatively impacted the soill
community structure and functidthe latter measuredsing baitlamina and litter bag)
and obscured the effects of copper contattona The use of a higher copper
concentration codd have better demonstrated the combined effect of temperature and
copper toxicity but wasivoidedto reduce the risk of high community mortality. The
Negativeeffectsof temperaturen the community were one noticeable with increased
expauetimes, anmportar indication that recovery was not occugin

Recently, thee SMSs wereused to understand the effects of copper nanoparticles in two
studies by Mendest al.[160,161] In the first stuly toxiaty of copper nanomaterials
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(CuO NM) was compared to copperhtoride in the SMSwith destructive sampling of
microcosms at 25, 56 and 84 days. In additm®MS,individual species exposure was
also conductedsimultaneously In the SMS, themagnitude ofcoppe toxic effects
increased by expase time for both CuCl and CuO NMand no recovery was detected
Comparing the toxicity of CuCGand CuO NM.there was no general trend for the EC10
across species in the SMSthvsome species more sengtito CuCl andtheas to CuO
NM. Comparing betweenMsS and single speciesxposures, dr both forms of copper,
the rank sensitivity of species differdzecause ofspecies interactionsThe overall
sensitivity to copper, decreas when including speciesteractions goundamce HC5
from SMS for CuCli 21 mg/lkg and CuO NMi 31 mgkg) compared to the individual
species exposure (individual specreproductionHC5 for CuCIli 13 mg/kg and CuO
NM 1T 7 mg/kg). In the second study, thedus was on nanomaterial cogtimamely CuO
NMs coated with four safer by desigoaings. In this stug, noncoated CuO NM and
citrate (CIT), ascorbate (ASC), polyethylenimine (PEI), polyvinylpyrrolidone (PVP) in a
SMS with destructive sampling at 28, &6d 84 days. In addition todtSMS test, sigle
species exposure was conducted only on threecollembola species k. candidg P.
minuta and H. assimilig. In general, thenoncoatedCuO NMs hadan intermediated
toxicity along withPVP coating whileCIT and ASCcoatings were the mbsoxic and
PH was the leastAs reported for otlr copper studies, thmagnitude of effect increased
with increasing exposure times in the SMS. Comparing between SMS and individual
species, gecies interactions significapticontributed tocommunity response anith
individual exposure species were lea8ected than in the SM exposure (EC50
individual exposure > EC50 SMS). In the previous study by the same a[itB6fsthe
opposite was observed where individual exposuas wore sensitive than in SMS,
however in the arrent study, only a subket of spdes was tested in théndividual
exposures and fanstance the most affecteollembola(Mesophorura macrochaetan

the SMS was not tested separately.

In another studyJensen and SceEordsmand156] used the SMS syem to assess the
effects of the phamaceutical ivermeat. In addition to effects on invertebrate
abundanceghis study also included a measure of ecosystem function by measuring
feeding activitythroughbait lamina. Similarly to the previous study Soott-Fordsmand
[155], community regonse was measure@s well asindividual responses within the
community to calculate specieEC10 and EGO values. All treatments significantly
affected the community and tleewas a general decrease in population aburedaitt
increasing concentrationd overmectin. HG concentrationsmeasured from individual
species within the SMBicreased with exposure time (28 dayssH®.022mgkg and 98
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day HG i 0.047mgkg) days inécating some level of community recovery possithue
to the degradation of thempound. Regarding feedg activity, significant effects were
only observed at the highest tested concentration.

Other researchers investigatbe toxicity of cypermethrim communitiesbut using two
slightly different 1S systens [157]. These authors w&sla community composety the
collembolan speciesHeteromurus nitidus, Himetaria, P minuta, Protaphorura fimata
and Mesaphorura macrochaetathe predatory miteH. aculeier and one of two
oligochaetespecies In one SMS community the enchytraeil. aypticuswas used and
in the other the earthworrk. fetida Results found that the community with the
earthworm hadhigherabundances afollembolan populations, whilst the pdatory mig
was more abundant in the communitith the enchytraeidl'he increas of the predator
H. aauleifer in the enchytraeid experiment could be duentie predation on the
enchytraeids, and consequently the increase in predator population sidehevel
exated an increased stress on ttdlembolan communitypromoting its deiease. The
predation ofH. aculeifeé on enchytraeids could also explain tbeer abundancesf this
species when compared to earthworms.

Finally the SMS system was used byhSueg et al. [158] to measurethe efect of the
biocides esfenvalerate, picoxydino and triclosanwith only onesampling period after 8
weeks. In this SMS experiment, the community was composed ofdbeimbolaspecies
(P. minuta, H nitidus, E fimetaia, P. fimata), the predatory mitél. aculeiferand the
earthworm E. fetida The authors found that thethree biocides affected the community
differently due to differenspeciesspecific sensitiviies to each compoundAs a result
communities had diffemt dominance structures when itegtthe diffeeent biocides (i.e.
H. nitidus was dominant for triclosanSMS butF. fimetariaand P. minutawere more
dominant inthe picoxystrobin SMS experimentComparé to single species exposure
data in the literaturepnly triclosan hd a similar toxcity comparedto literature (F.
candidaEC50, whilst picoxystrobinEC50 valuesfor species in the SM&asgenerally
higher thanthe literature (F. fimetaria EC50 and esfenvalerate B0 values for
individual species witm the SMS were lower thaim the literature (F. candidaEC50.
The negativeeffeds of the biocides onhie collembolacommunity were also strongly
correlatedwith reductionsin feeding activityand especiallycorrelatedwith negative
effects on thearthwom E. fetida
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Experiments usingnatural soil communities

In the previous secti@n species interactionsn simple twespecies tests and more
complex artificial communities were reviewddoweverthereare still some questios
regarding the reliability afhese systems in assessing #sponse of natal communities
and several reseders defend that natat communities should be used to accurately
assess the effect of contaminants in soil systgt6& 164]. In this section, research
containing atleast @rtial natural communities, including microcasmwhere the soil is
manipulated (e. seved and homogesed) and intact terrestrial model ecstgyns
(TMEs) where the soil structure and commuestiare preservedwill be reviewed.
Research conducted exchmsly on nematode or microbial communities wast n
considered.

Natural and seminatural soil community merocosms

In some studies, natural commities were used where in addition to the natural
occurring invertebratessome test species were addiecdingto a seminatural system
[1651 167]. In these sidies,common laboralry speciesare added(either plantsor larger
invertebrates likeearthworms or isopodisto guarantee a moreomplete ecosystem
response in addition to the natural microorganism and nmtbropod communityln
theses studies, microguns were not intact dacores butrather, soils were fied collected,
sieved and thelvoselypacked inrcylindermicrocosm containers

The first studyfollowing this methodwas conducted bogomolovet al. [165], who
assessed the effects gifadient ofcoppersulphatecontamination (G 800 mg/kg) with
destrutive sampling aftr 5, 10, 20 and 40 days. Th@crocosmconsistedof a natural
community of microorganisms and microinvertebrates to which the earthavor
Aporrectodea tuberculatavas added. This stydound that copper affected commity
structure by redung microbial bianass, nematode and earthworm abunddnogeneré
toxicity thresholds observed in the microcosms wWike those previously reporteaif
the different trophic groups in the litera#éuThe effects of copper on theiscommunity
affectedecosystem functio by reducing litter decompositigqmeasured usmlitter bag3
and increasing nitrogen mineralization.

In a similar study, Gundersaat al.[166] observed the effects of explosigentaminated
sediment in a micro@m experiment. In thisexperiment three plant species (Soybean,
Radish and Lettuce), their associated symbionts and two soil invertel{rst@od
Armedillidium vulgareand eathworm E. fetida) were added to the naturaltccurring
microbial and micrearthropod (including mites and collembolas) community. In this
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experiment soil invertebrates were not significantly affected by the coratedin
sediment, whilst germination wadfected f@ all plant species as well as rapbwth for
lettuce.

Finally, Burrows and Edwardg4167], observed the effects gfe pesticide Derasol (active
ingredientcarbendazimin a microcosm experiment. Each micrsgg in addition to its
natural mesmuna communitywas sown with wheat and hadrék earthworms of the
species Lumlricus rubellus added. he measured endpoints were earthworm and
nematode populations, plant growth and soil invertebrate feeding actiatyuneeusing
bait lamina. Resultoiind that all measured endpoints were affebiethe pesticide. The
LCso for eathworms and nematodesas 6.2 and 13.2ng active ingredient (a.i.) kg
respectively; feeding activity was significantly affected at the tvghidst concentrations
(20.52 and 656 mg a.i’lkg soil) whilst shoot growth was gnhffected at the highest
concentation of carbendazim. bfortunately, not community level effects, such as
community PNECs or Efgwere estimated.

The first study using onlyhe natural community without theddition of other species
was performed by Pamteeet al.[162] with two subsegert studies following he same
experimental procedas [168,169] In thesemicrocosmssoils were collectedrém the
field, sieved,dosed and then loosely packed into microctssh vesselsSampling of soll
microarthropocand nematode communities was op&formed after 7 days determine
the acute toxicity of these chemicala the first study, soil microcass were used to
assess the effects pfitropheno] trinitrotoluere (TNT) and coppeseparatelyf162], in
the seond to test theeffects of copper,cadnium, malathon and Aroclor 1254
individually in five separate experimenis69] ard in the thirdeffects of a chemical
warfare agent[168]. In all studies, @st chemicalsnegatively impacted the soil
microarthropod coxmunities with the exception @iNT [162] and Cd[169], howeverthe
intensityof responses differed between test chemicals. Nitrophenolevggoxic to soil
nematodes significantly affecting all group$62]. For copper responses differed
between stude in one study{162]omn i v o da®r ngnratedes and mestigmaa and
oribatid miteswere the most sensitive groups, batthe following experimen{l69]
nematodesf@ngivore, bacterivore, and omnivbpreddor nematodgswere the most
affected.Both experiments wereonductedusing oppersulphateand the sam soiland
differences are expected to be due to differences in the community structure between
experiments.Malathion andAroclor 1254, both producedimsilar respmses where
microarthropods were mersensitive than nemates paentially as a result of #ir low
watersolubility [169]. Microarthropals were also more sensitive to the warfare agent
compared to nematode communitji&8].
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Natural mesofaunaommunities were also used by Andrés and Danj&63] to assess
the dfects of sewage sludge and itgfelient treatments (dewatered, composted and dry
sewage sludge). These microcosms were constructed in a PVCopipéner filled with
400g control orreated soils which were calzed with microatiropods extracted from
soil cores from an undisturbed &st. In this experiment the soil used in the microcosms
was deficient in organic matter to simulate impoverisb@its which would benefit from
sewage lsidge application. Regardingcute effects, Petigmata mites were thmost
sensitive taxonpecause masare fungivorous and bacteriophages amxgected to be
more sensitive to the sludge than predatory or phytopisagates.At intermediate
exposure timg, Mesostigmata and Cryptostigmata were thetreessitive groupsAt

low pollution levels Mesostigmataabundances were stimulated due to increase in prey
avdlability but at higher concentrations they are very sewsito the accumulation of
contaminarg in the preywhile Cryptostigmata mites arenkwn to be sensitive tmetal
contamination. No resultg@areported focollembolan and no whole community effes
were determined.

In a more recent study, Chelinlet al.[164], proposed slightly differentapproach for
soil microarthropod community téisg. In this experimen soil was dosed with
carbofuran (using the commercial formulation Furadan 350 Sg)the laboratory
(Portuyal) and in the field (Brazil). Then the natural microeogfod communities frm
the two distinct locations (Portugal and BHipavere extracted dily into the test
vessels with tb contaminated soilplus the uncontaminated control soilhis approab
allows for the assessment of the effects on the soilnuamty in a worst cas
homogeneous contamination (Portuguese exmatimand a realistic did application
(Brazilian experinent).Results found that initial communities, as expected, varied greatly
between locations (Portugal or Brazil), but despite tdferences both canmunities
were affected by carbofuran exposufgarbofuran led to a deiction in taxonomic
diversity, with decreasing diversity with increasing dose both experimentsbut
especially in theBrazilian communityspecies adapted to dempsoil layers were ore
vulnerable to the toxic effects of this @wticide, and cuticlegymeability was found to be
an important trait reducing the uptake of the contaminant. Mite populationtheoother
hand, tended to increase overall with onlyightldecline in the &tuguese community at
the highest doses. Thecrease in mite populahs was attributed to a lower s#ivity to
carbofuran and was mainly caused by an increase of oribatidsh benefitted from
reduced competition for resourcasedto the toxic effes of carbofuran ogollembolans.
Predatory mies presented a deseponse decrease due to the lackhedir main pey
speciesdollembolans).
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Terrestrial model ecosystems

Intact terrestrial mesocosms have been used in researchvésakgears but mostf the
studies perfor med on wegetatioe ratie®h Gal snvertebratesu s e d
[170]. The most important study performed using intact TMEs was an international ring
test which has peed the way for subsequent research and is now an impgctaiaine

for TME studies. This internationahg-test aimed at staaddizing an approach for intact
terrestrial model ecosystems, whilst validating with field experiments the use of TMEs as
relevant systems to assess the effects of contaminants onlretosgstems. This study
was performed in foudifferent locations sektted close to the four differe project
partners in Germany (ECT Oekotoxikologie GmbH), Netherlands (Vrije Universiteit
Amsterdam), United Kingdom (University of Wales in Bangor) andrtiyal
(Universidade de Coimbra). The selectdtemical for testingn the project was the
fungicide Derosal (active ingredient Carbendazim). The TMEs consisted eh#dng

and 17.5cm wide HDPEtubes with a bottom plate with a drilled whole to collect
leachates. These intact cores were collecteth fthe field in the sjpmng using a steel
extraction coreand a hydraulic excavat@and placed in which simulate below ground
conditions using circulatl cool air (Figures 3 and.4)

High Density Intact Soil Core
_—" Polyethylene Tube

R Handles

_— Steel Driving Tube

_ Cutting Edge

Figure 3i Soil-extracton apparatus and TME configuration adaptednfidnackeret al.
[96].
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Figure 4- TME carts from the Uersity of Coimbra depicting the individual soil cores

In the fate experimenitLl71] both the TME and field experiments across the different
partnersshowed the saendegradation trends (DT50 and @) and carbendazim was
only detected in the first 1&m of soil due to its strong binding to soil particles. The one
exception found was in thddsheim experiment where carbendazim was less persistent
in the TMEs than thefield experiment, possibly dué changes inenvironmetal
conditionsin the Florsheimiéld validation experiment

Regarding the effects of Carbendazim exposure, effects were measured on earthworms
[172], enchytraeid[173], nematodeg174] and microarthropod communiti¢$75]. For
both earthworms and enchigeids data was highly variablenhiting statistical testing.
For earthworm abundance abébmass,it was not possible to detaine NOECs but
EC50 values ranged between 2.04 and 48.&.k¢ha and 1.02 to 34.6 kg a.i./ha for
abundace and biomass respeely. Effects on diversity wereard to distinguish due to
low number of individuals per species but the gdnusbricusappeaed to be the most
sensitive.For enchytraeid€C50valuesranged betwee®.5 and 28.4 kg a.i./hand
between7.2 and 87.4 kg alhafor abundance and specigshnessyespectively. In more
detail, the genusAchaeta and Enchytraeuswhich prefer deeper gsolayers where
carbendazim concentrations are lowsere rot affected, while species from the
Fridericia genusdemonstrated a deresponse relationship (abundanof Fridericia
EC50- 0.9 24.7 mgkg). Carbendazim affectethe number of nematode familigbgir
trophic structureand thé& maturity index (Ml) but effects were particularly pronounced
for the dundarte of omnivorousmnematodes (EC50 ranged betwdef3 and 7.24 kg
a.i./hg unlike total nematode abundance which was not affe€edmicroarthropods,
datawas only presented for three TME experimentsisterdam (Preliminary and TME
experiment) and &go (reliminary expament), experiments conducted imi@bra and
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Florsheim were not included in the pageestructive sampling of TMESs took place after,
1, 4, 8 and 16 weeks for the preliminary experimems at 1, 8 and 16 weeks for the
TME experimeh Microarthropod datavas very variable both within aretross TME
experi ment s ., sighiicam @ffecB Rveré bserved for theollembola
community in only one of the TME experimen&msterdam prelinmary), while for
mites effects were observed two of the three TMEexperiments(Amsterdam and
Bangorpreliminary), with no significant effect of sampling time for eitilembolaor
Mite communites NOECs of carbendazim fanicroarthropodsierived fom this data
rangal from0.36 to 87.5 kg a.i.A

This ring test exp@ment also measured the effects @drbendazim on ecosystem
function by measuring organic matter breakdofsing cellulose paper)soil fauna
feeding activity(using baitlamina) nutrient cycling(nitrate, ammonium, phosphate and
sulphae concentrations)and microbial parametergsubstrée induced respiration,
dehydrogenase activity, phosphatase activity and thymidine incorpor§iioé)178].
Organic matter breakdowwas affected by cabendazim andollowed a clear dose
response tationship(EC50 rangedetween 2.1 9.5 kg a.i./hg while feeding activity,
was extremely variable and did not follove aelear a doseresponse(EC50 ranged
between2.0 - 56 kg a.i./ha Nutrient cycling was not affected by carbendazim
treatments, even ahe highest dose teste(97.5 kg a.i./ha). This demorstes the
importance of functional redundancy allowing nutrient cycling to be performed normally
even when some aspects of the comityustructure are décted by a chemical. For
microbial parameterémicrobial biomass, baerial growth rates and enzynagivities)
carbendazim treatments effects were mild and did not allow the estimation5&f EC
values.

Thering-test experiment with MEs, andthe detailecconceptual design paper produced
hasstimulatel subsequentesearchKools et al.[179,180] for instarce, usedTMES to
assess the structuamd funtion of a metal polluted grassland and the effects of zinc and
heat stress to this already polluted systérhese studies found that for the metal
contamnated grassland,without additional stressors (zinc anbeat) nematode
community structure, rehytraedl and earthworm diversity were negatively correlated
with metal contamination and lower soil pH. flct, pH was an important factor in all
analysis dueo both its direct effets on organism performaneadits indirect effects on
metal availabity. This study also found that ecosystem function was more correlated
with the structural diversity of the ecosyst than total biomass. When increasing the
stress to the ecosystem witthe addition of zinc and heat,ost severe effects were
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observed inlte more ontaminated soils, indicating that these more degraded systems are
less stable and more vulnerable to &ddal stressors.

The TME approach was alsoadasto assess the fatadaeffects of ivermectin by Féter
et al. [181]. In this study Ivermectin, a veterinary pharmaceutical, was applied to the
surface of TMEs in cow dung slurry simulating realistic expgpsaenarig. Sampling of
the TMEs was perfornteat three different tne intervals, after 7, 28 and 9@y, to
assess not only acute and chronic effects but pdgéential community recoveryNo
effects were observed on microbial biomass and nematodeng@dabundace whilst
enchytraeidcollembolansand earthworms werefatted but with no clear dosesmnse.
In fact, dose responses allowing the estimation ob&&alues wereonly possiblefor
feeding activity(using baitlamina)at different soil layes. This denonstrates that whilst
no cleardoseresponse pattenvas olserved on soil organisnihere wa a doseesponse
effect on ecosystem function as measured through feeding actMityse results
reinforce the importance of accounting not only focosystem sticture but also
ecosystem functiom current ecotoxicolagal practicesCommunity NOECs désnated
using PRCs were 0.33g/kg after 7 days of exposure and at Omi§kg after 96 days,
which indicats a slight community recovery for the duratiof the eperiment.

Terrestrial model ecosymns were also used byl®lzStarkeet al.[182,183] to assess
the effects of theesticide LindaneOne interesting variation in theseidies, unlike the
previous studiess that TME systems were kept oatds under natural environmental
conditions.In the first study Lindae was applied to TMEs at a conaation of 10 and
100 mg ai /kg in the top 5cm of the TME. Results found a cle@oseresponse
relationship for micrearthropod communities, whilst d¢aworms and functional
endpoints (baitamina feding activity) were naffected up to one year after the
application of the pestide. Inasecond and more extensjvecluded samplingf fungi,
enchytraeids and nematodes not considered in the previalysatd a higher range of
test concentrationsige concentrationbetween0.032 and 3.2ng a.i.kg). In this case
no significant effects were observed for enchytraeids, nematodes andi.fFor
collembolans significant effects were observed in the intehiaiie and higher doses of
Lindane after 3 and sonths but the communirecovered and one year aftephgation
no significant &ects were observed.

Terrestrial model ecosystems calso be used to investigate the role of environmental
variables on théoxicity on chemicals. This was investigatedtwo recent studies wit

the fungicide pyrimethan{lL84,185]. In a first study Nget al.[184] observed the effects
of pyrimethanil on the soil mrobial communities under different and extreme rainfall
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regimes. This study found that effects on bactebi@mass were consistenithin the
fungicide treatmentsnaongst the different rainfall reges and the same was observed
for functional endpointsi.e. enzyme activity). On the othband,bacterial community
structure was significantly affected by raimfahd rainfall regimesmpacted the effects
of the fungiede. In the more recent study, Bamdet al.[185], observed the effects of
the same fungicide on enchytraeid communities under different soil maisginees in
two different experiments (conductéu Portugal and Germaih In both experirents,
three ramfall regimes were used (low, medium amgh) but different approaches were
considered for the fungicide application, in the Portuguese experiment dbees of
fungicide were used (Control, maximu application rate andbx the maximum
applcation rate) while in the experiment in Germany a E@pproach was conduced with
11 test dosedn the Portuguese experimetite enchytraeid communities were affecte
by soil moisture but not affected kither d the fungicide applidion doses. In the
experiment in @rmanythe ECx approach allowed the aadltion of EC50 values which
changed according tminfall regime anddecreased with drier soil¥he lower EC50
values in drier soils isan important considation highlighting the importance of
incorporating climag change in risk assessment of plantgoition products

TMEs have also been used to test complex agricultural management stja@®@jieEhis
expeiment consisted in five treatment strategias,irgact control with o treatment, a
tillage treatment wh and without insecticide applicatiq CTl and CT respectively) and
no tillage treatments but with herbicide application with and without insecticide
application (NTI and NT respectively). Soilléige did not affect thesal mesofauna
communities, howesr insecticide application affected ethsoil community. For
collembolaand enchytraeids the adverse effects of insecticide application were similar in
the CTIl and NTI treatments, but for mites, tiga(CTI) increased th@uration of effects.
Results for nies demonstrate that other mechangaessors (tillage) can increase the
effects of insecticide application, but the discrepancy in this resgonsellembolais

not clear.

The effects of noitraditional contaminant®r stressorscan also be tested IMME
experiments such as the saliniaat of coastal ecosystenj$87]. Salinization did not
affect Collembola nematode and earthworm communities butvilg impacted
enchytaeids communitiesHoweve once salinization eéfcts ceasethe enchytraeid
communty fully recovered. Interestingly plant biomass and earthworm communities
showed delayed effects only exftsalinization activities ceased.
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Overall TMEs can provide an imemse amount of informatiancluding fate, ecosysm
structual and functional datal'hey allow the use of realistic exposure scenarios, realistic
environmental variables or even the marépion of these environmental factors to study
added stressor effec The TME ring test conducted in conjunction wih field
experimentsalso demonsated that TME results were generally a good predictor of field
variability and response. Finally, TMEdlow the testing of persistent contaminants at
adequate scales (i.enetals) whilst protectinghe actual environmeritom unnecessary
risk of dosing feld sites. Despite the clear advantages of the TME approach, these
mesocosms are still closed systemd thus are limited in maximum incubation tinmet
allowing for vey long-term effects (nore han oneyear) due to cmmunity collapse.
Also, TMEs do nao include theprocessof external recovery and for larger organisms
such as earthwormshese systemmight beinadequate and considerably smakrge
TMEs, (30cm diameer, compared with the 17d&n commonly usedarecurrently beirg
used andlevelopedwhich can allow more adequate space fordam@yganisms and for
nontdestructive samplingver time[188].

Thesisobjectives and outline

The major gal of this PhD projects to investicate the envbnmentarisk of metas in
soil at real levels of contamant and ecoldgal complexity

As demonstrated in the literature revighere is a wealth of knowledgn the effects of
singe metals to soil invéebrates. Despite their importance these stugtienotconsider
that metals gnerally occur in the emanment as complex mixtures which can have
different toxic effects from those assumed by concentration addition. andré&gmetal
mixtures whilst sone research has been performed for the soilrenment.this research

is rather scarce and most of tharent research has been performed with more simple
binary and temary mixtures which are still not an adequate representafi the mixtures
found incontaminated sites. Furthermpneostof the déa prodwed with metamixtures

has been done with labdoay spiked soils usingnetal salts and have not accounted for
the added stress of salinity.

Chapter 2 of this study will address dosingnethods for fxed ratio metal mixtures
composedf lead, coppr, niclel, zinc, cobdl Current dosingnethods usingndal salts
require leachingo remove excess salinity which may affect metal mixture ratios. As
alternative methods, dosingith commercially acquired ni& oxides and laboratory
fabricated annealedetal conpounds will betested in conjunction with tradinal metal
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salts. The toxic effecs of relevant environmental and rdgtory mixture ratiosusing
these three ding method will be assessedn F. candda, O. nitens ancE. crypticus

Once determiad the most appropriatedosing method for fixed ratio mat mixture
experimentation, the followingchaptersanalysedthe effects of metal mixtures at
increasinglevels of ecologal complexity. In Chapte8, the effects of metal mixtures
weretested on thee stadard soil invertbrate test species with differeetologcal traits
(E. crypticus F. candidaandO. niteng. Individual metals (lead copper, nickel, zinc and
cobalt) were tested at 11 doses amdrtexture ratiosusing9 mixture dosesT hreefixed
ratios were basedon contaminated sites, five oregulatory threshold, one onthe
ecotoxicologral responsef F. candidaand an equal ratio between all fiveetals(equal
proportionof each metal 1:1:1:1:1The joint effect of metal mixteswasdeternined at
different dosedffect levels for each specidsletal mixtureswere then tested in more
complex community experiments.

In Chapter4, three mixtures ratios (Based onregulatory levels andl based on a
contaminated site) wetested with 9 mixtureloses ginga natural il community Data
was evaluatedusing a novel concept based on community similarity to determine
community level effect concentrations.

Finally, in Chapter5 the same metal mixturesed in microcosm experimes were tested
in a TME expeiment with thre doses based &@C values estimatl from thecommunity
tests performed in Chaptdr(Community EC10, EC50 and 2x EQ50n TMES effects
were determined fomicroarthropodsabundancess{milarly to microcosms)n a more
realistic eyosurescenario but ats on different compartments (s@hzymes) and on
ecosystem functioning

The proposed experimeritgend toprovide giidance on metal dosingethods for future
mixture experimentsprodice sindge species data othe joint effect of complex metal
mixturesand bridge the @p betweenthe effets of mixturesn singe-species tests arat
community and ecosystem levels. The results from these experiments are expected to
provide clarityinto the effects of metals amneironmentally relevainscales. At higher
ecdogical levels, this thesis intesdo not only understand the effects of metals on the
community and ecosystem, but also develop tools to incorporate community data into risk
assessmerschemes.
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Chapter 2 - Metal oxides and annead metds as
alternatives to metal salts for fixedatio metal mixture

ecotoxicity tests in soil

This chapter is based on the psibved paper

M. Renaud, M. Cousins, K.F. Awuah, O. édg, B. Hale, J.P. SausS.D. Siciliano,
Metal oxides and annealed tals asalternatives tometal salts for fixedatio metal
mixture ecotoxicity tests in soil, PLoS One. 15 (2020) e0229794.
doi:10.1371/journal.pone.0229794.
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Abstract

In soil metal ecotoxicolog research, dasg is usually performed with metal salts,
followed byleachingto renove excess salinity. This processo removes some metals,
affecting metal mixture ratios as different metals are removed by leadtimlifferent
rates. Consequently, alternative dgsmethod must be considered for fixed ratio tade
mixture research.nl this study three different metatixture dosingmethods (nitrate,
oxide and annealed metal dogivgere examined for metal concentrations and toxicity.
In the nitrate metal dosingnetiod leacing reduced total metal retention andasv
affected by soil pHand cation exchamgcapacity (CEC)Acidic soils 3.22 (pH 3.4, CEC
8 meq/100yand WTRS(pH 4.6, CEC 16 meq/10pdpst more than 75 and 64% of their
total metals to leachingespectivelywhile Elora (6.7 pH, CEC 21 meq/100gnd KUBC
(pH 5.6, CEC 28 meqg/11y) with higher pH and CEC only &t 13.6% and 12.2% total
metals respectively. Metal losses were hagt for Ni, Zn and Co (46.0%, 63.7% and
48.4% metal loss respectively) whereas Rfdl &Cu (5.6% and 20.0% metal loss
respectively)were mostly retained, féecting mixture ratios. Comparately, oxide and
annealed metal dosingvhich do not require leachindhad hidger total metal
concentrations, closer to nominal doses and maintained baiere ratios (percent of
nominal concentratns br the oxide metadlosingwere Pb= 109.9%, Cu= 846%, Ni=
101.9%, Zn= 82.3% and Co= 97.8% and for the annealed metal dosimgre Pb=
81.7%, Cu=80.3%, Ni= 100.5%, Zn= 89.2% and Ca& 101.3%). Relave to their total
metal concentrations, nitea meal dosing(lowest metal concentrations) was the rhos
toxic followed by metal oxides dosinghile the annealed dosingethod was gnerally
nortrtoxic. Due to the lack of toxicity of the annealed metals tomir higher dosing
effort, metal oxides, aréhe nost appropriate ahe tested dosingiethods, for fied-ratio
metal mixtures studies with soil invertebrates.
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Introduction

In soil ecotoxicologcal research, metal dosimgusually performed usingqueals meal

salt solutions in a dilution seri¢43,55,8,124,135,136]This approach allows for lsgh
dosingprecision, reduced variability and ease in hoerogingthe metals within the soil.
Despite these advantgy when dosingith metal salt solutionsalinity may be a cause
for concern. Salinityyotonly affects theehemodynamics of metals iisincreasingheir
mobility, bioavailability and toxicity{32,95,107,108put can in itself caus®xicity to

soil organisms[105,106] To address these comas, several authors have proposed and
performel the leachin@f sois dosed with metal salts to renm@the effect of salinity and
attempt to increase the realism of labonatspiked soils compared to contaminated sites
[100,101,189] A consequence of thisoil leachingprocess is that, in addition &alts,
some metal isost in the leachate. Silegmetda studies can correct for this by expregsi
biological response to the realized, rather than nominal, dose. In metal mixture studies,
looking at specific ratios of different metal elements in the sdi&achingcan be
disruptive, because different metase more or less mobile in soil due toféiences in
soil-metatwater partitionind190i 192].

In research testingnetal mixtures, dosindnas been perfored with metal salts but
without the leachingof dosed soils[55,64,124,131,135,136] In these studiesonly
Posthumaet al.[64] acknowkdged the importance of salinity by addisgdium chloride

to control treatments to balance anion concentrations cothpaih metal dosed
treatments. In mixture exgerents where leaching not performed, and salinity reot
corrected, toxicity can be ro higher than expected not only due to the increased
bioavailability of metals, but also because both metal and sakkaribute to toxicity.
Consequently, for fi@d ratio metal mixtur studies, and considerirtpat leaching can
affect mixture ratiosalternative methods for dosirgpils must be considered.

This research intends to find a suitable alternative to nsettd when dosingomplex
metal mixtures. To $ect an adequate dogj method as an alternative to rakesalts it is
important to satfy two criteria, namely the selected dosimgthod must better retain
metal mixture ratios and have an adequate toxioitsoil invertebratedzor this gal, we
consicered three differentnethods (metal nitrate salts, metaides and annealed metal
comgexes) for dosindixed ratio metal mixtures. Each method was evaluated for their
total and elemerdpecific metal concerdtions as well as their toxicity to standawll s
invertebrate tesgpecies Folsomia candidaOppia nitens and Enchytraeus crypticys
with different sensitivities and routes of exposure, in four different test soils.
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Metal nitrate salts were selectedrapresent the standard practice of metal dading

but which regire leachingto remove excess saity. Metal salts have been ke
extensively in ecotoxicolggwith a variety of different metal salts (i.e. metal chlorides
[18,43,64,13Q] sulphateq88,135,136] including nitrates[32i 34,60,88] Unlike some
previous mxkture studies in soil, which usedcombination of chlorides and nitrates salts
for different element$55,124]we seleted the same metal salt (nitrate) for all 5 metals
tested in this deing method. Metal oxides are proposed as &erhtive dosingnethod
which does not require leachirgnd which has also previously been used in soll
ecotoxicologcal research mostly inomparison to metal salt toxicity48,54] More
recently studies havilecused on metal oxide nanomaterials (1€3,193) but which are
considered separately from naano oxides used in this study. Annealed metal
complexes were selected as a dosmgthod simulatingcontamination resultinfgrom a
smeltingoperation and dwve not been previously tested in the scientiferature except

for a similar study on the effecbf these dosingnethods to soil microbial processes
[194]. In termsof their realism and environmental relevance, metal contaminated sites
can presena variety of different chemical form®5], but the annealed mat compexes
closely resemble the minesapresent at a metal contaminated sites like franklinite and
willemite [195,196] whereas oxides and metal salts are less representative but still used
in routine in laboratory dosingchemes (especiglmetal salts) for gactical reasons.

To address thadequacy of the different dosimgethods in terms of their toxicity, three
different soil invertebrate species were considered to cover differemisrdugxposure.
Thecollembola F. candidahas beemised as a standarelt specis in soil ecotoxicolog

for over 50 years anid mostly exposed to contaminants thriowspil porewater throug

the ventral tube and by the msfion of contaminated pore watand food [110].
Similarly, to F. candida E. crypticusis exmsed tocontaminants throug ingestion but

also dermally due to their close contact with soil pore water and lack of protective cuticle
[197]. O. nitensis a relatively new species in soil ecomibgcal research and is
exposed to contaminemmostly throuf ingedion due to their thick scietic exoskeleton
[198]. However, in jueniles, which lack this exoskeleton, exposure routes can include
dermal uptake andffect population performance due juvenile mortality[88,198] In
terms of sensvity, F. candidahasa similar sensitivity tde. crypticuswhilst O. nitensis
expected to be less sensitive duethieir hard body.Using copper as an example,
reproduction EC50 for each species OECD atificial soil was 477mgkg for E.
crypticus[64], 700mg/kg for F. candida[33], and 2,896ngkgfor O. nitens[88].

Metal solubility and speciation affethe mobility of metals in soils and consequently
their bioavailability and toxicitf95]. In this @semetal nitrate salts are expected to have
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a higher solubility insal pore water compared to naduble oxides or annealed metal
complexes[48]. The hidner availability in soil pore water (one of the maoutes of
exposure for invertebrates) implidsat nitrate salts shouldave a higer toxicity than
oxides and anrsded metal complexes. However, tliterature is not always consistent in
terms of the relative toxicity of oxides versus salts to soil iebeates[54,103] For
annealed metal complexetheir toxicity is unknown for soil invertelies, but this
method was desigied to incorporate metala soil directly as a mixture, which is the
result of a simulated smeltingrocess, thereby increasitige realism of metal mture
dosing schemes for sb ecotoxicoloyy. When tested usingsoil enzyme activity
(ammona monooxygenase and acid phosphataaesvity), the toxicity of similar dosing
methods was both soil and enzyme dependant and did not demonstrate a considtent tre
[194].

Soils and their pperties can also affect the mobility aahiability of metals. he most
important soil propertiesffecting metal bioavailabilityand toxicity are pH, cation
exchang capacity, orgnic carbon and clay contef7,95,100,199] Therefore four
differentsoils coveringa ran@ of these different sofiroperties were seltst for method
evaluation.

Methods

All experiments were performed with four different Canadiafssdifter collection, all
soils were air dried and sieved to rZn particle size before@tage. Soil properties are
presented in Table. Two of the soils .22 andWTRS) were reference ssikollected
close to miningsites in Flin Flon, Manitoba. Elora ifavas collected in Elora, Ontario,
while KUBC was a mixed soil from an agultural resarch field in Saskatchewan
(Kernen) and a soffom Iqgaluit, Nunaviti(UBC) mixed in a 1:1 ratio. Inlhcases, private
land owners provided permission for soil colientfrom the sites. Neither endaergd or
protected ecoldgal species nor humans werergded for this study
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Table 1i Soil propertis and closest soil typeassification in soil PNEC calculator.

CEC oraanic e ¥ Holding  PNEC soil caleuiato

Soil  pH-CaQ, (g‘;‘kg; Content 2 pacity [8]

(meq/100g) (9/kg) (ml/g)

3.22 3.4 8 17 45 0.3 Acid Sandy Forest
WTRS 4.6 16 25 110 0.35 Acid Sandy Arable
KUBC 5.6 28 12 24 0.48 Loamy

Elora 6.7 21 21 200 0.48 Loamy Alluvial

All four soils (Table 1) were dosed with five different metal mixtatos (Table 2) at a
singde mixture dose of 4 toxic units usirtgree diferent dosingnethods: netal nitrate
salts, metabxides and annealedatal complexes. The five mixture ratios were selected
based on averagmetal concentrations for each metal ine¢h contaminated sites in
Canada (Flin Flon, Sudbury and Port Colbornbg €anadian sloquality guideline for

an agicultural soil use (CSQ¥and the estimated PNEC in a Clayey Peatyfrom the
Soil PNEC calculator.

Table 2i Nominal metal mixtureatio compositions img/kg dry weight of soil at a dose
of 4 toxic units ad Folsomia cadidaECsp used in estimatingpxic units.

Mixture Lead Copper Nickel Zinc Cobalt
(mgkg) (mgkg) (mgkg) (mgkg) (mgkg)
Ratio 1- Port Colborne 55.6 380.9 1513 162.6 27.8
Ratio 2- CSQG 536.2 482.6 344.7 1532 306.4
Ratio 3- Flin Flon 202.1 618.6 9.2 22233 9.2
Ratio 4- Sudbury 2314.4 160.9 297 1196.4 152.6
Ratio 5- Clay Peat 612.1 662.5 395.7 1199.2 353.6
F. candidaEC50 1600[33,34] 700[33,34] 475[43] 750[33,34] 1480[18]

The mixture dose of four toxic units (TU), was calated basedn F. candida literature
EC50 foreach metal element (Table B).candidawas selected as a standard species to
define mixture doses, because literature data is available for all 5 metals.ixtteem
dose of 4 TU was selected as it was aedexpected toause twicity to all invertebrags
tested in this study. Afteeach dosig procedure, samples were collected for metal
analysis and the remainirgpil was used in toxicity assessments. In gtigdy mixture
toxicity modelingwas not addressl and sinlg metal dogg was not performed, kicity
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testingwas performed wh a sinde mixture dose (FU) only to determine the suitability
of the dosingnethods in terms of effects on soil invertebrates

Nitrate metal dosing

Aqueous nitrate solutionsf lead (Signa-Aldrich, Pb(NO3)2 ACS reagn t 99.@M%,
#228621), copper (Snmga-Aldrich, Cu(NO3)2- 2.5H20 ACS reagnt, 98%. #223395),
nickel (SignaAldrich, Ni(NO3)2-6 H2 O, purum p. a. crystalli zcg
(SigmaAldrich, Zn(NO3)2- 6H20, reagnt gade, 98%, #228737) and cobalt (Bgy
Aldrich, Co(NO3)2- 6H20 , reagnt gade 98%#230375) were pipetted individually to

each soil from their respective concentrated stock solutions, to reach the intended mixture
ratio. Distilled water was then added to each dosed and control soil to adjustater
content to 50% water hdihg capadty and all soils were vigrously mixed. Two weeks

after dosingsoils, the electrical conductivity of soils was measured, and dosed soils were
leached usingartificial rainwater[200], one porevolume at a timguntil conductivity
reached control (nedosed soil) levelsTo account for the loss of fine soil particlesrfr
leachirg dosed soils, control soils were leached once with one-ymvene of artificial
rainwater as well. After leachinghe soils were aidried and ligntly macerated to break

down agrecates.
Oxide metal dosing

Commercially available metal oxide§lead (SgmaAldrich, PbO, ACSreagnt O 99 . 0 %
#402982), copper (SmaAldrich, CuO, powder <10 pum, 98% #208841), nickel (Bag
Aldrich, NiO, 325 mesh, 99% #399523), zinc (®mAldrich, ZnO, ACS Reag n t o
99.0%, #96479) and cobalt (&igAldrich, CaOspowder <10um #221643) were used

in sdl dosingexperiments. When necessanyides were finely gpund to a powder using

a mortar and pestl®©nce gound, oxides were placed on plastic vielgpats in a sealed

glass container with an open beaker of niteaaOxides were left in contact withacid
vapours for 48 hours to remove any carbonates and subsequently, air dried in a fume
hood for 24 hours. Dried metal oxides were then individually kexigat the appropriate
concentration for each metal mixtureioadand addd to dry soil. Once all mdtaxides

were added, soils were thordug mixed by stirringand shakingand soil water content

was adjusted to 50% water holdicgpacity.
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Annealed metal dosing

Annealed metal complexes were prepared by precipitatinthroashg a metal nitrate
mixture ®lution, to simulate the laboratory equivalent of the ash produced from a
smelting operation. In this procedure the same individual aqueous metal nitrate stock
solutions used for metal salt doswwgre combined to cate four nixture stock solutions
correpondingto each mixture ratio (Table ZJo each mixture solution an iron nitrate
solution was added in a 2:1 molar ratio of iron to the sum of the five metals of interest.
The addition of iron was performed to inase the pcipitation of the 5 metals afterest

(Pb, Cu, Ni, Zn and Co). From this mixture solution an ing@ition of25mlwasused in

the procedure described below to examine metal precipitation rates in the final ash. This
preliminary information s used taorrect for unprecipitated rteds by adjustingheir
concentration in the mixture stock solution.

Metals were precipitated by increasisglution pH to 7 £ 0.25 with 14.B1 ammonium
hydroxide.If the pH rose above 7.25, nitric acid was addecbiwect for the intended pH
value. Oncehe correct pH was attained the tubes were shaken okgrafter which pH
was rechecked and adjusted if needddhe final titrated solutins were centrifugd at
400 gfor 30 minutes, after which the supernataas decanted and resultipgecipitates
were dried in a fume hood for 12 houfe resultingpellets were roasted at 6@for 1
hour in a muffle furnace to decompose the metaht@tbondg201i 203]. Metal content
in ashes was determined to check ratio composition bgstiigy the samples and
analysed throulg ICP-OES. Sample digstion was performed by stirrifig05 gof the ash
in a heated mixture of HF/HN{MHCIO4 until dry and the residue was therssblved ina
diluted HNOs solution

Despite initial corrections for unprecipitated metals, mfihal annealed material there is
always slidnt deviations from nominal metal ratids. this case the amount of annealed
material applied to each soil was ibghted by usinghe metal within the ash mixture
which best matched the nominal ratikor exanple, a targ@t mixture ratio could be 25%
lead, 50% copper, and 25% nickel, while H/ealed metal complexes were 23% lead,
57% copper, and 20% nickel. In shtase the mass balance for dogagh soil would be
calculated as per the concentration of lgathe annealed material. After the addition of
the metals to soil, these were thagbly mixed to homognize and incorporate the metals
into the soil and sbwater content was adjusted to 50% water holdaggacity.
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Toxicity tests

The toxicity of the thee different dosingnethods for each metal mixture and each soil
type were assessadsing the reproduction of three different soil invertebrate species.
Theseendpoints were determined usistandard protocols fdE. crypticus(ISO 16387
[204]) andF. candida (ISO 11267[205]). O. nitenstests were conducted adaptititg
procedures of Princet al.[198].

Prior to all invertebrate testingoil water content was adjusted to 50% of their respective
water holdingcapacity(WHC). A description of experimertaonditions for each test
species is presented in Table 3. In short, after the addition of soil arafg@sisms to
each test unit, these were incubated in the laboratory for four weeks under a photoperiod
of 16h: 8hlight:dark. For the duration of thacubation period, soil water content was
maintained by addindistilled water to match initial test vies weidnt and test units were
fed with ganular yeastK. candidaandO. niten$ or rolled oats E. crypticu3. After 4
weeks of incubation, foF. cardida and O. nitens the assays were ended by extracting
organisms from each replicate usiagheat extretor (previously tested for extraction
efficiency (> 90%)) and counted using binocular microscope. For enchytragid
organisms from each test vessetre fixed in 70% ethanol and stained with Baingd
(200 to 300uL of 1% Beng@l red in ethanol) for 24hAfter staining samples were wet
sieved usinga fine mesh (102m) and the orgnisms were counted usirggbinocular
microscope.

Table 3- Procedures adopted in reproduction tests Wwilsomia candidaEnchytraeus
crypticusandOppia nitens

F. candida E. crypicus O. nitens
Guideline considered ISO 11267205] ISO 16387204] Princzet al.[198]
Test period (d) 28 28 28
Testcontainers (mm) 29 x 80 29 x 80 29 x 80
Number of replicates per treatment 5 5 5 control 4 treatments
Number of orgnisms per reflate 10 10 15
Food source Dry yeast Rolled oats Dry yeast
Days of food supply 0, 14th 0, 7th, 14th21st 0, 7th, 14th21st
Days of aeration and moisture reestablishme  7th, 14th,21st 7th, 14th21st 7th, 14th 21st
Soil per test container (@W) 30 20 30
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Metal analysis

Soil samples were collected from bulk dosed soil for chemical analysis to determine total
metal concentrations. Totaletal cmcentrations in soil were determined by revergea

regia usingtrace metal gade nitric and hydrochloric acid (3:%/v) and followingthe
procedures descri bed b y206Jaodthe €EPA20InFbre&cbt uby
treatment soil (1 gwas weidped into 60ml Teflon digestion vesel and 9ml of nitric

acid followed by 3ml of hydrochloric acid were added to eachedigon vesselThe
digestion vessels were then swirled every 30 minutes until no acid fumes framoorg
matter digstion were observed and dgied in an oven overiigat 105°C. After
digestion was completed the resultisgjution was filtered usingvhatman 42 paper dn
analysed usingCP-AES for the metals of interedn addition to soil samples, analysis
was also performed for a standard reference maj2€8], recoveries for the SRM for all
elements were on avemy3% and always above 66%. Since SRM values restdve
were lower than expected nsesed medl concentrations in dosed soils were corrected
for standard reference material recoveries for each raletiadent respectively. Nominal

and measured total metal concentrations for each element, dose method, ankso#

are presented iAnnex1 (TableAl).

Statistical analysis

All data analyses were performed usifyy version 3.1.3[209] with the use of
organizational packags Rmisd210] andPMCMR [211] packags.

No statistical analysis is predged in he resits (Figures1 1 3) because different
variables were @uped (soils, elements, mixture ratios) to demonstrate the main effects
of the dosingmethods on metal concentrations and toxicity. These variables have
significant interactions betweethem, anl it would be erroneous to present statistical
significances for gouped variables. Results are presented as total metal concentrations
(groupingall five elements and mixture ratios) in each soil as a percent of the nominal
dose to demonstrateethole ofsoil properties on total metal concentrations accordog
dosing method (Figire 1). Individual metals concentrations are also presented as a
percent of nominal dose for each element across all soils and mixtures to observe the
effects of dosingnethods a the oncentrations of specific elements affectingxture

ratios (Figuire 2). Reproduction results from each species are presented asegveragnt

of control response across all mixtures for each soil and dostigpd (Figire 3).
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Total metaland indivdual metal concentration were adjusted for baakghd control soil
concentrations and then were normalized to their peroerdhdarget dose (nhominal)
concentration. This was performed to allow comparisons between soils which have
different background cmcentréions. When adjustments for soil baodgnd
concentrations resulted in retye values as a result of variation or metal loss from
leaching dosed soil concentration was corrected to zkrdoxicity tests, invertebrate
reproduction wasaermalizedto eachso i | 0 se camir@ negogluction.

Results

Metal concentrations were determined for nitrate metal dosiathod before (nen
leached nitrate) and after the process of leacfiearhed nitrate) to remove salinity, for
both oxide and arealed meidl dosirg methodsno leachingvas performed because there
was no added salt. Soil had arsfggant effect on the precision or variability of total
metal measurements. All soils suffered the same dagsingedures for each dosing
method and theasne levelof effort in mixing metals within the soil. Differences in the
magnitude of variability could be the result of differences in soil propersigsh as soil
texture affectingthe heterogneity of metals within the collected soil sample. Elora had
the hidhest varahility of the four tested soils followed by WTRS and 3.22 while KUBC
was the least variable. Elora and WTRS both had thbeebtgclay content possibly
reducingthe efficiency of mixingmetals within the soil. Excludingontleached nitrate

in the Elora sd, dosingprecision was similabetween the different dosingethods for
each soil. Total metal concentrations for all elements, mixtures and dosthgds are
presented in the Annex 1 (Table Al).

When comparinghonleached to leachedtrate dsing acdic soils (WTRS and 3.22)

lost more metals throingleachingthan soils with higer pH values (Elora and KUBC)
(Figure 1). In the lower pHoils, compared to its neleached counterpart, over 75%
(3.22 pH 3.4) and 64% (WTRS pH 4.6) of nistavere bst in the leachingprocess. In
contrast, Elora and KUBC with circumneutral pH levels of 6.7 and 5.6 had much lower
avera@ percent loss of metals (13.6% and 12.2% respectively) compared to their non
leached treatments. Elora and KUBC also hatidériCEC CEC of 21and 28 meq/100g
respectively) compared to 3.22 and WTRS (CEC of 8 and 16 meqf&8fgctively)
increasingthe binding affinity of metals to soil and reducinmetal losses throing
leaching For the remainingdosing methods, metal oxidend annead dosedsoils
produced similar results to ndé@ached dosed soils and were not affected by soil except
for oxides in Elora where a Higr than averagrecovery was observed. Compared with
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leached soils, oxide and annealed metal hateni¢ptal netal conentratiors and were

much closer to the tagg nominal dose in all soils but especially in the more acidic lower

CEC soils 3.22 and WTRS.

Dose Type
B Non-Leached Nitrate
B Leached Nifrate
E4 Oxide
O Annealed

Elora KUBC WTRS
Soils

3.22

Figure 1 - Effect of dosingmethod on total metal concentrations by séierage

percentag of nominal totalmetal concentraan (all elements combined) across all
mixture ratios (R: Port Colborne, R2 CSQG R3- Flin Flon, R4- Sudbury and R5
Clay peat), in ach soil accordingo dosingmethod.Error bars represent the standard

deviation (n=5).

Leachng selectively rermoved more than 45% of initially dosed Ni (46.0% lost), Zn
(63.7%), and Co (48.4%) (Rige 2). Comparatively, only small losses of lead6®) and
copper (20.0%) are observed in the nitrate metal doaftey leaching In the dosing

methals which did not rguire leaching(oxides and annealed dosjnigdividual metal

concentrations are much more consistent and closer to tle¢ mamginal doseespecially

for Ni, Zn and Co. For oxide metal dosjrgl elements concentrations wereleg than

leached nitrate @ling, while for annealed lead concentrations were hsliyglower.

Comparingbetween oxide and annealed metal dasmegults were simila Oxides had

higher individual concentrations of lead and ktlg higher concentrations of copper
(Oxide dosingpercent of nominal Pb =109.9%, Cu=84.6%, Ni}01.9%, Zn= 82.3%
and Co =97.8%) but annealed metal dosiwgs sliditly more consistent acrodgferent
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Percent of Nominal

elements (Annealed dosimgrcent of nominal Pb 81.7%, Cu= 80.3%, Ni = 100.5%,
Zn = 89.2% and Co =101.3%). Overall, despite some metals havirigwer total
concentrations towards the tatgdose, annealed metal dosihgd a sliptly better
consistency for maintainingnixture ratios. Dosingvith oxides and annealed complexes
produced resudtsimilar dosingvith metal nitrates prior to leachiribe soil (hoAleached
nitrate metal dosing

Dose Type

Non-Leached Nitrate
Leached Nitrate
Oxide

1507 Annealed

OEDN

—=

(=]

o
|

50

Lead Copper Nickel Zinc Cobalt
Metal

Fig. 2 Effect of dosingnethod on individual metals cogrttrations. Averag percent of
nominal concentration combiniradl soils (Elora, KUBC, WTRS and 22and mixtures
(Pat Colborne, CSQGFIlin Flon, Sudbury and Clay Peat) of lead, copper, nickel, zinc
and cobalt accordingp dosingmethod. Bars represertaadard deviation (g 20).

In terms of invertebrate toxicity tests performance, two soils wectuaded for E.
crypticus, (WTRS and 3.22) due to insufficient reproduction in controls (<10
individuals). In the two remainingoils (KUBC and Elora), validity criteria were met,
avera@ mortality was below 10%, reproduction above 340 juveniles and thicoef

of variatian (CV) below 34%.For F. candida mortality was always below 20% (aveeag
13%) andjuvenile production above 100 (aveea§58) in controls. In terms of variation,
for the annealed dosingethod in the Elora soil the CV in controls wédmee validity
requirements (CV=64%), however, maintainingr excludingthis soil did not chargthe
overall outcome of dosinmethod toxicity as annealed metals weeaeyally nortoxic.

In the remainingontrols theCV was on averag 25% with some soilslightly above the
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30% threshold (3.22 annealéd35%, 3.22 oxide$ 31% and KUBC nitraté 36%). For
O. nitens no validity requirements currently exist for this species buCi¥ien controls
was on averag42%, averagjuvenile production was 83 andudtdmortality was alays
below 29% per treatment (aveeatj0%).

Soil invertebrate reproduction differed amathg three dosingnethods relative to their
metal concentrations (Fige 3). Relative to their metal concentrations, metal nitrates
were the mostoxic, followed by mé&l oxides and annealed metal dosimgre the least
toxic. Annealed metal dosingas nortoxic at the tested mixture dose in all soils and for
all three speciegxcept forO. nitensin 3.22 (averag percent control 64%) anké.
candidain WTRS and 3.22 wittvery small effects (averagpercent control 75% and
83%, respectively). Despite their lower total metal concentration, metal nitrates were
always more toxic #n oxides toE. crypticus F. candidawas also more sensitive to
nitrates han oxides, except ithe 3.22 soil where metal loss for nitrate dosivas most
notable.O. nitenswere more sensitive to nitrates over oxides in WTRS and KUBC but in
3.22 and Elar oxides produced a laagtoxic effect Comparingbetween species.
crypticus was the most seitive invertebrate species whil@. nitensand F. candida
responses were similar with some excepti@sitenswere more sensitive to oxides and
less sensive to nitrates in the Elora soil comparedRocandidaandF. candidahad a
higher sensitivityto both oxides and nitrates in the 3.22 soil. Consideboth observed
toxicity and metal concentrations, the rank toxicity of the dosiethods from higeg to
lowest toxicity is nitrate metal dosingxide metal dosingnd anne&d metal dosingin
terms of species sensitivityg. crypticuswere dobally the most sensitive whil€. nitens
andF. candidahad a similar sensitivity
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Figure- 3 Effect of dosingnethod on invertebrate reproduction by s@iterage reproduction (agercent of control) fiothe three species pooled
over all metal mixtures for each dosimgthod and soil (Panel A); total metal concentration as a perearitagminal dose for each dosing
method over all soils and mixtures (PanelBYor bars represethe standard deviatioof the mean Qppia nitensn = 20, Enchytraeusrypticus
n =25, Folsomiacandidan = 25, Total metals r= 5)
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