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Methylmercury (MeHg)transferfrom waterinto the base ofthe food web (bioconcentration)and subsequent
biomagnification in the aquatic food web leads to most of the MeHg in fish. But how important is
bioconcentration compared to biomagnification in predicting MeHg in fish? To answer this question we
reviewed articlesin which MeHg concentrationsin water,plankton (seston and/orzooplankton),aswellas
fish (planktivorousand smallomnivorousfish)were reported.Thisyielded 32 journalarticleswith data from
59 aquaticecosystemsat22 sitesaround theworld.Although there aremany case studiesofparticularaquatic
habitatsand specificgeographicareasthathaveexaminedMeHgbioconcentration and biomagnification,weper-
formed ameta-analysisofsuch studies.AqueousMeHgwasnotasignificantpredictorofMeHgin fish,butMeHg
in seston i.e.,the base ofthe aquatic food web,predicted 63% ofthe variability in fish MeHg.The MeHg
bioconcentration factors(i.e.,transferofMeHg fromwaterto seston;BCFw-s)varied from 3 to 7 ordersofmagni-
tude acrosssitesand correlated significantly with MeHg in fish.TheMeHg biomagnification factorsfrom zoo-
plankton to fish varied much less(logBMFz-f,0.75 ± 0.31),and did notsignificantly correlatewith fish MeHg,
suggesting thatzooplanktivory isnotasimportantasbioconcentration in the biomagnification offish MeHg
acrosstherangeofecosystemsrepresented in ourmeta-analysis.Partialleastsquare(PLS)and linearregression
analysesidentified severalenvironmentalfactorsassociated with increased BCF,including low dissolved organic
carbon,low pH,and oligotrophy.Ourstudy revealsthewidespread importance ofMeHg bioconcentration into
the base ofthe aquaticfood web forMeHg athighertrophiclevelsin aquaticfood webs,aswellasthemajorin-
fluenceson the variability in thisbioconcentration.
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1.Introduction

Methylmercury (MeHg)isknown foritshigh degree ofbioaccumu-
lation in aquaticfood webs,with MeHgconcentrationsin predatoryfish
that can be six orders ofmagnitude higher than in surface water
(Lindqvist et al., 1991; McMeans et al., 2015). The stepwise
biomagnification ofMeHg from one trophiclevelto the nextresultsin
MeHg concentrations([MeHg])in aquatic biota thatcan pose health
risks to humans as wellas wildlife (Clarkson et al.,2003;Sheehan
etal.,2014).Reducing environmentalexposure ofhumansand wildlife
toMeHgcould savetheEuropean Union (EU)up to €8–9 billion peryear
(Bellangeretal.,2013).To protecthuman health,theWorld Health Or-
ganization (WHO)hassetan environmentalquality standard (EQS)in
fish of0.5 μg MeHg g−1 wetweight(w.w.)(FAO/WHO,2015).In the
European Union, the EQS for total mercury (Hg) in fish (0.02
μg Hg g−1 w.w.)isN20 timeslowercompared to theWHO EQS since
the EU seeksto betterprotectsecondary consumersin aquaticecosys-
tems (i.e.piscivorous birds and mammals) (EC,2013;Vignatietal.,
2013).The WHO EQS is already exceeded in N50% ofSwedish lakes
(Åkerblom etal.,2014)and isalso often exceeded in piscivorousfish
species in Northern America (Gandhiet al.,2014).Regionally,the
more stringentEU EQS isoften exceeded,especially in borealfreshwa-
ters,includingalmostallthosein Fennoscandia(Nguetsengetal.,2015).

Globally,therearelargeregionaldifferencesbetween Hgconcentra-
tions([Hg])in both waterand fish acrossregions(Selin etal.,2007;
Selin,2009).Even within regionsthere isa considerable variability in
fish [Hg],which generally doesnotrelatewellto [Hg]orMeHg concen-
trations[MeHg]in water(Rolfhusetal.,2011;Liu etal.,2012).An indi-
catorto betterunderstand the transferofHg fromwaterinto biota,and
the subsequentbiomagnification in fish,could improve the environ-
mentalpolicies to reduce fish [Hg].Chen etal.(2014) have already
shown thesignificance ofusingwatercolumn particulateMeHg to pre-
dictfishMeHgthrough an investigation of10 estuarysitesin Northeast-
ern USA.Thiswould be valuable since the environmentalresponse to
policiessuch asHg emission reductionscan be slow,often on a time-
scale ofdecadesto centuries(KumamotoPrefecture,1998;Meilietal.,
2003;Kindaichiand Matsuyama,2005;Danielsson etal.,2011),and
fraughtwith uncertainties.

WhileHg in fish posesathreatto consumersregardlessofitschem-
icalspeciation,MeHg isthe Hg speciesthatbioaccumulatesmosteffi-
ciently (Clarkson etal.,2003).Many studiesthatanalyzed [MeHg]in
aquatic biota with a focus on MeHg bioaccumulation in piscivorous
wildlife and itsrelation to Hg exposure have shown that[MeHg]in-
creasessteadily with each trophic level(Mason etal.,1995;Munthe
etal.,2007;Clayden etal.,2013).A comprehensive review by Lavoie
etal.(2013)on [Hg]and [MeHg]along the aquaticfood chainsacross

the globe hasputmuch ofthe existing data in perspective.They found
thatbiomagnification patternsabovethebaseofthefood webwererel-
atively similar with some consistent differences between regions.
Lavoie'sreview,however,used longer-lived benthicmussels/snailsas
the trophicbaseline.Thus,the review did notaddressthe entry ofHg
into the base of the aquatic food web,i.e.,the step from aqueous
[MeHg] to organisms at the lowest trophic level. Using seston
(i.e.,suspended particles,mostly composed ofsmallalgaeand bacteria)
asthe base ofthe pelagicfood web,a study ofthewestern GreatLakes
region found thatdissolved organicmatter(DOM)limitedMeHguptake
from water by seston, zooplankton, and fish, yielding lower
bioconcentration factors(BCF,defined asthe ratio between theMeHg
concentrationsin biotaand water),whilethetrophicmagnification fac-
tor (TMF) from the base ofthe food web upwards remained stable
acrossdifferentfood webs(Rolfhusetal.,2011).Thisfinding isan indi-
cation ofthe complexity ofHg bioconcentration from waterinto the
biota due to the influence ofdifferentenvironmentalfactors,butalso
the importance ofthe variability ofbioconcentration into the base of
the pelagicfood web forthe biomagnification to highertrophiclevels.

Correlationsbetween catchmentcharacteristicsand fish [Hg]have
also been utilized to examine the influence ofenvironmentalfactors
on [Hg]in aquatic biota.Kidd etal.(2011)have argued thatphysical
and chemicalcharacteristics,e.g.DOC and pH,reflectHg bioavailability
in the environment that may be a critical influence on Hg
biomagnification.Forexample,low pH surface water(pH b 6)with
higher [Hg]is associated with higher [Hg]in generally oligotrophic
freshwaterecosystems(LeFaucheuretal.,2014).On theotherhand,eu-
trophicaquaticecosystemsare associated with increased plankton bio-
mass and consequently lower [Hg] in the aquatic biota (per unit
biomass),which isdescribed as “biodilution” (Pickhardtetal.,2002;
Karimietal.,2007).Some very eutrophicaquaticecosystemsin China
and Eastern Europe have relatively high aqueous[MeHg](N1 ng L−1),
but rather little [MeHg] in biota (b0.2 μg g−1 w.w.) (Farkas et al.,
2000;Nguyen etal.,2005;Suchanek etal.,2008;Liu etal.,2012).This
standsin contrastto higher[MeHg]in the biota ofoligotrophicboreal
ecosystems(N0.5 μg g−1 w.w.)despite aqueous[MeHg]thatare often
b1 ng L−1 oreven b0.1 ng L−1 (Meili,1991;Watrasand Bloom,1992;
Clayden etal.,2013).Someofthesedifferencesmayderivefromvarying
MeHg photodemethylation (PD)activity in freshwaterlakesasa func-
tion ofcolor(Lehnherrand St.Louis,2009).Nevertheless,themagni-
tude ofthe discrepancy between aqueous [MeHg]and fish [MeHg]
acrossregionaland globalscales,butalso within regions,pointsto the
need fora betterunderstanding ofwhatcontrolsthe transferofMeHg
fromwaterinto thebaseofpelagicfood webs.Wearespecifically inter-
ested in how thebasalMeHgtransferinfluencestheoveralldistribution
ofMeHg in aquaticecosystems(i.e.,lakes,reservoirs,and estuaries).
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Mason etal.(2012)and Le Faucheuretal.(2014)have summarized
experimentalapproaches to studying MeHg bioconcentration from
waterinto biota.Theyfound thatthetransferofbioavailableMeHgfrac-
tionsfrom waterinto seston isa criticalstep forsubsequentMeHg bio-
accumulation in aquaticfoodwebs,and thatMeHgaccumulatesmorein
seston than inorganicHg.These experimentalstudies,togetherwith
Driscolletal.(2007),also showed thatthe variation in trophictransfer
is lower than the variation in BCF from water to planktivorous or
smallomnivorousfish.Mackayetal.(2013)stated from amathematical
pointofviewthatBCFiscriticalto chemicalconcentrationsin foodwebs
and can be determined in laboratory tests.Thisalso suggeststhatthe
large degree ofvariation in the [MeHg] ofaquatic biota may stem
from variation in the degree ofbioconcentration into the base ofthe
food web.To testthishypothesisagainstfield observations,itisneces-
sary to distinguish the movementofMeHg from waterinto the base
ofthe food webs(bioconcentration)from the trophictransferfurther
up thefood web (biomagnification).To date,however,there isno liter-
aturemeta-analysison MeHgbioconcentration fromwaterthrough the
base ofthe pelagicfood web into fish which could complementthe re-
view by Lavoie etal.(2013)on MeHg bioaccumulation furtherup in
food webs.

Thisbriefoverview indicatesthe need fora betterunderstanding of
the factors which mediates the transfer ofbioavailable MeHg from
waterinto the base ofthe aquatic food web,and eventually fish.For
thatpurpose,we conducted a literature meta-analysis on MeHg in
aquatic ecosystems where a comparison was made between MeHg
bioconcentration and the subsequentMeHg biomagnification to fish.
We compared the increase of[MeHg]from waterinto the base ofthe
food web,operationally defined asseston,with the increase from the
base of the food web up into planktivorous fish.We assessed the
magnitudeofthesetwotransferstepsusingmetricsofbioconcentration
from water to seston (bioconcentration factors, BCFw-s) and
biomagnification from seston into zooplankton,then to planktivorous
fish (biomagnification factors,BMFs-z and BMFz-f).Finally,we sought
to identify environmentalfactors related to the variability in MeHg
bioconcentration and biomagnification.

2.Materialsand methods

2.1.Published data and site characteristics

The literature selection identified publicationsin Web ofScience™
and PubMed (pubmed.gov) that contained MeHg concentrations
([MeHg])in water,plankton (seston and/orzooplankton),aswellas
planktivorousfish from pelagicfood websin lakes,reservoirs,and estu-
aries,since 1975.In total,8511 studieswere screened by searching for
matcheswith “mercury/Hg” and “accumulation” in allfields(includes
Title/Keywords/Abstracts).From these,217 studies were checked
through thefull-textto identifytheirstudymethodsand results.Thede-
tailed selection processispresented in the Supporting Information (SI),
Table S1.Eventually,32 papers from the 1970s to 2015 ended up
matching the selection criteria.These papers reported data from 59
aquatic ecosystemsata totalof22 sites(SIFig.S1 and Table S2).The
spatialexpanse ofthe studiesranged from the tropicsin the southern
hemisphere to the borealregion,with mostofthem coming from tem-
perate latitudes(SITable S3).

The [MeHg]in water,seston and/orzooplankton,and fish (mea-
sured in muscle tissuesfrom low-trophic-levelfishesthatare mostly
planktivorous)were then extracted from the publications,eitherthe
main textor the supplementary information.Data were digitalized
usingWebPlotDigitizer(Rohatgi,2016),ifonly figureswere available
fordata extraction.The seston b50 μm,consisting primarily ofalgae
and bacteria,isthe size fraction mostsusceptible to grazing.However,
the plankton size fraction b50 μm may notbe the preferred food for
planktivorousfish due to size-selective feeding habits,by which the
largest prey size is preferably ingested,i.e.,N50 μm (Brooks and

Dodson,1965).In the compilation ofdifferentliterature sources se-
lected by the meta-analysis,seston wasoperationally defined,based
on whatisreported in each publication,aseitherthe smallestparticu-
latesfiltered outby glassmicrofiberfilters,the known primary pro-
ducerswithin aquatic food webswith a size range from 0.45 to 200
μm,orthe smallestplankton size fraction reported.The criterion used
for defining seston from each specific publication is noted in SI
TableS2.Bioconcentration factorsbetween [MeHg]in waterand seston
were calculated.The [MeHg]in zooplankton and fish were used to cal-
culate biomagnification factors,since thisMeHg representsnotonly di-
rectdietary food uptake from seston butalso thatderived from both
facilitated transport and passive transfer through cellmembranes
(Mason etal.,1996).Itwasnotalwayspossibleto differentiatebetween
herbivorousand predatory zooplankton,thusitispossible thatsome
zooplankton also ingested other consumers. The [MeHg] in
planktivorousand smallomnivorousfish (i.e.,preyfish)were extracted
to define a consistenttrophiclevelfor“fish” acrossthe sites.Although
we focused on lowertrophic-levelpelagicfish,benthivorousand occa-
sionally piscivorousfeeding could notbe entirely ruled out.Itwasas-
sumed thatreported [MeHg]in aquaticfood web compartmentswere
atan equilibrium state.

Information and measurementson catchmentcharacteristics,in-
cluding trophicstatus,acidity,and biomewere also extracted from the
site descriptionsin the published papers(SI3,TablesS2 and S3).

2.2.Data handling and statisticalanalysis

TheBCFisdefined astheenrichmentofMeHgfromwaterinto biota
(Gobasand Morrison,2000).The enrichmentofMeHg from waterto
the base of the food web as defined by seston was designated as
BCFw-s.This was calculated as the ratio between [MeHg] in seston
([MeHg]seston,ng MeHg g−1 dry weight(d.w.))and [MeHg]in water
([MeHg]water,ngMeHgmL−1)(Eq.(1)).

BCFw−s ¼
MeHg½ #seston
MeHg½ #water

mL g−1! "
ð1Þ

Methylmercury dry weight concentrations in zooplankton and
preyfish were also used to calculate BCF,even though we recognize
that[MeHg]in these biota include food uptake from seston aswellas
uptake directly from water(Mason etal.,1996).The BCF from water
to zooplankton and preyfish were termed as BCFw-z and BCFw-f,
respectively (Eqs.(2)and (3)).

BCFw−z ¼
MeHg½ #zooplankton
MeHg½ #water

mL g−1! "
ð2Þ

BCFw−f ¼
MeHg½ #fish
MeHg½ #water

mL g−1! "
ð3Þ

Theaccumulation ofMeHg between adjacenttrophiclevelswasde-
fined as a dimensionless biomagnification factor (BMF) (Gobas and
Morrison,2000),representing trophictransferofMeHg.BMFs-z stands
forthe bioaccumulation from primary producers(seston) to pelagic
primary consumers (zooplankton) (Eq. (4)). Similarly, the BMF
from the primary consumers (zooplankton) to pelagic secondary
consumers (preyfish),termed BMFz-f,was calculated using preyfish
MeHg ([MeHg]fish,ng MeHg g−1 d.w.) versus zooplankton MeHg
([MeHg]zooplankton,ngMeHg g−1 d.w.)(Eq.(5)):

BMFs−z ¼
MeHg½ #zooplankton
MeHg½ #seston

¼ BCFw−z

BCFw−s
ð4Þ

BMFz−f ¼
MeHg½ #fish

MeHg½ #zooplankton
¼

BCFw−f

BCFw−z
ð5Þ
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BCF and BMF calculationsforeach aquatic ecosystem were made
using measured [MeHg]from the publications(median valuesifmore
than onemeasurementwasmade in an aquaticecosystem).

The statisticalanalysesofthe datawere performed using the soft-
ware JMP 10 (© SAS Institute Inc.)and SIMCA 14 (MKSUmetrics).The
environmentalfactors(i.e.,pH and dissolved organic carbon (DOC))
and log-transformed [MeHg]from the reviewed aquatic ecosystems
allpassed the Shapiro-Wilk Goodness-of-Fittestfor data normality
(Shapiro and Wilk,1965).Regression analyseswere used to testhow
wellaqueousMeHgpredicted MeHgin aquaticbiota.Linearregressions
were used to examine how the BCFw-sand BCFw-z related to fish MeHg.
Thelevelofsignificanceforalltestswassetatp b 0.05.Wealsoused Par-
tialLeastSquare (PLS)analysisto assessthe relative importance ofdif-
ferent environmental factors in explaining the variation ofMeHg
transferin biota.Unlikemultiple linearregression,alltesting in PLS is
made simultaneously,hence no correction is needed.The details of
PLSmodelsand resultsarelisted in theSupplementaryInformation (SI).

3.Results

3.1.Study sitesand aquaticecosystems

Freshwaterstudiesdominated theselected publicationson MeHgin
aquaticecosystems.Themostfamousand theearliestonehowever,was
conducted in an estuary site atMinamata Bay (SITable S2).Among all
32 papersinvestigated in thismeta-analysis,28 reported [MeHg]at21
sitesin thenorthern hemispherewith only 3 studiesfocused on atrop-
icalfreshwaterlake in PapuaNew Guinea (Site 9).Freshwatersiteslo-
cated in Asia and southern Europe were characterized by strong
anthropogenicinfluences,eutrophication and neutralto alkalinewater
(Site 11,17,18,19,and 21,SITable S3).This contrasts with often
more pristine and oligotrophic conditions, as well as acidic to
circumneutralwatersin Scandinavian and North American borealsites
(Site 2,3,5,14,16,and 20,SITable S3).We have nottreated theGreat
Lakesregion asone site,given the geographicaland ecologicaldiffer-
ences across the GreatLakes.We have also nottaken riverine sites
into the finallist,although they were considered in the literature
screening.One reason for this is thatfish in rivers/streams can get
partsoftheirdiet,aswellasMeHg,from terrestrialprey,including ter-
restrialinsects,butalsospidersand even rodents(DiPrinzio etal.,2015;
Brettetal.,2017).Anotherconcern isthe mobility ofloticfish which
meansthatthey can getMeHg from othersourcesand watersbesides
thosewhere the fish are caught.Thus,the dietary trajectoriesofMeHg
in loticfish are notrestricted to the sampling locality.No studiesfrom
the Brazilian Amazon matched ourpublication selection standardsso
far.For instance,Roulet et al.(2000) investigated [MeHg]water,
[MeHg]seston,and [MeHg]zooplankton in an Amazonian river,butno
[MeHg]fish was reported.In parallelinvestigationson aqueousand
zooplankton [MeHg],no MeHg data on fish from low trophic levels
were found (Kehrig etal.,2009;Kasperetal.,2014).

The [MeHg]water in allaquatic ecosystems ranged from 0.02 to
1.94 ng MeHg L−1.Outofthe 59 ecosystemsanalyzed,39 identified
both seston and zooplankton.The [MeHg]seston varied from 1.7 to
410 ng MeHg g−1 d.w,while the [MeHg]zooplankton weremuch higher
and varied from 2.7 to 2600 ng MeHg g−1 d.w.The highest[MeHg]in
seston and zooplankton were both recorded from site 21 in the Babeni
Reservoir,Romania,sampled with 65 μmand 200 μmplankton nets,re-
spectively (Bravo etal.,2014).The[MeHg]in preyfish ranged from 24.1
to 3400 ngMeHgg−1 d.w.(SITableS2).Mostoftheaquaticecosystems
had [MeHg]fish thatwere below theWHO EQS (0.5 μg MeHg g−1 w.w.
equivalentto 2500 ng g−1 d.w.assuming 80% watercontentin fish,
forplanktivorousorsmallomnivorousfishes)(USEPA,2012).However,
in some pristine boreallakes(Site 2)and contaminated sites(Sites21
and 22),[MeHg]fish were wellabove thislimit(Lindqvistetal.,1991;
Bravo etal.,2010;Dominik etal.,2014).

3.2.Relationshipsbetween MeHg in aqueousand particulate sources

Wefound no correlation between log[MeHg]waterand log[MeHg]fish
(R2 b 0.01,p N 0.9).Additionally,log[MeHg]watercould notpredictlog
[MeHg]seston (R2 = 0.01,p N 0.5)orlog[MeHg]zooplankton (R2 b 0.01,p N

0.5),unless one high [MeHg]water (site 16,[MeHg]water N 1 ng L−1)
wasremoved from the regression.Both log[MeHg]seston (R2 = 0.63,p
b 0.0001)and log[MeHg]zooplankton (R2= 0.72,p b 0.0001)strongly cor-
related with log[MeHg]fish,butlog[MeHg]zooplankton wasabetterpredic-
tor(Fig.1).Thisisconsistentwith previouslypublishedworksreporting
the importance ofplankton asamajorfood and MeHg exposure source
to planktivorousfish regardlessofsite differences(Hirota etal.,1979;
Kasperetal.,2014;Lehnherr,2014).

3.3.MeHg transferfrom waterto biota and within trophiclevels

Themean bioconcentration ofMeHgfromwaterto seston (logBCFw-s)
(5.32 ± 0.73,Mean ± S.D.),orzooplankton (logBCFw-z)(5.82 ± 0.69),
were very similar(t-testtwo-sample unequalvariance,p b 0.003)and
in both cases over six orders of magnitude greater than the
biomagnification ofMeHg from zooplankton to preyfish,logBMFz-f(0.75
± 0.31)(Fig.2).The logBCFw-f(6.60 ± 0.69)and the range ofBCFvalues
were close to whathave been reported from the experimentalwork by
Mason etal.(1995)aswellasin amore recentfield investigation ofthe
Western GreatLakesRegion (Rolfhusetal.,2011).The degree ofMeHg
bioconcentration into the base ofthe pelagicfood web,asrepresented
by BCFw-s,isthusmuch greater,butalso more variable between sites,
when compared with BMFz-f,the transferofMeHg from plankton to
preyfish atalow trophicposition in thefood web.ThetwoMeHg trophic
transfervalues(logBMFs-z and logBMFz-f)are also similar(t-testtwo-
sample unequalvariance,p b 0.0001)(Fig.2).

The BCFw-swasnotcorrelated to BMFz-f(pairwise:r= −0.08,p =
0.68).The BCFw-swas,however,a significantpredictorof[MeHg]fish
(R2 = 0.27,p = 0.002),aswellasBCFw-z (R2 = 0.82,p b 0.001)and
BCFw-f(R2 = 0.78,p b 0.001)(Fig.3).Thesignificanceofthecorrelation
remainsregardlessofwhethervaluesfrom heavily contaminated sites,
e.g.,site1,21,and 22,areexcluded ornot.TrophictransferofMeHg,ei-
therfrom seston to zooplankton (BMFs-z),orfrom zooplankton to fish
(BMFz-f),could notpredict[MeHg]fish (R2 b 0.03,p N 0.2).

3.4.Effectofenvironmentalfactorson MeHg transfer

We looked athow predictorvariablescan influenceMeHg transfer
from water to biota in a PLS model that predicts BCF (logBCFw-s,
logBCFw-z,logBCFw-f) (SIFig.S2).With two predictive components,
themodelexplained (R2Y = 62.6%)and predicted (Q2 = 42.7%)much
ofthe variability (SITable S4).The correlationsofthe environmental
factors(DOC,pH,biomeregion and trophicstatus)with BCFsare stron-
gerin freshwaterecosystemsthan estuaries,likely due to the smaller
numberofestuary studiesincluded (SIFig.S2a).VIP scoresofhighly in-
fluentialvariables(VIP scoresN 1.0)are listed in Table 1.

Datawere grouped by biome regionsin both PLS and linearregres-
sion models(Fig.4,SIFig.S2b).DOC had the highestpredictive power
in the PLS,and DOC also stood outin the linearstatisticalmodelsasa
very importantfactorforpredicting BCF (Fig.4),even though trophic
status,pH and/orlatitudewerealso importantpredictors.DOC bestpre-
dicted logBCFw-s (R2 = 0.45,p b 0.001),followed by logBCFw-f(R2 =
0.41,p b 0.001)and logBCFw-z (R2 = 0.31,p b 0.001)(Fig.4).

AsforDOC,the pH isalso negatively correlated with MeHg BCFw-s.
Accordingly,an increase in pH resultsin lowerMeHg BCF (logBCFw-s:
R2 = 0.31,p b 0.002).By contrast,MeHg BMFwasnotsignificantly af-
fected by pH (pH and logBMFs-z:R2 = 0.05,p = 0.23;logBMFz-f:R2 =
0.01,p = 0.5),biome region/latitude (logBMFz-fin borealversustem-
perateregion ANOVA:F(1,47)=0.21,p=0.65),ortrophicstatus(clas-
sified into oligotrophicand eutrophicecosystems)(logBMFs-zANOVA:F
(1,25)= 1.35,p = 0.26;logBMFz-fANOVA:F(1,44)= 0.44,p = 0.51).
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MeHgisalsomoreefficientlytransferred fromwatertothefoodweb
base in oligotrophicwatersthan eutrophicwaters(logBCFw-s in oligo-
trophicwaterssignificantly higherthan in eutrophicwatersANOVA:F
(1,29)= 5.35,p = 0.028).

4.Discussion

4.1.Comparison ofMeHg basaltransferwith otherstudies

Wereviewed studiescoveringawiderangeofenvironmentalcondi-
tionswith regard to geographic and nutrientconditionsfrom which

severalkey commonalitiesbecame apparent.BCFw-svaluesare similar
within geographically similarcatchments(i.e.temperate orborealwa-
ters).The findingsare largely consistentwith the regionally compre-
hensive summary study oftheWestern GreatLakesRegion by Rolfhus
etal.(2011).We also found thataqueousMeHg bioconcentration into
seston (BCFw-s)and zooplankton (BCFw-z)were higherin high latitude,
borealwaters.Moreover,MeHg tendsto bemore efficiently transferred
along the food chain athigherlatitudes.Thisissimilarto whatLavoie
etal.(2013) found forMeHg transfer between trophic levels,even
though the regionaldifference between BCF thatwe found is larger
than the regionaldifference in BMF.The effectoflatitude on BCF and

Fig.1.Therelationship between [MeHg]seston (ng g−1 d.w.)and preyfish [MeHg](ng g−1 d.w.)foralloftheaquaticecosystemsfrom thedifferentstudy siteswhereseston wasidentified
(aquatic ecosystemsn = 40,(a),upperpanel),aswellasbetween [MeHg]zooplankton (ng g−1 d.w.)and preyfish [MeHg](ng g−1 d.w.)where zooplankton wasidentified (aquatic
ecosystemsn = 58,(b),lowerpanel).Dashed line indicatesWHO EQS of0.5 μg MeHg g−1 w.w.,assuming 100% MeHg.
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BMFmay be explained by severalfactorsincluding:(1)temperature:
slowergrowth ofindividualsrelativeto food consumptionsin coldercli-
mates at higher latitudes which facilitates MeHg bioaccumulation
(Simoneau etal.,2005;Baumann etal.,2017);(2)biodiversity:boreal
aquaticecosystemshave lowerspeciesrichnessand productivity com-
pared to temperate ones(Schindler,1990).Thistype ofsimple pelagic
food web,particularly in oligotrophicecosystems,could supportmore
efficientHg biomagnification,assuming thatfluctuationsin MeHg con-
centrationsatthebaseofasimplerfoodwebwouldmorereadilytrigger
fluctuationsofMeHg trophictransfer,which isdifferentfrom biomass
dilution (Lavoie etal.,2013);(3)more efficientmicrobialactivity in
Hgmethylation within aquaticecosystemsin colderregions,specifically
polarregions(Barkay etal.,2011).

In contrastto previousstudies(Paterson etal.,1998;Watrasetal.,
1998;Hammerschmidt et al.,2013),we did not find that aqueous

[MeHg]could predictMeHg concentrationsin eitherplankton orfish
with statisticalsignificance.However,removing one site with high
aqueous[MeHg](Site 16,aqueous[MeHg]N 1 ng L−1)enabled signifi-
cantprediction ofseston MeHg from aqueous[MeHg](R2 = 0.22,p b

0.01).Yetthereremained alackofstatisticalsignificancebetween aque-
ous[MeHg]and zooplankton [MeHg]orfish [MeHg].Directuptake of
MeHgfromwaterto fish underextremeMeHg pollution isonepossible
cause(Fujikietal.,1976).Weconsideritmorelikely,though,thataque-
ousMeHgbioavailabilityto thefoodweb basevariesfromplaceto place
undertheinfluenceofenvironmentalvariables(pH,DOC,trophicstatus,
etc.),and consequently aqueous[MeHg]exposure alone isnota strong
predictorofbiologicalMeHg concentrations.

Ourmeta-analysisunderlinestheimportanceofMeHgtransferfrom
waterinto the base ofthe pelagicfood web (asrepresented by BCFw-s)
relative to the subsequentMeHg bioaccumulation from seston to zoo-
plankton and then on to preyfish (asrepresented byBMFz-f).A compar-
ison ofMeHg BCFw-swith BMFz-fshowed thatthe formeristhemajor
controlon the [MeHg]in preyfish.Thisisin accordance with Mackay
etal.(2013)who used the mathematicalrelationshipsbetween BCF,
BMF,and TMFto predictthatBCF(withoutdietary inputofa chemical)
can be regarded asthe fundamentaldeterminantofbioaccumulation
and biomagnification in aquatic food webs.Furthermore,[MeHg]fish
correlated significantly with,and could be explained by BCFw-s,while
BMFz-fdid notshow any predictive power.Furtherbiomagnification
along trophic levels will increase MeHg concentrations,but more
steadily and predictably with increasing food web lengthsasshown
by Cabana etal.(1994),Da Silva etal.(2005),and Kidd etal.(2011).
Wyn etal.(2009)have also stressed the prominence ofwater-seston
MeHg uptake in food webs over trophic factors in low-pH lakes of

Fig.2.Bioconcentration factors(BCF,mLg−1)and biomagnification factors(BMF)(log-transformedmean±standard deviation)representing,fromleftto right,BCFofMeHgtransferfrom
waterto seston (logBCFw-s,5.32 ± 0.73),from waterto zooplankton (logBCFw-z,5.82 ± 0.69),and waterto preyfish (logBCFw-f,6.60 ± 0.69),then MeHg BMFwithin the food web from
seston to zooplankton (logBMFs-z,0.38 ± 0.38),and finally theMeHg trophictransferfrom zooplankton to preyfish (logBMFz-f,0.75 ± 0.31).

Fig.3.Relationship between logBCFw-s and preyfish [MeHg](ng g−1 d.w.),where seston
[MeHg](ng g−1 d.w.)was identified (aquatic ecosystems n = 40).Red dashed line
indicatesWHO EQS of0.5 μg MeHg g−1 w.w.assuming 100% MeHg.(Forinterpretation
ofthe referencesto colorin thisfigure legend,the readerisreferred to theweb version
ofthisarticle.)

Table 1
Highly influentialpredictorvariables(VIP scoresN 1.0)ofBCFfrom ourPLSanalysisofthe
PLS BCF.

Variables VIP ± SE Coefficient

DOC 1.85 ± 1.37 −0.36
pH 1.52 ± 0.63 −0.23
Eutrophicto hypereutrophic 1.47 ± 1.22 −0.25
Boreal 1.24 ± 0.56 0.14
Temperate 1.24 ± 0.56 −0.14
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Nova Scotia,Canada.A few yearslaterPouilly etal.(2013),working
with an Amazonian food web from Iténez Riverin Bolivia,revealed
thatperiphyton contribution atthe food web base ismore criticalto
the elevated Hg bioaccumulation than food chain length.Clayden etal.
(2013)also emphasized the role oflower-trophic-levelorganismsin
driving changesofthe trophicmagnification slope interceptsundera
gradientofDOC concentrationsin 11 Canadian boreallakes.

4.2.Classifying MeHg transfersteps

The importance ofBCFw-srelative to the bioaccumulation from zoo-
plankton into preyfish (BMFz-f) leads us to conceptualize MeHg
biomagnification in aquatic ecosystems (the totalincrease in MeHg
from waterto subsequenttrophiclevels)ashaving two distinctsteps.
The firststep istransferring bioavailableMeHg from thewatercolumn
into the base ofthe pelagic food web,represented by the BCFw-s.The
nextstep isMeHg biomagnifciation within the food web from one tro-
phiclevelto thenext(BMFs-z,then BMFz-f),and onwards.Wecharacter-
ize this trophic transfer as an inclined “stairway” of MeHg
bioaccumulation (Fig.5).The movementfrom waterinto the base of
the pelagicfood web (BCFw-s),on the otherhand,ismore ofa vertical
“elevator”,highlighting the significance that first step MeHg takes
from thewatercolumn into the base ofthe food web (Fig.5).This“ele-
vator” (BCFw-s)takestheaqueous[MeHg]and increasesitby anywhere
from three to six ordersofmagnitude,which isdecisive for[MeHg]at
subsequenttrophiclevels.

The key pointofthisconceptualization isthatthe variation in the
vulnerability ofaquatic ecosystemsto MeHg biomagnification can be
predicted from MeHg bioconcentration atthe water-seston interface,
since entry into the base ofthe food web variesmuch more than the
subsequenttrophicmagnification (BMFs-z and BMFz-f).Asseen in our
results,[MeHg]in planktivorousfish isalready strongly predicted by
[MeHg]in seston (SIFig.S2a).Thisconceptualization can be related to
the formula ofMeHg biomagnification described in Borga etal.(2012),

log MeHg½ #biota ¼ TMF& TLþ intercept Borga etal:2012ð Þð Þ ðAÞ

whereTMFstandsfortrophicmagnification factorand TLrepresentsthe
trophicleveloforganismsin thefood web.TMFand BMFarequite sim-
ilargiven thatthey are both determined empirically,using field mea-
suresof[MeHg]and relative trophic levels.We suggestan extension
ofthisformula thatmakesexplicitthe role ofthe BCFw-sin the “inter-
cept”:

log MeHg½ #biota ¼ TMF& TL
þ log BCFw− s& MeHg½ #water

! "
this reviewð Þ

ðBÞ

The predictive powerofBCFw-sfor[MeHg]in preyfish,found in this
study(and in earlierregionalstudies)hasbeen overshadowed byinten-
sive investigation ofMeHg bioaccumulation through well-defined tro-
phictransfersalong the food web.The interestin biomagnification,as
summarized by Borga etal.(2012)(Formula A),focusesprimarily on
the complexity ofthe food web properties,particularly with regardsto
seasonaland between-yearvariation in food availability (Chen etal.,
2012;Drevnick etal.,2012).The variation thatarisesfrom these pro-
cessesis a majorchallenge formodeling biotic [MeHg](Borga etal.,
2012;Eklöfetal.,2016).Nevertheless,more work hasfocused on the
TMF,relative to the interceptas stated in Formula A.The extended
model(Formula B)specifically recognizesthe role ofbioconcentration
into the base ofthe pelagic food web.The results from our meta-
analysisshow thatthisBCF isa predictorof[MeHg]fish,and the BCF is
the key determinantofthe “intercept” in Formula A.Compared to the
[MeHg]water,which generally variesby oneorderofmagnitude in natu-
ralecosystems(hundredthsto tenthsofa ng L−1,SITable S2),the
BCFw-s variesover3–7 ordersofmagnitude.

Ourconceptualization (Fig.5)indicatesthatthe magnitude ofthe
BCFw-s,ratherthan the [MeHg]water,isthe key determinantof[MeHg]
in planktivorous fish.Importantly,this modelfurther suggests that
[MeHg]in subsequentconsumersathighertrophiclevelsdependsto a
large extenton the magnitude ofthe MeHg BCFw-s (orthe heightof
the “MeHg elevatorride” into the base ofthe pelagic food web).This
isevidentfrom the strong correlation between BCFw-s and [MeHg]in
planktivorous or smallomnivorous fish.However,with increasing

Fig.4.Relationshipsbetween DOC and BCF(logBCFw-s,logBCFw-z,logBCFw-f).Dotsaresites
within the borealregion,trianglesare siteswithin the temperate region,and the only
square isfrom the single tropicalsite (Site 9).
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food web lengths,the numberofstairsin the trophictransferbetween
the startand end ofthe bioaccumulation “staircase” becomemore im-
portantin determining the concentrations atthe top ofthe aquatic
food web.

4.3.Correlating MeHg transferwith environmentalfactors

The investigated environmentalfactors,especially DOC and trophic
status,influenced the MeHg transfer from seston to zooplankton
(BMFs-z) more than the transfer from zooplankton to fish (BMFz-f).
OurPLS BCFmodel(Table 1)and linearregressions(Fig.4)implicated
the importance ofin-lakewaterchemistry parametersforBCF.Specifi-
cally,DOC—which may influence the accumulation ofMeHg from
waterto zooplankton by strengthening food web linksdue to bacteria
in the microbialloop (Jonsson etal.,2017);climate-related factorsof
temperature and latitude thatcan affectindividualgrowth efficiency,
MeHg production,and fluxes atthe base ofthe food web,indirectly
influencing on MeHg bioaccumulation (Dijkstra etal.,2013);nutrient
loadingsunderseasonalprecipitation patternswhich are also crucial
to productivityofthefood web and thusMeHgproduction and bioaccu-
mulation (Driscolletal.,2012).This is a reminderthatalso within
BCFw-sand BCFw-z there are additionalfactorsthathave notbeen ex-
plicitly introduced into the PLS model(e.g.,temperature,nutrient
loadings,and precipitation).

Regionaldifferencesin MeHg transferwithin the base ofthe food
web asdefined by seston can be influenced by variouscharacteristics
of aquatic ecosystems. Nutrient availability greatly affects both
plankton'sgrowth efficiency and somatic growth offish,which isthe
amountofnew somaticbiomassproduced perunitdietary energy con-
sumed.Thisinfluencesbiomassdilution thatcan play a significantrole
in decreasing both BCF and BMF(Arnotetal.,2008),especially in tem-
perate and tropicalregions(Karimietal.,2007;Liu etal.,2012).Low
growth efficiencyin plankton can alsobeinfluenced bycatchmentchar-
acteristics: low pH in weakly buffered aquatic ecosystems can be

associated with low nutrientavailability which willaffectgrowth effi-
ciency in both fish and plankton due to limited food consumption,
which isthe opposite ofgrowth dilution.Thiscan be linked with more
efficient MeHg biomagnification and higher fish [MeHg] (Iivonen
etal.,1992;Le Faucheuretal.,2011),allrelated to higherBCF values.
Asreported in thismeta-analysis,pH in freshwatersitesisnegatively
correlated with BCFw-sand low pH sitesexhibited higherzooplankton
and preyfish [MeHg].

Ourresultsshowed some relationship between BCFw-s,eutrophy,
and lowerMeHg bioaccumulation in fish.Thisisin line with previous
findingsthatMeHgbioaccumulation istypically higherin meso-and ol-
igotrophic aquaticecosystemscompared to eutrophic systems(Kainz
etal.,2003;Kehrig etal.,2009;Dieguezetal.,2013).The lowerMeHg
bioaccumulation often reported in eutrophicwatersmayalso berelated
to higherpH in eutrophicwaters(Cheng etal.,2011;Liu etal.,2012).
Thisinter-relationship wasalso found in ourPLS analysis(SIFig.S2a).

TheeffectofDOC on MeHgBCFw-siscomplex.Despiteawell-known
chemicalcoupling between DOC and Hg in freshwaters (Meilietal.,
2003;Ravichandran,2004;Eklöfetal.,2012),DOC can also interact
with biota to decrease BCFw-s through passive uptake in plankton be-
cause ofHg binding to aquatichumicsubstances(Sjöblom etal.,2000;
Gorskietal.,2006).Terrigenousorganicmatter(OM)playsan impor-
tantrole in MeHg production and transferin borealaquaticfood webs
when itcontainslowmolecularmassfulvicacidsthatassociatestrongly
with Hg(French etal.,2014).Recently,Jonsson etal.(2017)argued that
increasesin terrigenousOM induced a shiftin the trophicstructure by
stimulating bacterialgrowth and consequently favoring phagotrophic
protozoa,essentially a microbialloop,thateventually increased the
length ofthe aquaticfood chain.Thisimpliesan indirectinfluence on
zooplankton growth that enhances MeHg bioaccumulation in con-
sumers.Such influencesmay contribute to why ourstatisticalanalyses
found thatDOC wasmore importantthan pH and biome regions for
BCF,especially BCFw-s.Similarly,the negative influence ofDOC on the
MeHg bioaccumulation atthe food web basewasobserved in eastern

Fig.5.Conceptualization ofthe “MeHgelevator” fromwaterto thebaseofthepelagicfood web (theBCFw-s),and thesubsequent“MeHgstaircase” ofincreasealongthetrophiclevelsin a
pelagicfood web.TheX-axisdefinesthe conceptualized trophiclevel.TheY-axisis[MeHg](ppm,equivalentto μgMeHgmL−1 in aqueousphase,μgMeHg g−1 in solid phase).Bluesolid
linesindicate changesof[MeHg]in aquaticecosystemswith high BCFw-s,while green solid linesindicate the changesin low BCFw-s systems.Shaded blue and green areashighlightthe
contrastsforaquaticfood webswith differentBCFw-s.The slopesofthe dashed linesrepresentthe TMF,similarto BMF.The horizontalorange solid line isEU'sEQS of0.02 μg g−1 w.w.
forfreshwaterbiota (EC,2013).The horizontalred solid line isthemore often adopted safe consumption WHO EQS for[Hg]in fish (assuming 100% MeHg)of0.5 μg MeHg g−1 w.w.
(IPCS,1990;USEPA,2012).(Forinterpretation ofthe referencesto colorin thisfigure legend,the readerisreferred to theweb version ofthisarticle.)
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Canadian lakes,where low DOC lakeshave highersensitivity to Hg and
higherinvertebrate [MeHg](Chételatetal.,2018).Asmentioned in the
beginning ofthispaper,MeHg PD in freshwaterlakesisalso mediated
byDOC,resulting in differentiated MeHgflux acrosswatersalongagra-
dientofDOC concentrations.Although UV radiation more efficiently
contributed to MeHg PD activity in colored watercompared to clear
water,thisprocessoccursmainly in the surfacewaterlayersofhumic-
rich lakes due to lightattenuation (Lehnherrand St.Louis,2009).A
more recentwork by Klapstein etal.(2018)argued furtherthatMeHg
PD activity islargely inhibited in high DOC environmentsdue to the
quick turnover of photoreactive DOM competing for photons
with MeHg-DOM complexes in the water column.Thus high DOC
environments may preserve much of the MeHg flux from being
photodemethylated,making biota in colored watermore sensitive to
MeHg flux changesovertime.

The differencesin themechanismscontrolling the “MeHg elevator”
(waterto the base ofthe food web)and “MeHg staircase” (seston-zoo-
plankton-fish)mean thatMeHg bioavailability from the watercolumn
atthe food web base and furtherbiomagnification can be influenced
in differentwaysby differentenvironmentalfactors.The base ofthe
food web also needsto be clearly defined to capture functionaldiffer-
encesin MeHg trophictransferbetween differenttypesofplankton.It
isquitelikelythatkeyfeaturesofthesefunctionaldifferencesarerelated
to the likelihood thatthere isalready trophictransferoccurring within
the base ofthe food web (Kainzand Mazumder,2005),due to the fact
thatmoststudiesofplankton MeHg involve sampling by size fractions
that do not accurately separate primary producers from primary
consumers. This results in clouding the distinction between
bioconcentration and biomagnification within the planktonic “base” of
the food web.

The understanding of the interaction between environmental
factorsand functionalorganism groupsatthe base ofthe food web is
crucialto improving the understanding and predictability ofoverall
Hg biomagnification. Nutrient-poor aquatic ecosystems,many of
which also have low pH,such as those in remote areas ofNorthern
America and northern Europe and Asia,exhibited both the highest
BCFw-s,and the highest[MeHg]fish.Increasesin nutrientswillresultin
higherprimary production,thusthe aqueousMeHg presentistaken
up into a largeramountofhigherphytoplankton biomass(i.e.,MeHg
biodilution,Pickhardtetal.(2002)).Thislowersthe BCFw-s,leading to
lowerMeHg in consumersathighertrophiclevels.The trophic status
ofaquaticecosystemsinfluencesgrowth ofprimaryproducersand con-
sumers,and thereby trophicMeHg transferwithin the planktonicfood
web.Such processes(i.e.,the interactionsofautotrophs,heterotrophs
andmixotrophs)atthebaseoftheaquaticfoodweb requirefurtherelu-
cidation to distinguish true bioconcentration from trophictransfersat
thebaseofthefoodwebwhen tryingtounderstand thevariation in BCF.

Thisstudy highlightsthe importance ofbioconcentration into the
base ofthe food web asa key step in determining fish [MeHg].Under-
standing how to controlthis “elevatorincrease” from waterinto the
seston could be especially usefulforevaluating measures to reduce
fish Hg.Regionalvariation in Hg bioaccumulation isan indication of
the potentialrange offood web vulnerability to Hg biomagnification.
Furtherinvestigationsintothecomplexecologicalinteractionsinfluenc-
ingMeHg transferatthe base ofthe food web are needed to transform
the observed variation ofMeHg biomagnification into knowledge that
can improvestrategiesto reducetherisksofMeHgexposureto humans
and wildlife from freshwaterfish.
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