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Abstract(
(

Ebert,!Jessica!L.!(M.S.,!Environmental!Engineering)!

!

Advances!in!understanding!the!contributions!of!microbial!dissolved!organic!matter!

to!the!fluorescence!signature!of!natural!waters!using!parallel!factor!analysis!

!

Thesis directed by Professor Dr. Diane McKnight!
!

Dissolved!organic!matter!(DOM)!is!present!in!all!aquatic!ecosystems!and!plays!and!

important!role!in!the!global!carbon!cycle.!DOM!can!be!characterized!using!

fluorescence!spectroscopy.!The!measurements!that!are!collected!from!a!DOM!

fluorescence!scan!are!commonly!referred!to!as!three!dimensional!excitationH

emission!matrices!(EEMs)!(Coble!et!al,!1990;!McKnight!et!al!2001).!In!this!study!

EEMs!were!run!through!an!already!established!model!(Cory!and!McKnight),!but!we!

were!left!with!areas!of!high!residuals,!e.g.!areas!of!the!EEM!that!were!not!modeled!as!

well!as!one!would!like.!Therefore,!these!results!identified!the!need!for!the!creation!

of!a!new!model;!one!specialized!towards!fluorescence!data!for!DOM!enriched!in!

microbial!products.!The!new!model!used!samples!taken!from!3!low!humic!sites!and!

2!microbial!incubations.!Using!parallel!factor!analysis!(PARAFAC)!a!5Hcomponent!

model!was!validated,!with!component!C1!being!the!microbial!input.!!

!
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1.#Introduction#
!

Dissolved!organic!matter!(DOM)!is!present!in!all!aquatic!ecosystems!and!

plays!an!important!role!in!the!global!carbon!cycle.!DOM!is!comprised!of!a!complex,!

heterogeneous!mixture!of!organic!compounds!derived!from!both!microbial!and!

terrestrial!sources.!Most!DOM!in!freshwater!contains!a!large!humic!fraction!

predominantly!derived!from!the!degradation!of!plant!litter!organic!matter,!leaching!

of!soils!and!other!terrestrial!sources.!Degradation!of!microbial!biomass!in!lakes!and!

streams!can!also!contribute!to!the!humic!fraction!of!DOM.!The!humic!fraction!has!

the!ability!to!affect!the!quality!of!life!for!inCstream!microorganisms!and!is!

responsible!for!controlling!the!physical!habitat!by!absorbing!visible!light.!!

It!has!also!been!shown!that!humic!DOM!can!act!as!an!electron!shuttle!to!

stimulate!the!reduction!of!Fe!(III)!oxides!(Nevin!and!Lovely!2002)!under!anoxic!

conditions.!Humic!substances!are!also!able!to!act!as!electron!acceptors!during!

anaerobic!microbial!respiration!(Scott!et!al!1998,!Lovely!et!al!1999).!It!has!also!been!

shown!that!electron!transfer!by!humic!substances!uses!multiple!redox!functional!

groups,!including!quinones!and!sulfurCcontaining!groups!(Finmen!et!al.!2007).!This!

leads!one!to!believe!that!these!redox!processes!are!occurring!by!several!

mechanisms!other!than!just!the!formation!of!quinones!and!dihydroquinones.!

However!the!microbial!electron!transfer!is!less!energetic!than!that!of!catalytic!

reduction!techniques!because!the!microbes!are!unable!to!use!nonCquinone!sites!for!

electron!transfer!(Ratasuk!and!Nanny!2007).!
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! DOM!can!be!characterized!using!fluorescence!spectroscopy.!Fluorescence!is!a!

process!that!occurs!when!a!molecule!is!excited!to!a!higher!energy!level!by!absorbing!

energy!and!then!returns!to!its!ground!state.!The!energy!that!is!lost!as!the!molecule!

returns!to!its!ground!state!is!emitted!as!light!and!is!called!fluorescence.!The!

measurements!that!are!collected!from!a!DOM!fluorescence!scan!are!commonly!

referred!to!as!three!dimensional!excitationCemission!matrices!(EEMs)!(Coble!et!al,!

1990;!McKnight!et!al!2001).!An!example!EEM!is!shown!in!the!following!figure.!!

!

!

Figure!1:!Example!excitationCemission!matrix!(EEM)!from!the!Sierra!Nevada!
Mountain!range!in!Spain.!
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!
EEMs!can!provide!a!large!amount!of!information!about!the!chemical!

character!of!the!molecules!in!the!DOM!pool!that!fluoresce,!mostly!based!on!where!

peaks!are!occurring.!These!various!peaks!are!commonly!referred!to!as!fluorophores.!

This!information!can!be!used!to!calculate!a!variety!of!indices.!The!fluorescence!index!

(FI)!is!calculated!as!the!ratio!of!emission!wavelengths!at!470nm!and!520nm!at!an!

excitation!of!370!nm!(Cory!and!McKnight!2005).!Having!a!high!FI!(1.8)!indicates!that!

the!DOM!in!the!sample!is!derived!mostly!from!microbial!organic!matter!sources!

while!having!a!low!FI!(1.2)!indicates!that!the!DOM!in!the!sample!is!derived!mostly!

from!terrestrial!organic!matter!sources.!Because!there!are!large!amounts!of!data!

contained!in!each!individual!EEM,!a!statistical!method!called!parallel!factor!analysis!

(PARAFAC)!was!developed!to!separate!the!overall!signal!into!those!of!its!

fluorophores!(Stedmon!and!Bro!2008).!!

The!Cory!and!McKnight!PARAFAC!model!was!created!for!the!purpose!of!

exploring!the!overall!role!of!DOM!in!redox!processes!from!the!perspective!of!humics!

as!electron!shuttles!(Klapper!et!al).!The!Cory!and!McKnight!PARAFAC!model!is!

broad!in!biogeochemical!scope.!!EEMs!were!obtained!for!samples!collected!from!all!

over!the!globe,!including!many!reducing!environments.!Because!of!this!approach,!

the!Cory!and!McKnight!model!a!great!starting!point!when!looking!at!large!sets!of!

data!(Cory!and!McKnight!2005).!Using!this!model!also!allows!one!to!calculate!the!

redox!index!(RI)!for!a!sample.!The!RI!is!calculated!by!the!following!equation.!In!this!

equation!the!amount!(or!loading,!!!"#)!of!reduced!quinoneClike!fluorophores!is!

divided!by!the!total!number!of!quinoneClike!fluorophores!!(!!"# + !!"!)(Miller!et!al!

2006).!!
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!" = !!"#
!!"# + !!"

!

!

! In!this!study!I!examined!the!EEMs!of!a!specialized!set!of!samples,!coming!

from!microbial!incubation!experiments!and!field!sites!with!very!high!FI!values.!The!

samples!that!have!undergone!anoxic!microbial!incubation!resulted!in!changes!in!the!

amount!of!humic!DOM!over!the!course!of!the!experiment,!showing!that!there!were!

changes!occurring!during!that!process.!The!post!incubation!data!showed!a!decrease!

in!the!relative!proportion!of!the!humic!fraction!and!an!increase!in!the!protein!

fraction.!In!this!study!EEMs!were!run!through!an!already!established!model!(Cory!

andMcKnight),!which!breaks!down!the!data!into!13!separate!fluorophores.!!When!

samples!were!run!through!the!Cory!and!McKnight!model,!we!were!left!with!areas!of!

high!residuals,!e.g.!areas!of!the!EEM!that!were!not!modeled!as!well!as!one!would!

like.!When!looking!at!a!residual!obtained!in!applying!a!PARAFAC!model!to!an!EEM!

the!overall!appearance!should!be!noisy!(e.g.!a!scratchy!appearance!with!no!

noticeable!peaks)!with!no!peak!of!greater!than!10%!in!the!residual.!Therefore,!these!

results!identified!the!need!for!the!creation!of!a!new!model;!one!specialized!towards!

fluorescence!data!for!DOM!enriched!in!microbial!products.!!

The!following!figure!shows!the!EEM!of!one!of!the!incubation!samples!as!

modeled!using!Cory!and!McKnight.!The!top!left!hand!image!represents!the!original!

EEM,!the!top!right!hand!image!represents!the!modeled!version,!the!bottom!left!hand!

represents!the!overall!residual,!and!the!bottom!right!hand!shows!the!residuals!as!a!

percentage.!A!large!residual!(>10%)!at!em!525mn!and!ex!375nm!is!apparent.!The!
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new!model!aims!to!address!that!residual!by!accurately!representing!the!associated!

fluorophore!or!fluorophores!in!an!expanded!PARAFAC!model.!This!model!will!

provide!greater!ability!to!model!fluorescence!data!from!microbial!sources.!In!turn,!

this!model!will!allow!for!EEMs!from!new!and!old!microbial!sample!sets!to!be!

reanalyzed!in!hope!that!they!will!be!better!modeled!in!the!future.!

!

! !
Figure!1:!Sample!modeled!using!Cory!and!McKnight.!The!top!2!EEMs!
represent!the!original!(left)!and!modeled!(right)!EEM.!The!bottom!2!
EEMs!are!the!overall;!residual!(left)!and!the!residual!as!a!percentage!of!
the!total!(right).!
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2.#Site#Description#
!
! Sample!EEMS!were!collected!from!5!separate!locations!including!Bangladesh,!

2!sites!in!Antarctica!(Lake!Bonney!and!the!Cotton!Glacier),!Boulder!Creek,!and!the!

Sierra!Nevada!mountain!range!in!Spain.!For!two!of!these!sites!(Bangladesh!and!

Boulder!Creek)!the!data!came!from!anaerobic!microbial!incubation!experiments.!

The!other!three!sites!the!data!came!from!locations!that!have!little!to!no!inputs!from!

terrestrial!organic!matter,!this!includes!Lake!Bonney,!Cotton!Glacier,!and!the!high!

alpine!lakes!in!the!Sierra!Nevada!mountain!range.!!

!

2.#1#Microbial#Incubations#

2.1.1#Bangladesh#
! Water!and!sediment!samples!were!obtained!from!the!Araihazar!region!of!

Bangladesh!(Figure!3),!which!is!located!about!30!km!northeast!of!Dhaka.!Samples!

were!collected!from!groundwater!wells!and!were!used!in!a!study!focusing!on!the!

arsenic!contamination!of!groundwater!supplies.!The!Araihazar!region!has!monsoon!

climate!with!most!precipitation!occurring!between!June!and!September;!this!causes!

groundwater!levels!to!vary!seasonally!(Immerzeel!2008,!Stute!et!al!2007).!Samples!

used!in!the!incubations!were!collected!from!both!site!B!and!site!K.!Site!K!is!located!

in!a!rural!region!within!the!floodplain!of!the!Old!Brahmaputra!River,!which!is!now!

considered!a!small!stream!due!to!sedimentation.!Site!B!is!located!in!the!Bayalakandi!

village!and!consists!of!1!well!with!various!depths.!The!following!pictures!(Figure!3)!

show!the!people!in!this!region!of!Bangladesh!and!some!sample!collection!activities.!!
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!

Figure!3:!Photo!collage!of!the!Bangladesh!site!showing!the!people!of!the!
region!and!the!sampling!effort.!

!

2.1.2#Boulder#Creek#
! Boulder!Creek!is!a!tributary!of!the!South!Platte!River!with!headwaters!that!

flow!from!the!east!side!of!the!Continental!Divide.!The!upper!region!of!Boulder!Creek!

contains!mostly!high!alpine!vegetation!with!mix!of!forest!and!shrubland.!The!lower!

region!of!Boulder!Creek!flows!through!a!predominantly!urban!setting!to!plains!

before!it!reaches!the!South!Platte!River.!All!water!and!sediment!samples!were!

collected!from!the!same!site!on!Boulder!Creek,!upstream!of!the!wastewater!

treatment!plant!(400 0’ N, 1050 14’ W). The!site!is!located!in!an!urban!transition!with!

vegetated!banks!(width!less!than!20!meters)!on!either!side!and!is!near!a!pedestrian!

path.!Boulder!Creek!EEMs!were!collected!for!an!emission!range!of!300C600nm.!The!

following!picture!shows!Boulder!Creek.!
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!

Figure!4:!Photograph!of!Boulder!Creek!

!

2.2#Low#humic#and#high#microbial#activity#sites#

2.2.1#Lake#Bonney#
!

Lake!Bonney!is!located!in!McMurdo!Dry!Valleys,!Antarctica!and!has!two!lobes!

(Spigel!and!Priscu!1998).!Each!lobe!has!a!maximum!depth!of!40!m!and!is!separated!

by!a!sill!at!a!depth!of!~13!m.!Lake!Bonney!has!a!perennial!iceCcover!(between!3C5!m!

thick)!that!prevents!wind!driven!mixing,!creating!a!vertical!stratification.!The!

chemocline!in!the!west!lobe!of!Lake!Bonney!(WLB)!occurs!at!~15m!(Spigel!and!

Priscu!1998).!!The!bottom!water!of!WLB!is!derived!from!the!evapoconcentration!of!

marine!water!and!inputs!of!subglacial!outflow!from!Taylor!Glacier,!whereas!the!
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surface!water!of!WLB!is!derived!from!glacial!runoff!into!seasonal!streams.!Thus,!the!

biological!assemblages!in!these!lobes!reflect!the!effects!of!landscape!position!and!

ecological!legacy!(Lyons!et!al.!2001).!!Samples!were!collected!for!fluorescence!

spectroscopy!and!biogeochemistry!during!the!austral!summer,!November!2003.!

Lake!Bonney!EEMs!were!collected!for!an!emission!range!of!300C600nm.!The!

following!picture!shows!a!researcher!looking!over!Lake!Bonney!the!day!of!sampling.!!

!

Figure!5:!Photograph!of!Lake!Bonney!taken!near!Blood!Falls!feature!at!the!
west!end!of!the!West!Lobe.!
!

!

!

!

!
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2.2.2#Cotton#Glacier#
!
! The!Cotton!Glacier!is!located!in!the!Transantarctic!Mountains!in!the!region!of!

Victoria!Land,!Antarctica.!!Samples!of!a!supraglacial!stream!were!collected!from!the!

glacier!north!of!Cape!Roberts!and!on!the!south!side!of!the!Clare!Range!(Foreman!et!

al,!in!review).!!This!section!of!the!glacier!is!a!region!where!high!winds!commonly!

occur,!which!deposit!dark!sediment!on!the!surface.!These!sediments!are!then!heated!

up!by!solar!radiation,!producing!meltwater.!The!following!photo!is!of!sampling!

Cotton!Glacier.!!

!

Figure!6:!Photograph!of!Cotton!Glacier!supraglacial!stream!being!sampled!

!

!
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2.2.3#Sierra#Nevada#Lakes#
!
! The!Sierra!Nevada!Mountain!Range!is!located!in!Andalusia!provinces!of!Spain!

near!the!cities!of!Granada!and!Almeria!and!is!known!for!containing!the!highest!

elevation!peak!in!continental!Spain.!Several!Sierra!Nevada!lakes!were!sampled!

during!a!field!study!to!determine!the!effects!of!dust!inputs!on!dissolved!organic!

matter!in!high!alpine!lakes!(Mladenov!et!al!2011).!Samples!from!various!lakes!were!

included!in!this!model.!!

!

Figure!7:!Photograph!of!Lago!Aguas!Verdes!in!Sierra!Nevada,!Spain!

!
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3.#Methods#

3.1$Microbial$Incubations$

3.1.1$Bangladesh$
!

Groundwater!samples!for!the!incubations!were!collected!anaerobically!in!

serum!vials!with!butyl!stoppers!until!the!incubations!were!prepared.!Sediments!for!

the!incubations!were!preserved!on!ice!in!mylar!bags!with!oxygenCabsorbing!packets!

until!the!incubations!were!prepared.!Incubations!were!prepared!under!an!N2!

atmosphere!in!a!temporary!glove!bag,!with!an!average!of!3.5g!of!sediment!added!to!

each!20ml!amber!serum!incubation!vial.!For!control!incubations!18ml!of!

groundwater!was!added!to!the!vial!and!then!anaerobically!capped!with!a!butyl!

stopper!and!an!aluminum!crimp!seal.!For!the!treatment!incubations!the!treatment!

carbon!source!was!mixed!with!18ml!of!groundwater,!and!then!added!to!the!

incubation!vial,!which!was!capped!in!the!temporary!glove!box.!The!vials!were!then!

incubated!for!90!days.!After!the!90!days,!the!groundwater!and!sediment!were!

sediment!in!an!anaerobic!glove!box!with!an!N2/CO2/H2!atmosphere.!Aliquots!of!

groundwater!were!then!filtered!and!acidified!to!a!pH!of!2!in!the!glove!box!and!

stored!at!4°C!until!analysis.!Anaerobic!conditions!were!maintained!during!

fluorescence!spectroscopy!and!specific!UV!absorbance!measurements.!



! 13!

3.1.2$Boulder$Creek$
!

Two!separate!laboratory!incubations!of!distinct!dissolved!organic!matter!

fractions!were!performed!For!the!first!experiment,!90!mL!of!creek!water!was!passed!

through!a!0.22!µm!polycarbonate!filter!using!a!vacuum!pump!in!order!to!establish!a!

microbial!community!for!each!replicate!microcosm.!For!the!second!experiment!

approximately!5!L!of!creek!water!was!preCfiltered!through!1.2!µm!glass!fiber!filters!

using!a!vacuum!pump.!The!less!than!1.2!µm!size!fraction!is!devoid!of!nearly!all!

protozoan!grazers,!this!sample!was!then!used!to!establish!a!microbial!community!in!

each!replicate!microcosm!by!filtering!90!mL!through!a!0.22!µm!polycarbonate!filter!

using!a!vacuum!pump!and!then!placing!one!filter!into!each!microcosm.!Bottles!were!

immediately!sealed!and!crimped!with!butyl!stoppers!and!then!flushed!with!purified!

helium!for!10!minutes,!followed!by!an!addition!of!5!mL!of!acetylene!(C2H2).!

Acetylene!was!produced!in!anaerobic!bottles!by!reacting!Calcium!Carbide!and!DI!

water.!Replicates!were!then!spiked!with!approximately!100!µM!NO3C!(as!Sodium!

Nitrate)!in!the!first!incubation!and!approximately!40!µM!NO3C!!in!the!second!

incubation!(lower!concentrations!in!the!second!experiment!were!due!to!

experimenter!error),!and!placed!on!a!rotator.!All!microcosms!were!shielded!from!

light!with!aluminum!foil!and!were!incubated!at!approximately!23°!C!for!

approximately!30!days.!!
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3.2$EEM$Collection$
!

All!EEMs!were!collected!using!the!JobinCYvon!Horiba!Fluoromax!series!

fluorometers!over!an!excitation!range!of!240C450nm!and!an!emission!range!of!300C

550nm!unless!otherwise!noted.!All!EEMs!were!collected!using!a!1cm!quartz!cuvette!

and!if!necessary!were!diluted!to!an!absorbance!of!<0.2!cmC1!at!λ=!254!nm!to!ensure!

that!the!sample!data!is!in!the!range!for!optimal!correction!of!the!inner!filter!effect.!

The!EEMs!were!blank!subtracted!using!a!MilliQ!EEM,!corrected!for!instrument!

optics!using!factors!from!the!manufacturer,!Raman!area!normalized,!and!inner!filter!

corrected!before!modeling!began!(Ohno!2002).!This!level!of!processing!allows!interC

comparison!of!the!EEMs.!

3.3$Model$Creation$
!
! The!model!was!created!in!Matlab!using!the!tutorial!written!by!Colin!Stedmon!

and!Rasmus!Bro.!Data!from!94!samples!were!used;!the!number!of!EEMS!from!each!

site!varied!according!to!the!following!table.!!

!

Site!Location! Number!of!samples!

Bangladesh! 43!

Cotton!Glacier! 8!

Lake!Bonney! 10!

Boulder!Creek! 23!

Sierra!Nevada! 10!

Table!1:!Site!locations!and!number!of!samples!used!from!each!to!create!the!
model!
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!

! The!first!step!in!creating!the!model!was!combining!all!the!data!from!the!

various!locations;!this!step!included!trimming!the!various!EEMS!to!the!same!

excitationCemission!range!and!removing!the!Rayleigh!scattering.!The!excitation!

range!used!was!from!240nm!to!450nm!at!every!5mn!and!the!emission!range!was!

from!300nm!to!550nm!at!every!2!nm.!After!compiling!all!the!samples!the!data!was!

put!into!Matlab!and!plotted!to!make!sure!each!EEM!appeared!correctly.!Samples!

were!then!normalized!to!the!same!maximum!intensity!because!of!differences!of!

greater!than!an!order!of!magnitude!in!maximum!intensity!among!the!EEMs.!This!

approach!is!the!same!as!described!by!Cawley!et!al.!(2012).!

! The!data!were!then!analyzed!to!determine!if!there!were!any!outliers.!Outlier!

tests!were!performed!stepCwise!on!all!wavelengths!of!data!constrained!by!nonC

negativity.!Leverages!and!loadings!of!each!sample!emission!wavelength!and!

excitation!wavelength!were!used!to!determine!if!there!were!any!outliers.!The!

Loadings!show!how!much!of!each!component!is!in!each!sample.!When!looking!at!

these!all!of!them!should!be!positive!and!not!go!over!100%.!Leverages!are!a!measure!

used!in!regression!statistics;!samples!that!have!high!leverage!will!greatly!effect!

model!results!if!removed.!When!looking!at!these!they!should!all!be!similar!almost!in!

a!straight!line.!The!following!figure!(8)!shows!the!results!of!plotting!the!leverage!

and!loadings!for!5!components!obtained!through!development!of!the!new!PARAFAC!

model.!
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!



! 17!

Examining!this!figure!shows!that!there!are!no!samples!that!are!clear!outliers.!The!

leverages!for!all!the!samples!are!in!the!same!range,!with!no!samples!being!

significantly!higher!than!another.!

! The!model!was!evaluated!by!comparing!plots!of!the!modeled!data!and!the!

original!data!and!then!examining!a!plot!of!the!residuals.!This!approach!allows!for!

comparison!between!various!samples!and!number!of!modeled!components.!In!this!

approach!it!is!possible!to!see!which!number!of!components!might!be!needed!to!have!

the!least!amount!of!residual!available.!!

The!model!was!then!evaluated!using!split!half!analysis;!the!data!was!split!

into!4!unique!sets!and!then!recombined!into!4!halves!that!will!compare!all!of!the!

data.!The!following!figure!(9)!from!the!tutorial!shows!an!example!of!how!the!split!

half!works;!both!the!split!half!sections!contain!all!of!the!data!so!if!either!validates!it!

means!that!your!model!is!valid.!!

!

!
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!

Figure!9:!Visual!display!of!how!the!split!half!validation!works.!It!shows!that!
each!of!the!split!halves!includes!all!of!the!data!for!the!model!(Stedmon!and!
Bro!tutorial)!

!

!

!

!

!

!

!

!

!

!

!

!



! 19!

The!following!figure!(10)!shows!the!actual!split!of!the!data.!!

!

Figure!10:!Shows!the!sum!of!squares!for!excitation!and!emission!for!the!data!
used!in!both!split!half!1M2!and!split!half!3M4!

!
! The!final!step!was!to!fit!a!series!of!models!to!the!data!using!random!

initialization!to!make!sure!that!the!final!version!of!the!model!is!the!least!squares!

result.!Ten!different!models!were!fit!to!determine!which!one!had!the!least!squares!

fit.!!

! The!next!step!in!the!modeling!process!was!to!add!the!identified!microbial!

component!back!into!the!Cory!and!McKnight!PARAFAC!model.!This!step!was!done!

using!the!loading!factors!and!adjusting!the!original!Cory!and!McKnight!matlab!code!

to!run!a!14Mcomponent!model.!The!data!from!all!of!the!samples!needed!to!be!cut!to!
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fit!in!the!Cory!and!McKnight!range!because!the!new!model’s!excitation!and!emission!

ranges!are!larger.!
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4.#Results#and#Discussion#
!

4.1#EEM#Description#
!
! The!following!figure!(Figure!11)!shows!an!example!EEM!for!each!of!the!5!

samples!sites.!Fig.!11(a)!is!a!sample!from!Boulder!Creek!incubations;!it!has!a!tail!

that!stretches!from!em!500M600!nm!and!ex!380M450!nm.!Fig.!11(b)!is!a!sample!from!

the!Bangladesh!incubations;!it!has!high!fluorescence!in!the!amino!acid!range!along!

with!a!peak!located!at!em!480!nm!and!ex!360!nm!that!is!associated!with!microbial!

activity.!Fig.!11(c)!is!a!sample!from!Lake!Bonney!in!Antartica;!it!has!very!little!humic!

fluorescence!and!a!peak!located!at!em!480nm!and!ex!410!nm!that!is!similar!to!ones!

seen!in!the!Boulder!Creek!samples.!Fig.!11(d)!is!a!sample!from!the!Sierra!Nevadas!in!

Spain;!it!has!high!amino!acid!like!fluorescence!and!a!peak!extending!outward!

starting!at!em!440!nm!and!ex!380M450!similar!to!that!of!the!Bangladesh!sample.!Fig.!

11(e)!is!a!sample!from!Cotton!Glacier!in!Antarctica;!it!has!very!little!humic!

fluorescence!and!the!same!peak!extending!outward!from!em!450!nm!and!ex!380M

450!as!both!the!Bangladesh!and!Sierra!Nevada!Lake!samples.!
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!

!

Figure!11:!Sample!EEMs!from!all!5!sites.!(a)!Boulder!Creek,!(b)!Bangladesh,!(c)!Lake!
Bonney,!(d)!Sierra!Nevada,!(e)!Cotton!Glacier!
!

!
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4.2#Model#Results#
!

The!application!of!the!modeling!criteria!of!Stedmon!and!Bro!resulted!in!a!

model!with!5!validated!components.!Figure!12!shows!the!results!of!evaluating!the!

model!using!both!a!2Mcomponent!approach!and!with!the!final!validated!5M

component!model.!!With!the!2Mcomponent!approach!there!are!still!large!residuals.!

The!5Mcomponent!results!(Figure!13)!show!an!overall!good!fit!to!the!sample!with!an!

overall!noisy!residual!that!has!no!distinct!peaks.!

!
Figure!12:!Modeled!sample!using!a!2Mcomponent!approach.!There!is!a!large!
residual!at!ex375!em425!showing!that!only!having!2!components!is!not!an!
effective!model.!
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!
Figure!13:!Modeled!sample!using!5!components.!There!are!overall!no!peaks!
in!the!residual;!it!has!a!noisy!appearance!showing!that!the!sample!is!being!
modeled!effectively.!

!
!
The!following!figure!(Figure!14)!shows!the!results!of!fitting!10!different!models!to!

the!data!to!determine!the!least!squares!fit.!The!1st!model!had!the!least!squares!fit!

and!that!is!the!one!that!is!used.!!
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!
Figure!14:!This!figure!shows!the!random!initialization!of!the!5Mcomponent!
model.!The!1st!model!had!the!least!squares!fit!so!that!is!the!model!that!is!
used.!

!
!

The!resulting!5!components!of!the!model!are!shown!in!the!figure!below!

(Figure!15).!Component!one!(C1)!represents!one!of!the!microbial!components!that!

the!study!was!designed!to!describe.!C1!has!one!emission!maximum!at!500!nm!and!

two!excitation!maxima!located!at!250!nm!and!410!nm.!C1!is!not!similar!to!any!of!the!

thirteen!components!in!the!Cory!and!McKnight!model.!!

Component!two!(C2)!is!the!peak!associated!with!the!microbial!humic!

substances.!C2!also!has!one!emission!maximum!and!two!excitation!maxima!

occurring!at!em!440!nm!and!ex!240!nm!and!310!nm.!Component!three!(C3)!is!most!

likely!also!from!some!microbial!sources!and!similar!to!the!reduced!quinoneMlike!
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components!SQ2!and!SQ3!from!the!Cory!and!McKnight!model.!C3!has!two!excitation!

maximum!and!one!emission!maximum.!The!emission!maximum!occurs!at!420!nm!

and!the!most!prominent!excitation!maximum!occurs!at!380!nm,!while!the!other!

excitation!maximum!may!be!truncated!at!the!lowest!excitation!of!the!measured!

EEM.!!

Component!four!(C4)!is!one!that!mostly!occurred!in!the!incubation!samples!

from!the!Bangladesh!incubation!experiments,!and!is!also!beyond!the!range!of!the!

Cory!and!McKnight!model.!This!component!is!most!likely!a!product!from!the!

microbial!growth!incubation!process.!C4!has!one!excitation!and!emission!maximum!

that!occurs!at!em!310!and!ex!275!nm.!!

The!5th!and!final!component!(C5)!that!the!model!identified!is!the!amino!acidM

like!fluorescence!present!in!many!of!the!samples.!This!component!is!a!combination!

of!the!fluorescence!that!comes!from!both!tyrosineMlike!and!tryptophanMlike!

fluorophores.!C5!has!one!emission!maximum!and!two!excitation!maxima.!The!

emission!maximum!occurs!at!360!nm!and!the!excitation!maxima!occur!at!245!nm!

and!295!nm.!!
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!

Figure!15:!The!resulting!5!components!from!the!new!microbial!model!

!

!

!

!
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4.3#Modeling#the#EEMS#
!

All!samples!used!to!create!the!model!were!then!analyzed!using!the!new!5M

component!model,!the!original!Cory!and!McKnight!(CM)!model,!and!then!the!new!

Cory!and!McKnight!plus!(CM+)!model.!This!analysis!was!done!to!compare!how!the!

residuals!appear!and!change!through!the!various!models.!

!

4.3.1#5#Component#Model#
!
! The!following!two!figures!shows!the!same!5!samples!from!above!being!

modeled!by!the!new!5Mcomponent!model;!figure!16!presents!the!incubation!samples!

and!figure!17!presents!the!low!humic!and!high!microbial!activity!sites.!The!

incubation!experiment!EEMs!in!Fig.!16(a)!is!a!sample!from!Boulder!Creek!and!Fig.!

16(b)!is!from!Bangladesh.!Fig.!17(c)!is!from!Lake!Bonney,!Fig.!17(d)!is!from!Cotton!

Glacier,!and!Fig.!17(e)!is!from!the!Sierra!Nevada!mountains.!The!top!row!represents!

the!original!EEM,!the!2nd!row!is!the!modeled!EEM,!the!3rd!row!is!the!residual!plot,!

and!the!bottom!row!is!a!pie!chart!of!the!component!make!up!for!that!sample.!!

For!the!Boulder!Creek!incubation!experiments,!the!modeled!version!(row!2)!

looks!very!similar!to!the!original!EEM!(row!1)!with!no!noticeable!peaks!of!high!

residual.!The!component!with!the!greatest!loading!was!C1,!which!is!the!microbial!

component!not!represented!well!in!the!Cory!and!McKnight!model.!For!Bangladesh!

the!modeled!version!also!looks!very!similar!to!the!original!EEM.!There!is!a!slightly!

high!residual!located!at!em!350!nm!and!ex!275!nm.!The!main!component!for!this!

EEM!was!C4,!which!was!a!product!from!the!incubation!process.
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!

!

!

!
Figure!16:!5MComponent!model!results!for!microbial!incubation!sites!(a)!
Boulder!Creek!and!(b)!Bangladesh.!The!top!row!represents!the!original!
EEM,!the!2nd!row!is!the!modeled!EEM,!the!3rd!row!is!the!residual!plot,!and!
the!bottom!row!is!a!pie!chart!of!the!component!make!up!for!that!sample!
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For!Lake!Bonney!the!modeled!EEM!is!similar!to!that!of!the!original!EEM!(Fig.!

17!(c).!There!is!more!variation!in!the!modeled!version,!but!this!is!due!to!different!

scaling.!This!variation!is!more!apparent!when!looking!at!the!residual!plot!which!is!

noisy!with!no!noticeable!peaks.!The!main!component!in!that!sample!is!C1,!the!

microbial!component.!

For!Cotton!Glacier!(Fig.!17!(d))!the!modeled!EEM!is!similar!to!the!original!

EEM!with!an!overall!noisy!residual.!The!high!points!near!em!500!nm!and!ex!240M250!

nm!are!due!to!scattering.!The!main!component!in!the!Cotton!Glacier!EEM!is!C4!

which!is!also!found!in!the!Bangladesh!incubation!samples,!but!is!out!of!the!range!of!

the!Cory!and!McKnight!2005!model.!!

Lastly!is!the!Sierra!Nevada!sample!(Fig.!17!(e).!Although!it!looks!like!the!

model!is!not!working!as!well!as!for!the!other!samples,!there!are!different!scales!on!

the!two!images!and!the!overall!value!of!the!residual!is!relatively!low.!The!main!

component!in!this!sample!is!also!C4.!
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!

!
!
Figure!17:!5MComponent!model!results!for!microbial!incubation!sites!(c)!Lake!
Bonney,!(d)!Cotton!Glacier,!(e)!Sierra!Nevada.!The!top!row!represents!the!original!
EEM,!the!2nd!row!is!the!modeled!EEM,!the!3rd!row!is!the!residual!plot,!and!the!
bottom!row!is!a!pie!chart!of!the!component!make!up!for!that!sampl
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!

4.3.2#Cory#and#McKnight#Plus#(CM+)#
!
! Component!1!from!the!5Mcomponent!model!was!then!added!back!into!the!

original!Cory!and!McKnight!model!to!create!a!new!14Mcomponent!model.!

Component!1!was!chosen!because!it!was!a!new!microbial!component!that!occurred!

in!all!of!the!samples;!it!was!thought!that!this!would!alleviate!some!of!the!high!

residuals!seen!in!the!results!from!Cory!and!McKnight.!This!method!was!done!

following!the!guidelines!of!Cawley!et!al!2012.!The!sample!set!from!Cawley!et!al!was!

from!the!Gulf!of!Maine,!Penobscot!Bay,!Penobscot!River,!and!the!Androscoggin!River!

in!Maine.!When!modeled!with!Cory!and!McKnight!a!high!residual!was!noted!at!em!

436!nm!ex!275!nm,!so!a!new!model!was!created!to!identify!this!component.!The!

component!was!then!added!back!into!the!original!Cory!and!McKnight!model!and!

drastically!reduced!the!observed!high!residual!region.!The!following!figure!shows!a!

comparison!of!the!data!found!in!Cawley!et!al!2012.!In!the!case!of!Cawley!et!al!there!

was!a!definite!source!to!this!new!component;!the!residual!was!caused!by!pulp!mill!

effluent.!The!fluorescence!signature!of!the!pulp!mill!effluent!was!equivalent!to!that!

of!the!new!component.!
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!

Figure!18:!From!Cawley!et!al!2012,!shows!the!differences!in!Modeled!and!Residual!
EEMs!using!the!original!Cory!and!McKnight!(C&M)!model,!the!Cory!and!McKnight!
model!plus!the!high!residual!component,!6!(C&M+PB6),!and!the!Penobscot!Bay!
model!(PB!Model).!
!
!

The!following!figure!(19)!shows!the!results!from!C1!being!added!into!Cory!

and!McKnight.!In!Fig.!19!the!left!column!presents!the!new!model!results,!the!center!

column!presents!the!Cory!and!McKnight!(CM)!results,!and!the!right!column!

represents!the!results!for!the!Cory!and!McKnight!(CM+)!with!the!C1!component!

added.!Looking!at!the!5Mcomponent!model!one!can!notice!that!the!modeled!EEM!

looks!very!much!like!the!original!EEM!and!that!the!residuals!are!low!and!noisy.!

Looking!at!the!CM!modeled!version!it!also!does!a!good!job!of!modeling!the!EEM.!It!

places!the!peak!in!the!right!place!but!the!peak!is!more!rounded!than!in!the!original!

EEM,!the!residual!plot!is!overall!low!and!noisy!as!well.!Looking!at!the!CM+!version!of!

the!modeled!EEM!it!seems!to!capture!the!intensity!of!the!peak!better!but!otherwise!

does!not!quite!look!right.!There!is!an!indent!around!ex!270!nm!that!should!not!be!
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there;!it!disconnects!the!two!peaks!making!it!look!unnatural.!This!leads!one!to!

believe!that!there!is!something!different!going!on!in!this!system!vs.!the!Penobscot!

Bay!system!example!from!Cawley!et!al.!The!added!component,!C1,!could!also!be!

interfering!with!a!component!that!is!already!in!the!Cory!and!McKnight!model!(e.g.!

SQ1),!which!would!cause!this!strange!appearance.!This!means!that!an!accurate!

redox!index!is!not!going!to!be!able!to!be!determined!for!these!microbial!samples!as!

of!right!now.!

!
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!

Figure!19:!Comparison!of!all!model!results!for!a!Boulder!Creek!sample!0384.!The!
right!hand!column!represents!the!new!5Mcomponent!model,!the!center!column!is!the!
Cory!and!McKnight!model,!and!the!right!hand!column!is!the!Cory!and!McKnight!plus!
model.!The!top!row!represents!the!original!EEM,!the!middle!row!is!the!modeled!
data,!and!the!bottom!row!is!the!model!residuals.!
!
!

!

!

! !
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5.#Conclusions#
!
! In!this!study!I!was!able!to!create!a!new!model!for!DOM!fluorescence!based!

upon!EEMs!from!samples!that!had!high!microbial!inputs,!whether!those!are!from!

microbial!incubation!experiments!or!from!sites!that!have!little!to!no!terrestrial!

inputs.!This!new!model!identified!several!new!components!that!are!most!likely!

microbial!in!origin.!This!result!shows!that!while!Cory!and!McKnight!is!an!excellent!

starting!point!to!large!and!varied!data!sets!there!are!benefits!to!creating!a!system!

specific!model.!System!specific!models!are!able!to!catch!nuances!that!other,!broader,!

models!would!not!be!able!to!identify.!When!attempting!to!add!a!microbial!

component!back!into!Cory!and!McKnight!the!data!did!not!model!correctly,!this!

means!that!there!has!to!be!something!more!complicated!occurring!here!than!the!

example!study!of!Cawley!et!al!2012.!It!was!also!shown!that!it!is!possible!to!study!

microbial!activity!from!a!fluorescence!standpoint!and!large!amounts!of!information!

can!be!gathered!from!this,!from!identifying!sites!that!have!high!microbial!activity!to!

even!identifying!what!types!of!microbes!might!be!in!that!region.
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