BIOGEOCHEMICAL NITROGEN TRANSFORMATIONS UNDER CONTRASTING
MIXING REGIMES IN TWO COASTAL WATER COLUMNS

Sebastian Haas

Submitted in partial fulfilment of the requirements
for the degree of Doctor of Philosophy

at

Dalhousie University
Halifax, Nova Scotia
October 2020

© Copyright by Sebastian Haas, 2020



Dedication

Fiir meine Familie und Freunde in der allzu fernen Heimat

i



TABLE OF CONTENTS

LSt OF TADIES ...ttt sttt et be e Xi
LISt OF FIGUIES ...ttt ettt e et e e et e e e tae e sssaeeessaeessseeesnseeennns xiii
ADSTTACE ...ttt ettt et b ettt a e b e et et e bt et Xvii
List of Abbreviations and Symbols Used .........c.ccecouiieiiiieniieeiieeieeeee e xviil
ACKNOWICAZEMENLS ...ttt ettt et sbeebeessaeebeessseesseessneensaens XX
1. Chapter 1 INtrodUCLION ........coouiiiiieiiiiiieie ettt et 1
1.1.  The Aquatic Nitrogen Cycle and its Importance.............ccceeeveeerienveenieeneeeneennnn. 1
1.2. The N Cycle, its Microbial Players and Their Functional Marker Genes and
Links to Other Elemental CyCIes.......cccviviiiriieiieiieeiiecieeieesee ettt 4
1.3.  Links Between Nitrogen, Sulfur, Carbon and Metal Cycling..........c.ccccceevuenueenne. 7
1.4. Nitrification at Low Oxygen Concentrations .............ccceeeeveerveerreenveesreesveenneennnes 8
1.5.  Kinetics of NItrifiCation .........cccoiviiiiiiiiiiiiieeiiee e 9
1.6.  Nitrification in Coastal Water Columns...........coceevieeiiinieniiiniieiieenieneeee 10
1.6.1.  Seasonal Variations and Controls of Nitrification .............cccceeveverieeneennen. 11
1.6.2.  Temporal and Spatial Nitrite Accumulations in Water Columns................ 13

1.7.  The Influence of Physical Mixing on Biogeochemical Cycling in Water

COTUMMS ...ttt ettt st et e sbe e et eesaee e 14
1.7.1.  Biogeochemistry Under Conditions of Weak Physical Mixing.................. 14
1.7.2.  Physical Mixing Affecting Biogeochemistry Under Oxic Conditions ....... 16

1.8.  Nitrogen Stable Isotope Biogeochemistry..........cccoeceieviierieiiiiiniieierieeeeee 17

1.9. Biogeochemical Methods at the Intersection of Geochemistry and

Environmental MiCTODIOLOZY........ccviiriieiiiiiieeiieiie ettt ettt 19

1.10. Modeling the N Cycle and Nitrification ..........cccveeeciveeecieeiriiieeeiee e e 21

1.11. ODJECHIVES ..eeiiieiieeiie ettt ettt ettt et e st e et estee et e e s teeesseesseesnseesseeenseenseeenseens 22

il



2. Chapter 2 Geomicrobiology of the Carbon, Nitrogen and Sulfur Cycles in Powell
Lake: A Permanently Stratified Water Column Containing Ancient Seawater................

2 ADSITACT ..o ea et —————————————
2.2 INETOMUCTION «ttteeeeee e eeeeseeenenenenenmnmnnnn
.3 R ESUILS et eaaaa———

2.3.1.  Physical Setting and Geochemical Zonation in Powell Lake’s South
BaSIN ettt et st saeas

2.3.2.  Water Column Zonation Based on Microbial Community Composition ...

2.3.3.  Description of Phylogenetic and Functional Potential Defining
GeomiCrobiologICal ZONES .......ccueevieriieeiieiieeie ettt ettt sre et e saae e e eenes

2.3.3.1.  Epilimnion: Primary Producers and Degraders..............cccceevienirnuennnen.

2.3.3.2.  Oxycline: Dominated by Potential Organic Matter Degraders and
INIIFITIEIS oottt ettt ettt et e st e saee et e e beesabe e bt e enbeesneeenneans

2.3.3.3.  Nitrogenous Zone: Co-dominated by Crenothrix and acl-
ACHNODACIETIA ... e e et e s e et e e sabe e e sabeeesaseeeaseeenseas

2.33.4. Manganous Zone: Dominated by Denitrifying and Methylotrophic
BetaproteODACIETIQ.............c.cccueeeieiiiiiiiiiiiieceet ettt

2.3.3.5.  Ferruginous Zone: Potential for Sulfate and Nitrate Reduction..............

2.3.3.6. Euxinic and ASW Zones: Distinct Microbial Communities and
Genetic Potential in the Highly Reducing, Increasingly Saline, Deep Water ............

2.4, DISCUSSION ..eutiiiiieiieeiteeite et e i te ettt e ettt e bee st e ebeesaaeenbeesateeabeesseeenseesseeenseenaseenne
2.4.1.  Comparison with Other Redox-Stratified Systems..........cccecevvrreeireeennnen.

2.4.2. Facultative Anaerobic Adaptations in Widespread Actinobacterial
Freshwater Lineage Suggest Ecophysiological Analogies to SARI1...........c............

2.4.3. Divergent Lineages Within Microbial Communities Typical of
MeromicCtiC LaKeS.......coouiriiriiiiiiiiiiiiinceetee et

2.4.4. Unexpected Geomicrobiological Features in the Geochemical Profile......

2.4.4.1. Deviations from the Ideal Electron Acceptor Sequence .........................

v



2.44.2.  Deltaproteobacteria may be Involved in Metal-Sulfide Cycling via

Polysulfide ReAUCLION ......ccueiiiiiiiieiieiie ettt et 54
2.44.3. Unexpected Potential for Nitrogen Fixation Despite Ammonium
B CESS ittt 55
2.44.4. Potential for Micro-Aerobic and Anaerobic Methylotrophy and
MEthanNOTIOPRY ...ccuvieiiieiieiie ettt ettt e ettt e saaeebe e saeenseenneeenne 55
2.4.4.5. Identification of Potential Micro-Aerobic Nitrifiers Within the
MANGANOUS ZIOMIC ....nveeeniiieeiiieeiieeeiteeeitee ettt e etteesteeesateeesaseessnseeesnseesnseesnseessseesnnns 56
245, CONCIUSIONS .....eiuiiiiiieiieete ettt ettt ettt et et e et e sate e b e sneas 57
2.5.  Experimental ProceduIes...........ccccciiviieriieiieiiieiieeie ettt 58
2510 StUAY ST ..ueiiiiiiieieeeeee et 58
2.5.2. SAMPLING coviiiiiiiieeieeeee ettt ettt e et e et e aaeenbeenneas 59
2.5.3.  Physico-chemical Measurements.............cocueerueerueenieenieenieesieeiee e e sees 59
2.5.3.1. SeNSOr MEASUIEIMENLS.........eiiuiiriiieiierieeniie ettt 59
2.5.3.2. Geochemical ANALYSES ......coverieiiriiiiiieneeeee e 60
2.5.4. Nucleic Acid Extraction and SEqUENCING .........ccceevvvveeririeerreeerieeerree e, 61
2.5.5.  Processing of Nucleic Acid Reads and Bioinformatic Analyses................ 61
2.5.5.1. Small Subunit rRNA Gene Sequence Processing and Analysis ............. 62
2.5.5.2.  Metagenomic Annotation, Assembly and Binning ...........cc.ccceevevuennnene. 63
2.5.5.3. Sequence DePOSItION ......cccuieeuiieeiiieeiie et 65
3. Chapter 3 Physical Mixing Controls and Decouples Nitrification via Biomass
DIIULION .ttt ettt st et e st e e bt e sbeeeabens 66
3L ADSITACT ottt st 66
320 TNEOAUCHION ...ttt ettt 67
3.3.  Study Settings and Time Series CONteXt..........cccverieriiierieriiienieeiieeie e 70
34, RESUILS .. 71
3.4.1.  Physical Mixing and Nutrient Cycling in Bedford Basin, 2014-2017 ....... 71

v



3.4.2. Diversity of 16S rRNA Genes Affiliated with Nitrifiers.........c.cccceeveeneen. 75

3.4.3.  Controls on the Temporal Distribution of amoA and Nitrifier-Affiliated

LOS TRINA ASVS ettt ettt ettt e esseeseenee e 76
3.44. A Biogeochemical Model of Nitrogen Cycling in BB Bottom Water........ 78
3.4.5. Variability in Modeled Nitrification Rates was Caused Mainly by the
Dilution of Nitrifier Biomass by Physical MiXing..........ccccccvevieeiiieniienienieeieeseeenn 80
3.4.6. Nitrite Accumulation as Another Consequence of Nitrifier Biomass
DIIUHION .ottt ettt ettt et st e b e 81
3.5, DASCUSSION utiiiiieiieetie ettt ettt et ettt et e ettt e st e e bt e enbeeeseeenbeesaeeenne 82

3.5.1.  Transient Beta-AOB Growth Associated with Nitrite Accumulation
Suggests Mixing-induced Shifts in the Dominant Ammonia Oxidizer...................... 82

3.5.2. Model-Observation MISINATCHES .......eeeeeeeeeeeee e 84

3.5.3. Broader Relevance of the Model-Derived Ammonia Oxidation Rates
and Underlying MiCrobiolOZY .......cceevieriiiiiiiiiieiieeie ettt 85

3.54. The Cause of Nitrite Accumulations and Nitrification Delay in BB
BOttom Water .......cceeiiiiiiiiiiiitcee et s 86

3.5.5. Broader Significance of Mixing-Induced Dilution and Shifting of
Nitrifier COMMUNITIES ......oovieuvieiiniieieiienitett ettt 88

3.5.6.  Physical Nitrifier Biomass Dilution as a Link Between Climate,

Nitrification and Phytoplankton ECOlOZY .........covvuiiiriiiiriiieniiiiiieeiee e 89
3.5.7.  Concluding Remarks.........cccceoeriiriiiiriiiniiieiceeeesceee e 91
3.6.  Materials and Methods ..........oocuoiiiiiiiiiiiiee e 91
3.6.1.  Bedford Basin Study Site, Sampling and Time Series Context.................. 91
3.6.2.  Analysis of Bulk Nutrient, Particulate and Chlorophyll a Concentrations
..................................................................................................................... 91
3.6.3.  Numerical Modeling .........ccccviiviiiiiriiieeiieeeie e 91
3.6.4. Microbial Cell COUNtS.......ccceevuiriiriiiiiiienieeeceeee e 94
3.6.5. DNA Extraction, 16S rRNA Amplicon Sequencing, Sequence Analysis
AN DEPOSTLION. .. tieniieiiiieiie ettt ettt ettt ettt e s ebeebeesateebeesebeenseesnseenseennnas 94

vi



3.6.6.  Quantitative PCRS (QPCR) ...oooviiiiiiieeee e 94

3.6.7.  Deposition of DNA Sequences, Data and Model Code............cccovrennnnee. 94
4. Chapter 4 In situ Nitrogen Isotope Fractionation During Nitrification Revealed
by Two Years of Weekly Time Series Measurements in a Eutrophic Coastal Basin....... 96
A1, ADSITACE ..ottt sttt b et et ns 96
4.2, INEOAUCLION ...ttt sttt ettt st e enne s 97
T O Y (1 4 Lo Y F PSR 100
4.3.1. Bedford Basin: Study Site.........cceevieriiieiieiiieiieeieeeeeee e 100
4.3.2.  Sampling Program ..........cccccceeiiiiininiinienieceieeeeeeeee e 102
4.3.3.  Analysis of Bulk Concentrations ............cccccueerieeeieerieensieeneeereesieesneeeeens 103
4.3.4.  Nitrogen [SOtOPIC ANALYSES.....cccuiiiuieriieiiieiieeieeee et 103
4.3.5.  Isotope Notation and Rayleigh Model Fitting ...........ccccceevvverciieiivenreennens 106
4.3.6.  Numerical Model of Concentrations, Isotopes and Functional Genes...... 107
4. RESUILS .ottt 109
4.4.1.  Physico-chemical Conditions............ccceveeveriinienennienieneeicee e 109
4.4.2.  Seasonal Changes in Particulate Nitrogen Concentrations and Isotopic
COMPOSIEION ..ottt ettt ettt et ettt e st e et e st e e bt e sabeebeeenbeenaeesnbeeseesnseesnnesnseans 112
4.4.3.  Dissolved Inorganic Nitrogen Speciation ..........cccceercveeerieeenieesniveesnneenns 113
4.4.4. Nitrogen Isotope Effects Associated with Dissolved Inorganic Nitrogen
TransfOrMAtIONS .....c...oiiiiiiiiiiiiie ettt 113
4.5, DISCUSSION ...euiiiiiiieiieciteete ettt ettt sttt et sbe et 116
4.5.1.  §"Npon Increase due to Dark Ammonium Assimilation.......................... 116

4.5.2.  Evidence for Dark Ammonium Assimilation Throughout the Stratified

Period et 117
4.5.3. Fitting a Closed-system Rayleigh Model to Identify the Isotopic

Enrichment Factor of Ammonia Oxidation (1>£40) .......ccovveveveverieeeeeeeeeeeenne, 119
4.5.4. Interpretation of 8'*Nno2 and 8" Nnos Minima.............cccoevevvvevcerveeennne. 126

vii



4.5.5. Best Fit of a Numerical Model Consistent with Isotopic Enrichment
Factors Determined by the Rayleigh Models..........cccccoeviiiiieniiiniiiiieciiccecieeee 126

45.6. Inter-Annual Similarity in 8'°N Patterns Despite Biogeochemical
DISSTMILATTEIES ..ottt ettt ettt e 128

4.5.7.  Significance of In Situ Isotopic Enrichment Factors for Nitrification

from a Natural EXPeriment.........c.cccccveeiiiiiiiiieiieeiierie et 129
4.5.8.  CONCIUSIONS .....eiiiiiiiiiiiieee ettt et e 130

5. Chapter 5 CONCIUSION ......covuiieiieiiieeiieriie et ecte ettt ettt e e e e saaeebeesaaeenseesenes 132
5.1.  Potential Future Research on the Biogeochemistry of Powell Lake................ 134
5.2.  Potential Future Research on Nitrification in Bedford Basin and Beyond ...... 135
5.3.  Possible Further Implications of Bedford Basin Results ............cccccoeveeennnnn. 138
54. Concluding Remarks .........cccoeviieiiiiiiiiiiiiiiicieee et 140
BIbLIOGIAPNY ...ttt 141
A. Appendix A: Supporting Information to Chapter 2 ..........c.cccceeeviveriincieenieenieeeenn 184

THREE PARALLEL APPROACHES TO THE CHARACTERIZATION OF
THE GEOMICROBIOLOGY OF POWELL LAKE USING NEXT
GENERATION SEQUENCING OF DNA ...ttt 184

ALPHA-DIVERSITY INDICES AS FUNCTIONS OF DEPTH IN THE
POWELL LAKE WATER COLUMN .....ccooiiiiiiiiiiienieeeeeeeeceeeiee e 185

METAL CYCLING BETWEEN THE FERRUGINOUS AND EUXINIC ZONES

INDICATIONS FOR SYNTROPHIC INTERACTIONS BASED ON
CORRELATIONS BETWEEN FORMER CANDIDATE PHYLA AND
METHANOGENS AND DISTINCT SYNTROPHIC COMMUNITIES IN THE
TWO DEEPEST ZONES ...t 188

ABSENCE OF CLEAR EVIDENCE FOR ANAMMOX POTENTIAL ................ 189

VERTICAL PROFILES OF N2O IN POWELL LAKE AND THE DETECTION
OF nosZ CLADE II IN METAGENOMIC BINS WITH ANAEROBIC
METABOLISM ...ttt 190

viii



VERTICAL PROFILES OF CH4 IN POWELL LAKE INDICATED THAT THE

“ASW” IS A METHANOGENIC ZONE .......oooiiiiiiiienieeeeeeeeeseee e 192
B. Appendix B: Supporting Information to Chapter 3..........cccceevvvieirviienciieeciee e 213
BEDFORD BASIN: STUDY SITE ..ottt 213
SENSOR MEASUREMENTS, WATER SAMPLING AND ATMOSPHERIC
DIATA ettt ettt ettt et h et 213
ANALYSIS OF BULK NUTRIENT, PARTICULATE AND CHLOROPHYLL
A CONCENTRATIONS ..ottt 214
STATISTICAL ANALYSES ... e 215
MICROBIAL CELL COUNTS ....ooiiiiiiiiieieeesee ettt 215
ANALYSIS OF 16S rRNA AMPLICON SEQUENCES ........cccooiiiiiiiiieieeene 215
QUANTITATIVE PCRS ...ttt st 216
SUPPLEMENTARY DISCUSSION B1: THE TEMPORAL DISTRIBUTION
OF THE ARCHAEAL amoA PHYLOTYPES QUANTIFIED BY gqPCR............... 217
SUPPLEMENTARY DISCUSSION B2: THE RATE INCREASING EFFECT
OF WARMER WATER FROM INTRUSION EVENTS .....cccooiiiiiiiieeeeeeee 218
SUPPLEMENTARY DISCUSSION B3: STATISTICAL VALIDATION OF
CONCLUSIONS USING LONG-THERM BB TIME SERIES DATA.................. 219
C. Appendix C: Supporting Information to Chapter 4............ccccoeviieiieniiieenieeeeee. 250

POST-ANALYSIS CORRECTIONS AND ADJUSTMENT OF THE ERROR
MARGIN AROUND 8'NN03 VALUES ... oo, 250

OVERVIEW OF IMPROVEMENTS MADE TO STABLE ISOTOPE
METHODS THROUGHOUT THE BEDFORD BASIN TIME SERIES 2014

0 SR PRTR 251
DOCUMENTING THE LINEARITY OF THE DIN STABLE ISOTOPE
METHODS ...ttt ettt et ettt et e e sbeeseeneenaes 252
AMMONIUM ASSIMILATION CORRECTION .....ccccoviiniiiinieniiieeicneeeeeene 253
NEGLIGIBLE OR SMALL INFLUENCE OF N>O PRODUCTION AND THE
NH4"/NH3” EQILIBRIUM ISOTOPE EFFECT ON A0 ...ciiviiiieieeceeeeeee, 254
D. Appendix D: Data DePOSItION ......cccueiiriireiiieeiieeeieeeiieeeeteesieeesreeesereeesereeeeevee e 263



E. Appendix E: Copyright Agreements



LIST OF TABLES

Table 2.1. Limnological and geomicrobiological zones in the Powell Lake water
column in August 2016 with 16S rRNA sampling depths and the three indicator OTUs
(rank-ordered) contributing most to the similarity of the microbial community
composition between samples within a given zone (based on SIMPER analysis). .......... 32

Table 2.2. Functional marker genes found in taxonomically classified metagenomic
DTS, ettt et ettt h e e e bt e bt e e bt e bt e et e e bt e et e e bt e enbeeneas 36

Table 3.1. Results from Spearman's Rho correlation tests between oxygen
concentration, spiciness, nitrifier abundances and their time derivatives (dx/dt) using
2014-2017 BB bottom Water data. ..........ccceeeieriierierieniieieeieseeie e 77

Table 4.1: Isotopic enrichment factors determined by Rayleigh closed system models
or best fit within numerical models for the years 2014 (AOA dominance, nitrite
accumulation <0.5 pmol kg™!) and 2017 (crucial AOB influence, nitrite accumulation

OF 8 UMOLKE™D). oo 122
Table A1l. Comparison (ANOSIM) of the microbial community composition between

groups of samples predicted by geochemical zonation.............cccceeevievieercieeniencieeneennen. 193
Table A2. Metagenome summary STAtISTICS ....c..eerveeuerierieriieniienieeieeieene et 194

Table A3. Indicator OTUs distinguishing the microbial communities between
geomicrobiological zones (Figure 2.3A), where high percentage of contribution to
between-zone dissimilarities (SIMPER) indicates OTUs that are highly distinct
DEIWEEIL ZOMICS. ...ttt ettt ettt ettt ettt et ebe et et sae e bt et 195

Table A4. Distribution of marker genes for anoxygenic photosynthesis (derived from
HUMAnNN) as well as additional functional marker genes for other processes derived
from Hidden Markov Models over the metagenomes from different water column
AEPTRS. ettt 196

Table AS. Taxonomic classification and vertical distribution of metagenomic bins
including metagenome-annotated genomes (MAGs) over the ten metagenomes from
different depths. (Electronic Supplement) ..........ccccveeeeieeriiieniieeciee e 198

Table A6. OTUs forming isolated clades in the phylogenetic tree of 16S rRNA
sequences from then ancient seawater zone (Figure AS)......cccceeviveriieenieeeniee e, 199

Table A7. Marker genes used to quantify genetic potential for processes in the carbon,
nitrogen and SUIUT CYCIES. ...couiiiiiiiii e 200

xi



Table A8. Correlations among different phylum-level taxonomic groups based on 16S
rRNA gene sequences and between taxonomic groups and geochemical parameters in
different samples over the vertical range of the water column. (Electronic Supplement)

Table A9. Correlations among different genus-level taxonomic groups based on 16S
rRNA gene sequences and between taxonomic groups and geochemical parameters in
different samples over the vertical range of the water column. (Electronic Supplement)

Table B1. Multiple regression analyses with each amoA phylotype quantified by
qPCR tested as a dependent variable against independent variables that may predict

their presence in Bedford Basin bottom Water............cccueeeviieeiiiieciieecie e 236
Table B2. Model @qUALIONS. ......c.ceecuieieieeiieiieeieeciie et eeiee et sereeveeseeeesbeessneeseessaeesseenenas 237
Table B3. Reaction terms used in the numerical box model. Modeled state variables

are ShOWN 1N DOLA. ...ovviiiiiiiiiieeee e 238
Table B4. Kinetic parameter values used in the numerical box model. ......................... 239

Table BS. Results from Spearman’s Rho and Kendall’s Tau and Pearson’s, tests,
testing the correlation between oceanographic parameters from the long-term Bedford
Basin time series with 1) the annual NOs/NH4", and ii) winter mixing proxied by the
minimum spiciness during each annual winter mixing period. ........c..ccocevevvereenuennene 240

Table B6. Results from a multiple linear regression using weekly standard anomalies
fOr €aCh Variable. ....c.oiiiiiiiicie s 241

Table B7. Primer sets and dsDNA standards used to quantify archaeal amoA

PRYLOLYPES. ettt ettt st 242
Table BS. Target specificity of qQPCR assays analyzed by cross-reaction test. .............. 244
Table B9. 16S rRNA gene sequences of OTUs affiliated with Thaumarchaeota and

Nitrospina found in the Gulf of Mexico (Kitzinger et al. 2019, 2020). .........ccceevveeneen. 245
Table C1. Isotopic composition (5'°N, §'%0) of NaNO> salts calibrated for isotope

standardization, including standard deviation (SD)........cccceeviiiriiiiniieiee e, 259
Table C2. Model equations. SW = surface Water. ..........ccoecceevieerieenirenienie e 260
Table C3. Model 1 aCHIONS. .....coiueiiiiiiiieiieeie ettt e 261
Table C4. Model parameters ..........c.eerueeiienieeiierie ettt ettt e saaeenaee e 262

Xii



LIST OF FIGURES

Fig. 1.1: The aquatic nitrogen cycle with functional marker genes (section 1.2) and
known nitrogen isotope effects (!°g) for each process (section 1.8) as well as potential
links to the carbon, sulfur and iron cycles indicated (section 1.3).......cccccceeveiveriienieeneenen. 3

Figure 2.1. Maps of POWell Lake. ........ccceeviiiiiiiieiiieeeeceeee et 27

Figure 2.2. Vertical profiles of physical parameters and chemical concentrations in the
center of Powell Lake’s southern basin in August 2016..........ccccoeevvveeiieeeiieeeeiie e, 30

Figure 2.3. Microbial diversity in Powell Lake based on 16S rRNA V4-V5 amplicon
SEQUETICIIIZ. ..ttt euteeeuteentee ettt ette et e seeeabeebeeeateesseeeabeeseeemteeseeenbe e seeeabeensseenseesnsesnseennseenne 34

Figure 2.4. Genetic potential for biogeochemical processes in the (A) nitrogen, (B)
sulfur and (C) carbon cycles, based on the relative abundance of functional marker
genes in each bulk metagenome, sorted by depth. .........c.cccveveiiiiiiiiiiiniiiiieieceece e 44

Figure 2.5. Webs of biogeochemical processes in the (A) carbon, (B) nitrogen and (C)
sulfur cycles based on genetic potential found in the water column of Powell Lake. ...... 47

Figure 3.1. Time series of weekly vertical profiles of temperature (A), salinity (B),
sigma theta (potential density) (C), dissolved oxygen (D), nitrate (E) in Bedford Basin
between January 2014 and December 2017......cc.coviviiniininiiniiiinieeceeeeeeeeeeee e 72

Figure 3.2. Time series of biogeochemical parameters observed at 60 m in Bedford
Basing 20142017, .ottt ettt et ettt et et ateenbeesnaeeneens 74

Figure 3.3. Time series of observed (scatter or bar) and modeled (lines: “mod”)
biogeochemical parameters at 60 m in Bedford Basin, 2014-2017. .....cccccccevienienennenne. 79

Figure 3.4 Observations and model output as in Figure 3.3, but focused on the year
2015 and showing the output from experimental model runs for which the effect of
winter mixing on amoA and nxr was manipulated during winter mixing of 2015
(January 14th — May 27th). ...c.cooiiiieiiieieee ettt ettt et 81

Figure 4.1: Map of Bedford Basin. ...........ccooouiiiiiiiiiiiieeeeee e 102

Figure 4.2: Schematic describing the numerical model including isotope fractionation.
Each reaction was run i) for ['°N + NJ, and ii) for ['°N], shown in orange. ................ 109

Figure 4.3: Time series of oceanographic parameters in Bedford Basin in 2014 (A, C,

E, G) and 2017 (B, D, F, H): A, B) Temperature; C, D) Salinity; E, F) Dissolved
oxygen; G, H) Chl a concentration at 5 m and 60 m. ..........cccceeeeureriieiieniieeiienie e, 111

xiii



Figure 4.4: Time series of biogeochemical observations (scatter or bar plots) and
model output (lines) at 60 meters depth in Bedford Basin in the years 2014 (A, C) and
2017 (B, D): A-B) Observed and modeled DIN concentrations as well as dissolved
oxygen (O2) concentrations; C-D) PON concentration and $'°N. ............cccococoeverenennen. 112

Figure 4.5: Time series of modeled rates (lines), observed (scatter) and modeled (lines)
isotope signatures (5'°N) at 60 meters depth in Bedford Basin in the years 2014 (A, C,
E, G) and 2017 (B, D, F, H).oeoeuiieeeeeeeeeeee e 115

Figure 4.6: Rayleigh models for nitrification during the closed-system periods in fall
2014 AN 20170 oottt st eaea 121

Figure 4.7: Rayleigh models based on the combined change in §'°N in the nitrification
products nitrate and nitrite (§'°Nnox-) during ammonium depletion, for the Rayleigh
closed-system periods in A) 2014, and B) 2017, ....ccccveviieiieiiieieieeeece e 125

Figure 5.1: Speculative application of the nitrifier dilution-regrowth mechanism
identified for Bedford Basin in Chapter 3 to the primary nitrite maximum observed at
the base of the euphotic zone in the Open Ocean. ...........ccoceeeiieriiiiiieniiieiee e 139

Figure Al. Prokaryotic and eukaryotic diversity based on small subunit rRNA gene
SCQUETICIIIZ. ..ttt eutte it eatteeiteeateesateeateeeateenbeesaeeeabeasseeenseeesseenseesaseenseaasseenseesnseenseasnseenseans 204

Figure A2: Vertical distribution of the relative abundance of microbial phyla based on
affiliation with metagenomic bins and their correlation with phyla distribution based
on 16S TRNA ZENE SEQUENCING. ...ecuvvieeiiieeiieeeiieeeieeeeieeeeieeeeieeesreeesnreeesereeensseeensseeennns 206

Figure A3. Relative abundance of 16S rRNA gene sequences affiliated with (A)
potential nitrifiers and (B) potential methylotrophs and methanotrophs by depth. ........ 207

Figure A4. Phylogenetic tree (Kimura two-parameter model) of 16S rRNA gene
sequences affiliated (based on Greengenes) with Nitrosomonadaceae and unclassified
Betaproteobacteria that had a quantitatively significant presence (=0.2%) in the
oxycline, nitrogenous and manganous zones as well as their closest neighbors (>80%
similarity) from the SILVA database..........c.cccoeriiriiiiiiiniiniiieecccceceeceee 208

Figure AS. Phylogenetic tree of the 16S rRNA gene sequences representing the top
indicator OTUs for the Ancient Seawater Zone. (Electronic Supplement) .................... 209

Figure A6. Phylogenetic tree (Kimura two-parameter model) of 16S rRNA gene
sequences affiliated with Thaumarchaeota, their closest neighbors (>90% similarity)
from the SILVA database as well as handpicked reference sequences from the NCBI
RefSeq database. ......c..eevuiiiiiiiiieeii e e 210

Figure A7. Phylogenetic tree (Kimura two-parameter model) of abundant (>0.7% in
any sample) OTUs affiliated with Planctomycetes from 16S rRNA gene sequencing. . 211

X1V



Figure A8. N>O and CH4 concentrations along the vertical profile measured in Powell

Figure B1. Monthly averages using weekly long-term time series data until 2018,
starting in 1994 (temperature, salinity, spiciness, nitrate), 1999 (dissolved oxygen) or
2002 (ammonium, Nitrit€, DIN). ....cccuiiiiiiiiiiii e e e 222

Figure B2. Phylogenetic maximum likelihood trees (1000 bootstraps) of A) bacterial
and B) archaeal ASVs from 16S rRNA amplicon sequencing of the Bedford Basin
bottom water community (bold) affiliated by SILVA with known nitrifier taxa, and
their abundances in total 16S rRNA genes shown as heatmaps. .........cccccecvveeeveeecnneennne. 223

Figure B3. Temporal distribution of the phylotypes of archaeal amoA, Al — A6,
quantified by qPCR as well as salinity at 60 m in Bedford Basin, 2014-2017. ............. 225

Figure B4. Concentrations (A) and time derivatives (B) of oxygen plotted against
NIEFIET ADUNAANCES. ...oociiiiiiiiicce e 226

Figure B5. Time series of nitrifier abundance at the surface (5 m) and in the bottom
water (60 m) of Bedford Basin: A) Thaumarchaeota (AOA), B) Nitrospinaceae
(NOB), C) Nitrosomonadaceae (AOB)..........cccveriiiiiieniieiienie et 227

Figure B6. Network of biogeochemical reactions (solid arrows) and transport in and
out of the 60-meter box of the model by physical mixing (dashed arrows). .................. 228

Figure B7. Time series of observed (scatter or bar) and modeled (lines: “mod”)
biogeochemical parameters at 60 m in Bedford Basin, 2014-2017, with modeled AO
rate parameters adjusted to fit the observations in the year 2016 but otherwise identical
to the model shown 1n Figure 3.3.......coooiiiiiiiiieceeeeeee e 229

Figure B8. Model output for the year 2002 compared to empirical ammonia oxidation
rates (“AO obs”) from Punshon and Moore (Punshon and Moore 2004)....................... 230

Figure B9. Phylogenetic Maximum Likelihood tree (1000 bootstraps) of Nitrospina-
affiliated ASVs from this study, the reference sequences from Figure B2 and
additional Nitrospina-affiliated reference sequences from the Gulf of Mexico,
identified by Kitzinger et al. (Kitzinger et al. 2019, 2020) and shown in Table BO....... 231

Figure B10. Phylogenetic Maximum Likelihood tree (1000 bootstraps) of
Thaumarchaeota-affiliated ASVs from this study, the reference sequences from Figure
B2 and additional Thaumarchaeota-affiliated reference sequences from the Gulf of
Mexico, identified by Kitzinger et al. (Kitzinger et al. 2019, 2020) and shown in Table
B ettt s 232

Figure B11. Observed Difference between DIN and phosphate concentrations
corrected for the Redfield Ratio (factor 16) in the BB bottom water (60 m). ................ 233

XV



Figure B12. Phylogenetic maximum likelihood trees (1000 bootstraps) of bacterial
and archaeal ASVs from 16S rRNA amplicon sequencing of the Bedford Basin bottom
water community (bold) affiliated by SILVA with known nitrifier taxa.........c.............. 235

Figure C1. The 8"Nnpimae of in-house standards as a function of initial nitrate
concentration before cadmium and azide reduction when measured with standards of
20 uM initial Nitrate CONCENTIATION. .....c.uieiieriieiieeieeiie et eite et esereeaeesieeebeeseneeseenaeeenne 255

Figure C2. Range of differences in 8'°N measured if samples were diluted with
deionized water compared to dilution with 1 M NaCl solution prior to azide reduction,
fOI‘ A) 815Nnitrite (n = 6), al’ld B) 615Nnitrate (n = 12). ......................................................... 256

Figure C3. The concentration-dependence $'°Nnos in our in-house standard as a
function of initial nitrate concentration before cadmium and azide reduction if
measured with calibration standards adjusted to nitrate concentration of the in-house
] 10T £ ¢« DRSSPSR 257

Figure C4. The 8'°Nnn4 of in-house standards analyzed with calibration standards at
20 uM as a function of initial ammonium concentration in the in-house standards. ...... 258

Figure C5. The 8'°Nno2 of in-house standards analyzed with calibration standards at
20 uM as a function of initial nitrite concentration in the in-house standards................ 259

xvi



ABSTRACT

The biogeochemical cycling of nitrogen (N) in coastal water columns is of high importance
due to anthropogenic N input and its role in fueling primary production and eutrophication.
Using highly resolved field observations of a wide variety of environmental parameters,
this thesis explores how microbiological, geochemical and physical variables control N
cycling in two contrasting coastal water columns. In Chapter 2, metagenomes and the 16S
rRNA phylogenetic marker gene were used in conjunction with geochemical
measurements to characterize the microbial community and its functional capacities along
an oxic-suboxic-sulfidic-ferruginous-methanogenic gradient in permanently stratified
Powell Lake, British Columbia. This revealed potential micro-aerobic nitrifiers, facultative
anaerobic potential in the widespread freshwater lineage acl (Actinobacteria) and
evolutionarily divergent microbial lineages in the bottom water containing ancient
seawater. Chapters 3 and 4 focus on the Bedford Basin (BB), Nova Scotia, a seasonally
stratified coastal basin. In the dark BB bottom water (60 meters), accumulated ammonium
(~20 pmol kg!) is oxidized to nitrate during stratified periods. Chapter 3 describes results
from four years (2014-2017) of weekly time series measurements in BB bottom water of
geochemical concentrations as well as functional and phylogenetic marker genes. Analyses
in conjunction with a biogeochemical model suggested strong physical mixing in some
years caused dilution of nitrifier biomass, which led to nitrification delay and temporary
nitrite accumulation by delaying the regrowth of ammonia oxidizer and nitrite oxidizer
populations. In Chapter 4, the N isotopic signatures (8'°N) of particulate N, ammonium,
nitrite and nitrate associated with these nitrification patterns were analyzed, using two
distinct “natural experiments”: in 2014, ammonia oxidation was performed almost entirely
by archaea and nitrite did not accumulate beyond 0.5 pmol kg™'. In 2017, bacterial ammonia
oxidation played a role in nitrite accumulation to about 8 pmol kg™!. N isotope fractionation
patterns were analyzed with the support of a numerical model and high-confidence, in situ
isotopic enrichment factors ('°¢) were determined. Overall, this work identified key
controls on the aquatic N cycle, its interaction with other biogeochemical cycles, microbial
communities and climate, as well as controls on N isotope distributions in the context of

different stratification regimes.
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CHAPTER 1

INTRODUCTION

1.1. The Aquatic Nitrogen Cycle and its Importance

Nitrogen (N) is a limiting nutrient for primary production by photosynthetic organisms in
many aquatic environments (Canfield 1983; Falkowski 1997; Howarth and Marino 2006;
Xu et al. 2010). This is despite the high atmospheric abundance of N, as the chemically
inert N>-molecule can only be used by specialized N>-fixing microorganisms. All other
organisms rely on “fixed nitrogen”, which includes diverse organic forms of N and the
dissolved inorganic nitrogen (DIN) species ammonium (NH4"), nitrite (NO>") and nitrate
(NOs3°). The sum of the mostly biotic processes producing, transforming and removing
fixed N in its multiple different chemical forms constitute the biogeochemical N cycle (Fig.
1.1).

The processes within the N cycle are highly dependent on the redox state of the
environment as many are either obligately aerobic or anaerobic. Therefore, and given the
delayed and slow oxygenation of the oceans during Earth’s history, the anaerobic process
of biological N fixation (BNF) likely evolved prior to the obligately aerobic nitrification
process and the obligately anaerobic, but oxidized-N dependent processes of denitrification
and anammox (Falkowski 1997; Canfield et al. 2010a). During the transition period, i.e.
while oceans were slowly being oxygenated after the evolution of oxygenic photosynthesis,
the marine water column was likely analogous to some modern-day, permanently stratified
marine basins and lakes: an oxygenated surface layer, in which nitrification could occur,
overlying an anoxic bottom layer, in which downward diffusing nitrate could be reduced
by denitrification and anammox (Canfield et al. 2010a; Thomazo and Papineau 2013). In
the mostly well-oxygenated ocean of today, anaerobic processes are restricted to the
sediments and to anoxic micro-zones within particles (Bianchi et al. 2018), anoxic coastal
basins (Dalsgaard et al. 2003; Bourbonnais et al. 2013), transiently suboxic eddies (Fiedler
et al. 2016) and spatially restricted, but expanding (Stramma et al. 2010; Breitburg et al.



2018) marine oxygen minimum zones (mOMZ; Lavik et al. 2009; Lam and Kuypers 2011;
Kalvelage et al. 2013).

The contemporary global ocean is a net N sink, receiving more fixed N from the
atmosphere and terrestrial realm than it returns, part of which is a consequence of
anthropogenic activity (Gruber 2008; Fowler et al. 2013). Every year, about 40—66 Tg N
are delivered to coastal ecosystems by rivers (Voss et al. 2013) and current estimates
suggest that 75% of riverine DIN may reach the open ocean (Sharples et al. 2017; Jickells
et al. 2017). The atmospheric deposition of reactive N from fossil fuel combustion and the
widespread use of the Haber-Bosch process to fix N for agricultural fertilization constitute
fixed N sources that are now of similar magnitude as global BNF (Duce et al. 2008;
Canfield et al. 2010a; Pefiuelas et al. 2012; Fowler et al. 2013; Glibert et al. 2014; Jickells
et al. 2017). This leads to increased oceanic N loads and nitrogen-to-phosphorus ratios, as
well as to changes in the chemical speciation (organic vs. inorganic, reduced vs. oxidized)
of fixed N (Kim et al. 2011; Pefiuelas et al. 2012; Glibert et al. 2014, 2016). In coastal
systems, an increased share of reduced N in fixed N has been observed with consequences
for ecosystem health (Glibert et al. 2014, 2016). Similarly, fluctuations in the relative
supply of organic N may disturb ecological integrity and cause harmful algal blooms
(LaRoche et al. 1997). Meanwhile, in the ocean at large, a decrease in surface water nitrate
concentrations is predicted as a consequence of changing stratification patterns associated
with climate change (Bindoff et al. 2019).

In most present-day natural systems, DIN speciation is crucially determined by
nitrification, a process at the center of the N cycle oxidizing ammonia (NH3) via nitrite to
nitrate. The ratio of ammonium to nitrate available to phytoplankton has a significant
impact on phytoplankton community structure and primary productivity: high shares of
ammonium in DIN have been linked to lower primary productivity and to selection for
smaller algal species, which may have the potential to form harmful algal blooms (Berg et
al. 2003; Yoshiyama and Sharp 2006; Domingues et al. 2011; Glibert et al. 2016).
Furthermore, the production of nitrite and nitrate by nitrification is a prerequisite for fixed
N removal via denitrification or anammox. Together with losses to burial and transport to

other parts of the ocean (continental shelfs), denitrification constitutes a quantitatively



important removal pathway for fixed N from coastal systems (Voss et al. 2013). Local
variability in the efficiency of nitrification is particularly important in the coastal ocean,
where most of the sinking organic matter reaches the sediments, whereas almost all organic
N sinking out of the euphotic zone in the oligotrophic open ocean is remineralized (Gruber
2008). Finally, the coastal ocean is also a major source of the greenhouse gas N>O, which
can be produced as a side product of nitrification or as an intermediary product of

denitrification (Bange 2006).
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Fig. 1.1: The aquatic nitrogen cycle with functional marker genes (section 1.2) and known
nitrogen isotope effects (!°¢) for each process (section 1.8) as well as potential links to the
carbon, sulfur and iron cycles indicated (section 1.3).

In a changing global environment, it is especially important to understand the
biogeochemical N cycle (Fig. 1.1) and how it is controlled by the interaction with other
biogeochemical cycles and environmental factors, particularly the physical environment
(temperature, mixing) that is subject to climate-driven changes. Moreover, detailed
understanding at the intersection of geochemistry and microbiology is crucial, given that
N cycle processes are mostly mediated by microbes, which use enzymes to catalyze
oxidation-reduction (redox) transformations of DIN species and to convert between
organic and inorganic forms of N. Well-resolved, interdisciplinary, in situ observations in
“natural laboratories” as described in the following chapters are a key tool to gain these
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insights. For example, detailed vertical profiles in stable systems close to steady state
(Chapter 2) and highly resolved time series in dynamic systems (Chapters 3 and 4) are
promising approaches used here to study the influence of physical factors, geochemical

gradients and connected biogeochemical cycles on N cycling, with a focus on nitrification.

1.2. The N Cycle, its Microbial Players and Their Functional Marker Genes
and Links to Other Elemental Cycles

To understand the N cycle and its environmental role, it is important to note that it is a
complex web of processes, most of them catalyzed by microbes using organic and
inorganic N compounds with different redox states for biomass growth (assimilation) or
energy conservation (Fig. 1.1). BNF by taxonomically diverse bacteria or archaea (Bombar
et al. 2016), collectively called diazotrophs, makes the plentiful but inert N> biologically
available. In the ocean, BNF supported by phototrophy plays a major role, but BNF
independent of light energy is increasingly recognized as quantitatively important (Bombar
et al. 2016). Most known diazotrophs contain a version of the enzyme nitrogenase and the
nifH subunit of the nitrogenase gene is typically used as a functional marker gene.

Fixed organic N can be remineralized by heterotrophic microorganisms to ammonium,
in a process often called ammonification. Given the variety of organic N compounds and
pathways for their remineralization, no single functional marker gene can signpost this
process, but ureC (urease), gdHA and gudB (glutamate dehydrogenase) have been used
(Lauro et al. 2011). Similarly, for ammonium assimilation no single functional marker gene
can cover the incorporation of ammonium into different organic compounds, but ginA
(glutamine synthetase) and g/¢BS (glutamate synthase) have been used (Lauro et al. 2011).
Ammonium can be re-assimilated into biomass not only by phototrophs and
chemolithoautotrophs but also by heterotrophs (Allen et al. 2002), thereby avoiding both
the oxidative and N>-producing portions of the N cycle.

Under oxic conditions, an alternative fate for ammonium is its oxidation via two major
steps to nitrite (ammonia oxidation, AO) and further to nitrate (nitrite oxidation, NO).
Typically, these two steps of nitrification are catalyzed by two taxonomically and

functionally different microorganisms, ammonia oxidizing organisms (AOO) and nitrite



oxidizing bacteria (NOB). An exception to this has been found only recently, when bacteria
from the genus Nitrospira were discovered that can conduct the entire process of oxidizing
ammonium to nitrate (Daims et al. 2015; van Kessel et al. 2015). While this complete
nitrification (“comammox”) has mainly been found in human-made (e.g. wastewater) and
some terrestrial environments (Pjevac et al. 2017; Koch et al. 2019), some environmental
studies suggest that the process may be relevant also in the coastal ocean (Yu et al. 2018;
Xia et al. 2018).

Nitrospira were previously known to catalyze NO, the second step of nitrification, only.
Other NOB groups are the proteobacterial genera Nitrotoga (Alawi et al. 2007),
Nitrobacter, Nitrospina and Nitrococcus, of which the latter two are most relevant for
marine NO (Spieck and Bock 2005; Lam and Kuypers 2011). AO, the first step of
nitrification, is catalyzed either by ammonia oxidizing bacteria (AOB) or -archaeca (AOA).
Soon after their discovery in the early 21% century, AOA were found to be the dominant
ammonia oxidizing organisms (AOO) in the open ocean (Konneke et al. 2005; Wuchter et
al. 2006). Known AOA are affiliated with the phylum Thaumarchaeota and all
Thaumarchaeota contain the marker gene amoA for AO (Santoro et al. 2019), while AOB
are either Gamma- or Betaproteobacteria within the orders Nitrosococcales and
Nitrosomonadales, respectively.

The two main functional marker genes used in nitrification are the amoA subunit of the
ammonia monooxygenase gene and subunits of the nxr gene for the nitrite oxidoreductase.
Both NOB and comammox bacteria use distinct versions of nxr to oxidize nitrite and
different versions of amoA are used by AOA, AOB and comammox bacteria for the first
step of ammonia oxidation (Daims et al. 2015). Ammonia is first turned into
hydroxylamine, an intermediate product in both bacterial and archaeal ammonia oxidation
(Stein 2019). Additionally, AOB and complete nitrifiers produce nitric oxide (not shown
in Fig. 1.1) as a second intermediate prior to nitrite via a hydroxylamine dehydrogenase
(Caranto and Lancaster 2017). AOA may also produce NO as a side product of the final
nitrite production step (Stein 2019).

Nitrification is the pre-requisite for fixed N removal via denitrification or anammox.

Denitrification can be catalyzed by diverse groups of bacteria, archaea (Philippot 2002)



and even fungi (Kobayashi et al. 1996). The functional marker genes narGH (nitrate
reductase), nirK (nitrite reductase), norBC (nitric oxide reductase) and nosZ (nitrous oxide
reductase) are widely used as tracers for these subprocesses along the denitrification
pathway (Fig. 1.1). Denitrification can be heterotrophic, using organic carbon as electron
donor, or autotrophic, using reduced sulfur or iron.

Anammox, an alternative process which uses ammonium and nitrite as substrates for the
removal of fixed N from aquatic environments, was also discovered relatively recently
(Strous et al. 1997, 1999; Dalsgaard et al. 2003; Kuypers et al. 2003). It is an autotrophic
process and organic carbon availability may therefore be an important factor in
distinguishing its niche from that of heterotrophic denitrification (Algar and Vallino 2014;
Hardison et al. 2015). Its marker gene hydrazine dehydrogenase (4dh) is a hydroxylamine
oxidoreductase-like protein with high structural similarity to the hydroxylamine
dehydrogenases harbored by AOB and comammox bacteria (Maalcke et al. 2016). This
makes a distinction based on genetic information between AOB and anammox non-trivial
and require analysis beyond the level routinely deployed for metagenomic data (Haas et al.
2019).

Dissimilatory nitrate reduction to ammonium (DNRA) is of environmental significance
as it constitutes a pathway of dissimilatory N reduction that does not result in loss of fixed
N. It is often associated with nitrate reduction to nitrite via the periplasmic nitrate reductase
(napAB; Giblin et al. 2013), but the functional marker gene nrf4 coding for the periplasmic,
formate-dependent nitrite reductase that catalyzes nitrite reduction to ammonium is a more
reliable identifier of genetic potential for DNRA.

Fundamental gaps in our understanding of the aquatic N cycle are still being closed. This
is demonstrated by the relatively recent discoveries of the anammox (Strous et al. 1997,
1999; Dalsgaard et al. 2003; Kuypers et al. 2003) and comammox processes (Daims et al.
2015; van Kessel et al. 2015), the existence and environmental importance of archaeal
ammonia oxidizers (Konneke et al. 2005; Wuchter et al. 2006), as well as the recently
identified connections between denitrification and anaerobic methane oxidation (Ettwig et
al. 2010; Haroon et al. 2013). Strikingly, each of these processes and associated microbes

were first discovered in human-made or human-impacted environments, such as aquaria



(Konneke et al. 2005), wastewater (Strous et al. 1997, 1999), aquaculture or oil exploration
pipes (Daims et al. 2015; van Kessel et al. 2015), canals or ditches (Ettwig et al. 2010), or
wastewater sludge (Haroon et al. 2013). This might be explained by the typically high
accessibility and economic incentive to monitor such environments, leading to a higher
likelihood of chance findings that ultimately lead to discoveries.

Pure isolation of the functional microbes or their enrichment combined with microscopic
imaging and/or genomic techniques was a pivotal step in the discovery process, often
confirming theoretical or environmental indications for their existence (Strous et al. 1999;
Konneke et al. 2005; Ettwig et al. 2010; Haroon et al. 2013; Daims et al. 2015; van Kessel
et al. 2015). Subsequently, the environmental relevance was established by culture-
independent methods (Dalsgaard et al. 2003; Kuypers et al. 2003; Wuchter et al. 2006;
Pjevac et al. 2017). The continuing discoveries of novel processes within the N cycle is
likely a consequence of its complexity, which is owed to the high number of inorganic N
compounds that are stable in aqueous and solid states in the environment and that cover a
wide redox range. This enables a large variety of processes that are thermodynamically
feasible for energy preservation by microbes (Fig. 1.1), many of which link N compounds

to other biogeochemical cycles (Lam and Kuypers 2011).

1.3.  Links Between Nitrogen, Sulfur, Carbon and Metal Cycling

Given that each biotic N-biogeochemical process links the N cycle to other biogeochemical
cycles via the metabolism of the catalyzing microbe, it is important to resolve these links.
Each biotic process in the N cycle is linked to the carbon (C) cycle by either heterotrophy
or autotrophy or potentially both (Fig. 1.1). Denitrification combined with methane or
methyl compound oxidation provides additional links between the N and the C cycle
(Ettwig et al. 2010; Haroon et al. 2013; Kits et al. 2015a; b; Oswald et al. 2017).
Autotrophic denitrification and DNRA can be combined with sulfide or ferrous iron
oxidation, thereby linking the N- to the cycles of C, sulfur (S) and iron (Fe) (Baalsrud and
Baalsrud 1954; Straub et al. 1996; Jorgensen and Nelson 2004; Murphy et al. 2020).
Additionally, abiotic reduction of nitrite by ferrous iron to N2O or N2 may be significant in

iron-rich environments (Buchwald et al. 2016).



BNF can be linked to both the carbon and sulfur cycles via various processes employed
by diazotrophs that include methanotrophy, methanogenesis and sulfate reduction (Bombar
et al. 2016). Evidence for the occurrence of anammox (N2 production from ammonium)
with iron oxides or sulfate as electron acceptors has been found in soil and wastewater
systems (Yang et al. 2012; Rikmann et al. 2012) and first indications for its occurrence
were recently found also in marine sediments (Rios-Del Toro et al. 2018). Possible
indications for anaerobic nitrification (NOx production from ammonium) using manganese
oxides (Lin and Taillefert 2014), iodate (Babbin et al. 2017) or sulfate (Rikmann et al.

2012) have not been corroborated for natural aquatic systems to date.

1.4.  Nitrification at Low Oxygen Concentrations

AO and NO, the subprocesses of nitrification that constitute a focus of the following
studies, are obligately aerobic processes. However, recently, they have been observed
under close-to anoxic conditions (dissolved O as low as <1 pM), raising questions about
the lower oxygen-thresholds for these processes (Fiissel et al. 2012; Buchwald et al. 2015;
Bristow et al. 2016). Evidence from mOMZs suggests that the activity of specialized low-
oxygen nitrite oxidizers may be limited by nitrite even under low-O> conditions and that
higher O, may even partially inhibit them (Sun et al. 2017). These findings are suggestive
of microaerophilic or even anaerobic nitrification. For NO, indications for activity in the
absence of O have been reported independently multiple times (Fiissel et al. 2012;
Kalvelage et al. 2013; Peng et al. 2016; Sun et al. 2017). However, these findings are
inferred using natural abundance or tracer isotope techniques. Conclusions from such
studies might, conceivably, be invalidated by intricate isotope effects for which evidence
is only beginning to emerge and which may have the potential to explain results from these
studies without invoking anaerobic nitrification (Kemeny et al. 2016; Buchwald and
Wankel 2020). In Chapter 2, potential micro-aerobic nitrifiers are identified taxonomically.

The electron acceptors iodate (Babbin et al. 2017), manganese oxides (Lin and Taillefert
2014), ferric iron (Yang et al. 2012) or sulfate (Rikmann et al. 2012) are
thermodynamically feasible to support the nitrification processes and some indications

have been found for their environmental relevance. Evidence for ammonia oxidation to



nitrate or N by sulfate reduction has been found in wastewater (Liu et al., 2008; Rikmann
et al., 2012 and citations therein). Fe(IlI)-catalyzed oxidation of ammonium to NO>/NO3"
at neutral or high pH and to N> at pH<6.5 may occur in soils (Yang et al. 2012; Li et al.
2015d). Indirect evidence for Mn(IV)-catalyzed ammonia oxidation to nitrate and nitrite
has been found in marine sediments (Hulth et al. 1999; Mortimer et al. 2004; Bartlett et al.
2008; Lin and Taillefert 2014).

Nitrite oxidation coupled to the dismutation of nitric oxide into Oz and N> has recently
been proposed to occur in mOMZs (Babbin et al. 2020). The O> produced during the
dismutation reaction could be used to support aerobic nitrite oxidation. A similar
mechanism can evidently support aerobic methane oxidation coupled to nitrite dismutation

(Ettwig et al. 2010).

1.5. Kinetics of Nitrification

The kinetic properties of enzymes can be described by the maximum velocity (Vmax) at
which the process catalyzed by a given enzyme can proceed under substrate saturation, as
well as the half-saturation constant (Km), which denotes the substrate concentration at 50%
Vmax and assesses the efficiency at which the substrate can be utilized at low concentration
(Menten and Michaelis 1913). In the environment, these parameters reflect evolutionary
adaptations to high (high Vmax, low Km) or low (lIow Vmax, low Kum) substrate
concentrations. This can lead to niche-differentiation also in nitrifying organisms (Martens-
Habbena et al. 2009) and, as shown in Chapter 3, have geochemical consequences .
Kinetic properties of nitrifying organisms suggest that they can be active at low oxygen
concentrations. Lab-based studies suggest relatively high half-saturation constants for O>
in the range of 2.6-135.3 uM for NOB, 1.3-14.9 uM for AOB and 1.2-3.9 uM for AOA
(Laanbroek and Gerards 1993; Laanbroek et al. 1994; Blackburne et al. 2007; Martens-
Habbena et al. 2009; Nowka et al. 2015; Ushiki et al. 2017; Qin et al. 2017). However,
using data from several studies in mOMZs, Bristow et al. (2016) found apparent half-
saturation constants for O of 0.283+0.064 uM for AO and 0.622+0.145 uM for NO,
suggesting potential for these processes at nanomolar-level oxygen concentrations. The

nitrifier community in Bristow et al.’s study was likely dominated by Thaumarchaeota and



Nitrospina, which may explain the big difference, especially for NOB, to results from the
laboratory-based studies cited above, which were conducted on Nitrospira and Nitrobacter.
Bristow et al.’s study demonstrates the difficulty in distinguishing between microaerophilic
and potential anaerobic nitrification, given the potential for nitrification at oxygen
concentrations below the sensitivity threshold of all but the most specialized, recently
developed oxygen sensors (Revsbech et al. 2011).

Differential AO and NO kinetics among nitrifying organisms can represent adaptations
to different ecological niches (Blackburne et al. 2007; Martens-Habbena et al. 2009;
Nowka et al. 2015). Large differences in the affinity for ammonia have been found between
AOA and AOB (Martens-Habbena et al. 2009). AOA, which dominate AO in the
oligotrophic open-ocean (Wuchter et al. 2006), have significantly higher affinity for
ammonia (Kn(NH3) = 0.1 uM) than AOB (2.4-8000 puM; (Suzuki et al. 1974; Ward 1987,
1990; Schramm et al. 1999; Bollmann et al. 2005; Martens-Habbena et al. 2009; Newell et
al. 2013; Horak et al. 2013) which tend to be found in coastal and lacustrine environments
with higher ammonium availability (Li et al. 2015b; Happel et al. 2018; Massé et al. 2019).

N-substrate affinities for NOB are in a similar range (Kn(NO2"): 6606 uM) as those
determined for AOB, i.e. at least an order of magnitude higher than for AOA (Laanbroek
and Gerards 1993; Schramm et al. 1999; Blackburne et al. 2007; Nowka et al. 2015; Ushiki
et al. 2017). However, Nitrospina-dominated natural assemblages in an mOMZ showed
much lower apparent Kin(NO2") for nitrite (0.2544+0.161 uM), suggesting higher affinity

under low nitrite concentrations (<0.1 pM) in the ocean (Sun et al. 2017).

1.6. Nitrification in Coastal Water Columns

N cycling in coastal systems is of special significance due to their location near the land-
sea interface, which makes them a direct recipient of, and filter for, anthropogenic N that
is added to the ocean (Glibert et al. 2016). Excess N within coastal systems can cause
ecological problems such as eutrophication and harmful algal blooms (LaRoche et al. 1997;
Glibert et al. 2014, 2016; Domangue and Mortazavi 2018). As discussed above (1.1) and
in Chapter 3 nitrification can play a key role in this context due to its ability to influence

the crucial ammonium:nitrate ratio (Glibert et al. 2016).
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As an additional challenge, global climate change and N pollution can lead to alteration
of biogeochemical cycling and primary production through eutrophication and
deoxygenation (Bange 2006), as well as physical changes as discussed in Chapter 3.
Coastal basins and other shelf systems are also net sources of the greenhouse gas N>O
(Bange 2006). Oxygen gradients in coastal basins are of particular importance, since the
availability of oxygen fundamentally influences N cycling and directly affects N>O
emissions (Punshon and Moore 2004; Bange 2006; Naqvi et al. 2010). Findings from
coastal systems (Chapters 3, 4) may also help our understanding of N cycling in other

globally significant marine systems, such as mOMZs and sediments.
1.6.1. Seasonal Variations and Controls of Nitrification

Seasonal maxima in nitrification have been observed frequently in coastal systems
(Punshon and Moore 2004; Schweiger et al. 2007; Pitcher et al. 2011; Hollibaugh et al.
2014; Laperriere et al. 2019). They often seem to be caused by changing availability of
ammonium due to mixing (Schweiger et al. 2007; Pitcher et al. 2011; Laperriere et al.
2019). In other cases, however, maximum nitrification was observed during stratified
periods while low rates or nitrifier numbers were associated with mixing events (Punshon
and Moore 2004; Hollibaugh et al. 2014). The latter phenomenon is explored in Chapter 3.

A frequently observed phenomenon in marine and lacustrine surface waters are near-
surface wintertime blooms of nitrifying bacteria (Schweiger et al. 2007; Galand et al. 2010;
Pitcher et al. 2011; Grzymski et al. 2012; Smart et al. 2015; Massé et al. 2019). In some of
these cases, euphotic-zone nitrification was likely enhanced by ammonium delivery from
subsurface water after stratification breaks down in early winter (Schweiger et al. 2007,
Galand et al. 2010). In other cases, wintertime nitrification maxima could be facilitated by
increased ammonium availability due to lower assimilative demand by phytoplankton or
directly by the decreased light intensity, which allows the presumably light-sensitive
nitrifiers to thrive at the surface only during this season (Smart et al. 2015).

Indications for light-inhibition of nitrification have been reported by numerous studies,
but it is often difficult to distinguish between direct photoinhibition and indirect

suppression of nitrification due to substrate competition from photoautotrophs (Olson
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1981; Merbt et al. 2012; Hsiao et al. 2014). Also, light-intensity in mid-latitudes, where
several such observations have been made (Galand et al. 2010; Pitcher et al. 2011; Massé
et al. 2019), may be reduced in winter, but sunlight is still present. Moreover, there are
numerous reports of euphotic zone nitrification also outside winter, proving that light-
inhibition does not in principle prohibit nitrification (Wankel et al. 2007; Grundle and
Juniper 2011; Stephens et al. 2019). It also seems implausible that AOA evolved high
enough substrate affinity to compete with phytoplankton during spring, summer and fall,
but that no AOO species additionally evolved the sunlight protection necessary to occupy
this ecological niche. Instead, more direct competition may be occurring, which might
include phytoplankton actively suppressing competition for ammonium from AQOO, e.g.
via allelopathy (Legrand et al. 2003). This still speculative idea should be tested further.
Alternatively, low ammonium concentrations created by phytoplankton assimilation may
simply exert a first-order limitation on nitrification rates. Low ammonium concentrations
may select for “K-selected” AOO with low-Km-low-Vmax AO kinetics, while higher
concentrations may select for AOO with the opposite kinetic properties (“r-selected”),
leading to higher rates in winter. In a temperate lake in which ammonium concentrations
and AO rates were highest during winter, AOA were omnipresent throughout the year
while AOB were only abundant in winter (Massé et al. 2019). Based on the differential
kinetics in AOA vs AOB discussed above, it is tempting to speculate that r-selected AOB
caused higher rates in winter but were unable to compete with photoautotrophs for limiting
ammonium during summer. At a coastal site in the Mediterranean Sea, coincident winter
peaks of chlorophyll (Chl) @ and thaumarchaeal 16S rRNA genes were reported, evidently
driven by the intrusion of nutrient-rich subsurface water into the surface water (Galand et
al. 2010). This suggests that substrate availability caused wintertime nitrification and that
light-inhibition, at least under these circumstances, was ineffective. In summary, I argue
that wintertime, near-surface nitrification maxima are more likely to be caused by increased
ammonium availability due to mixing or the reduction of phytoplankton assimilation than

by light-inhibition. This remains an active area of research.
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1.6.2. Temporal and Spatial Nitrite Accumulations in Water

Columns

Transient accumulations of nitrite have been observed in coastal waters and lakes
(McCarthy et al. 1984; Gelda et al. 1999; Sacca et al. 2008; Tremblay et al. 2008; Pitcher
et al. 2011; Hollibaugh et al. 2014; Heiss and Fulweiler 2016; Schaefer and Hollibaugh
2017; Laperriere et al. 2019). They are usually attributed to a decoupling of AO from NO,
but it is often unclear what causes the decoupling. A wide range of factors, including high
pH, high temperature, low oxygen, high organic carbon, phosphate deficiency and various
chemicals including chlorate, hydroxylamine, ammonia (NH3) and volatile fatty acids have
been reported to potentially decouple nitrification (reviewed in Philips et al., 2002).

It is unclear which of these factors are most important for the transient nitrite
accumulations that are often observed in coastal waters and it is possible that there is no
common mechanism for the decoupling of nitrification between different systems given
the differing explanations found in literature (Sacca et al. 2008; Heiss and Fulweiler 2016;
Schaefer and Hollibaugh 2017). Schaefer and Hollibaugh (2017) linked high summer
temperatures to rapid AOA growth, decoupling it from NOB growth. Heiss and Fulweiler
(2016) also reported nitrite accumulations in an estuary during summer, with one of several
predictive factors being temperature. However, there have also been several reports of
nitrite accumulations in winter (Galand et al. 2010; Pitcher et al. 2011), which are likely
explained by the increased and relatively sudden availability of ammonium due to resolved
stratification or strong reduction of ammonium assimilation by phytoplankton, as discussed
in the previous section.

A potentially unifying mechanism for many of these instances might be rapid growth
and activity of AOO caused by high temperatures (Schaefer and Hollibaugh 2017) or high
substrate availability (Galand et al. 2010; Pitcher et al. 2011), temporarily leading to rates
of AO that exceed rates of NO while NOB adjust to the suddenly increased availability of
nitrite. Chapter 3 of this thesis illustrates an example of this underlying mechanism in the
special case of strong physical mixing causing eventual rapid regrowth of AOO.

These temporary nitrite accumulations in coastal water columns are distinct from the

persistent primary nitrite maxima (PNM) which are located at the bottom of the euphotic
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zone in the open ocean (Brandhorst 1958; Lomas and Lipschultz 2006). Two mutually non-
exclusive hypotheses for PNM creation are still being debated: nitrite excretion by stressed
phytoplankton (Vaccaro and Ryther 1960) as well as decoupled nitrification for which
again numerous causes are plausible (Olson 1981; Lomas and Lipschultz 2006; Zakem et

al. 2018).

1.7.  The Influence of Physical Mixing on Biogeochemical Cycling in Water

Columns

1.7.1. Biogeochemistry Under Conditions of Weak Physical Mixing

Physical mixing affects aquatic biogeochemistry, including nitrification, in many ways.
When it is very low or absent, as in sediments or permanently stratified lakes (Chapter 2)
or marine basins, the reduced ventilation can lead to anoxic conditions. This selects for
anaerobic respiration of organic matter by use of alternative electron acceptor, which, under
ideal conditions, are used in the order of their thermodynamic favourability (Froelich et al.
1979; Nealson et al. 1991; Canfield and Thamdrup 2009).

In the absence of metal or sulfur oxides, the respective steps in the electron acceptor
chains would be skipped. This can lead to ferruginous (ferrous-iron rich) lake water
columns where sulfate is unavailable (Crowe et al. 2014) or euxinic (sulfide-rich) water
columns in which the abundance of sulfate makes sulfate reduction the dominant
respiration process (Klepac-Ceraj et al. 2012; Hamilton et al. 2016). Conditions close to
the theoretical scenario in which a euxinic zone underlies a ferruginous and a manganous
zone can be found in many marine sediments as well as the permanently stratified Black
Sea water column, for example (Froelich et al. 1979; Nealson et al. 1991; Canfield and
Thamdrup 2009). Below the euxinic zone, a methanogenic zone is usually found in which
COao, the least favorable electron acceptor is used to produce methane.

The water columns of meromictic (perennially stratified) lakes provide accessible,
temporally stable model systems for in-depth studies of biogeochemical cycling along
redox gradients and at interfaces. Their bottom waters present extreme endmembers on the

physical mixing intensity range encountered in natural water columns.
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Large differences in the chemical and physical settings of meromictic lakes cause
variations between systems. The occurrence of a ‘plate’ of anoxygenic phototrophic
bacteria is a hallmark of chemoclines that are reached by light (Schultze et al. 2017).
Meromictic lake water columns often host an active methane cycle with aerobic, often
gammaproteobacterial, methane oxidizers occurring in their chemoclines (Crowe et al.
2011; Inceoglu et al. 2015a; Oswald et al. 2017). Water column-based methanogenesis has
only once been measured (Iversen et al. 1987), but methanogenic archaea, specifically
Methanosarcinales and Methanomicrobiales, are frequently found in meromictic lake
water columns (Crowe et al. 2011; Gies et al. 2014). Generally, oxyclines of meromictic
lakes provide habitat to microbial oxidizers of reductants such as ammonium, sulfide and
methane from the anoxic zone.

Few studies have focused on nitrification in meromictic lakes (Joye et al. 1999; Pouliot
et al. 2009), but since the relatively recent discovery of AO by marine Thaumarchaeota,
Thaumarchaeota have also been found in a number of meromictic lakes (Pouliot et al.
2009; Comeau et al. 2012; Gies et al. 2014; Inceoglu et al. 2015a; Tiodjio et al. 2015). Less
is known about NOB, but sequences affiliated with Nitrospira have been isolated from
some meromictic lakes (Gies et al. 2014; Inceoglu et al. 2015a). Despite substantial
ammonium supply to the oxygenated zone of meromictic lakes, ammonia oxidizers and the
relevant marker genes are not always observed there (Lauro et al. 2011; Llorens-Mares et
al. 2015). This is consequential, given the role of nitrification in providing oxidized N for
N removal by denitrification or anammox. Any downward-diffusing products of
nitrification can provide substrate for anaerobic nitrate reducers at the bottom of the
oxycline. DNRA, anammox and denitrification have all been observed in the chemoclines
of meromictic lakes and sometimes co-occur (Halm et al. 2009; Wenk et al. 2013; Michiels
et al. 2017). Ferric iron enhanced nitrogen oxide reduction and sulfide-dependent
lithoautotrophic denitrification were found in different meromictic lakes (Wenk et al. 2013;
Michiels et al. 2017). Potential for BNF in the chemoclines and anoxic zones of meromictic
lakes has also been reported based on genomic (Lauro et al. 2011; Llorens-Mares et al.

2015), isotopic (Ohkouchi et al. 2005) and experimental data (Halm et al. 2009).
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Large sulfide accumulations found in many anoxic water columns depend on the activity
of sulfate reducing bacteria and the presence of sulfur. Sulfur sources in meromictic lakes
can be from past (e.g. Sanderson et al., 1986; Gies et al., 2014) or continuing (e.g. Andrei
et al., 2015) supply of seawater or from rock deposits. Sulfide can be removed by
precipitation with metals or oxidation in the chemocline (Perry and Pedersen 1993; Wenk
et al. 2013). In the absence of suitable electron acceptors, disproportionation of
intermediary sulfur species by heterotrophic bacteria may provide a potential source of

sulfide and sulfate (Finster 2008).

1.7.2. Physical Mixing Affecting Biogeochemistry Under Oxic

Conditions

Dissolved oxygen is available in most of the contemporary ocean and in most lake water,
but the influence of physical mixing on biogeochemistry goes beyond its role of ventilation
and the supply of oxygen. It also delivers nutrients for primary production to the euphotic
zone (Maclsaac et al. 1985; Dutkiewicz et al. 2001; Johnson et al. 2010) or can mix
oxygenated and ammonium-rich water masses together to favor nitrification (McCarthy et
al. 1984; Schweiger et al. 2007; Galand et al. 2010). Until recently, it was generally
considered that the shoaling of the mixed layer due to water column stratification initiates
spring phytoplankton blooms (Sverdrup 1953). However, evidence has emerged suggesting
that the initiation of phytoplankton blooms, e.g. in the North Atlantic, reflects instead the
mixing-induced dilution of phytoplankton and the consequential decrease in grazer-
phytoplankton encounters (Behrenfeld 2010).

Chapter 3 of this thesis presents a mechanism whereby physical dilution of nitrifier
communities by mixing results in delayed and decoupled nitrification. A role for mixing in
controlling the population of nitrifiers (as opposed to substrate) has only rarely been
recognized previously as a potential control of nitrification rates, and thereby on
biogeochemical cycling. Wollast (1978) noted dilution of nitrifying bacteria along the
salinity gradient of the Scheldt Estuary and an effect of this dilution on nitrification rates,
inferring that salinity-adapted nitrifiers regrew slower than freshwater-borne nitrifiers were

diluted. In a very recent study, Zakem et al. (2018) inferred, primarily from modeling, that
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advective transport of NOB away from their depth of optimal growth at the base of the

euphotic zone may contribute to the primary nitrite maximum in the open ocean.

1.8.  Nitrogen Stable Isotope Biogeochemistry

The N stable isotope composition of various N species has long been recognized as an
effective tool for studying the N cycle in complex environmental systems, especially
because many N-transformations are enzymatic processes involving significant isotope
fractionation (Bigeleisen 1965; Delwiche and Steyn 1970; Mariotti et al. 1981; Wankel et
al. 2007; Sigman et al. 2009; Santoro et al. 2011; Casciotti et al. 2013; Fuchsman et al.
2018). Kinetic isotope effects describe the preferential reaction of molecules in a chemical
reaction based on the isotopic composition of its atoms. Lighter isotopes typically react
faster than the heavier ones, because the higher potential energy in bonds formed by lighter
isotopes (compared to heavy isotopes of a given element) causes a higher likelihood of
breaking the bond by equal energy input (Fry 2006). For similar reasons, heavy isotopes
concentrate on the side of an equilibrium reaction that has the stronger bonds, which forms
the basis for the equilibrium isotope effect (Fry 2006).

Kinetic fractionation is characteristic of many enzymatic reactions, including
microbially mediated N-transformations. The isotopic composition of a given N species
can thus contain useful information about the processes responsible for producing or
removing it.

Using N stable isotopes as an example, the 6-notation in units per mil (%o) is used to
describe the isotopic composition of molecules in a sample in comparison to the
composition in a standard or reference (Mariotti et al. 1981):

(1 51\1/14'1\])5::1111p1e

= —1)x1000 1.1
(15N/14N)reference )

8t Nsample [%00]

The N of tropospheric air is commonly used as the reference for nitrogen (5'°N), while
VSMOW (Vienna Standard Mean Ocean Water) is used for oxygen isotopes (5'%0).

a denotes the isotope fractionation factor and can be interpreted as a rate constant that
defines by how much faster a reaction occurs for the light compared to the heavy isotope

(Mariotti et al. 1981; Glibert et al. 2019):
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15y — (15N/14N)sypstrate 1.2
(15N/14N)pr0duct '

Kinetic or equilibrium isotope effects cause a to deviate from 1. The fractionation factor
can be translated into units of per mil, using the following equation that yields the isotopic

enrichment factor, &:

15¢ [990] = (5 - 1) x 1000 1.3

At steady state and if 8!’ Nsubstrate is sufficiently small, '°

(Mariotti et al. 1981):

€ can be approximated as follows

~ 1 1
153 ~0 5I\Isubstrate -9 5I\Iproduct 1.4

Within the N cycle, processes of nitrification, denitrification and anammox have
relatively strong kinetic isotope effects (Fig. 1.1). Processes with weaker effects include
ammonification (1°¢ = +1.4 to +2.3%o; Mobius, 2013) and N,-fixation (1’ = 2 to +8%s;
Delwiche and Steyn 1970; Macko and Fogel 1987; Zhang et al. 2014).

Isotope effects between 13 and 41%o have been associated with bacterial and archaeal
AO in laboratory studies (Delwiche and Steyn 1970; Mariotti et al. 1981; Yoshida 1988;
Casciotti et al. 2003; Santoro and Casciotti 2011; Nishizawa et al. 2016). Interpretations of
field measurements tend to suggest values within or slightly below this range for
nitrification or ammonium utilization (Horrigan et al. 1990a; Brandes and Devol 1997,
Sebilo et al. 2006; Southwell et al. 2008; Sugimoto et al. 2008, 2009), but field-based
estimates usually suffer from uncertainties caused by the unconstrained influence of other
processes and low measurements density. Chapter 4 provides field-based estimates of AO
isotope effects that avoid these constraints and are better comparable to laboratory studies.

NO has an inverse isotopic effect (1°c = -9 to -21%o), i.e. its substrate becomes depleted
in >N during the process. This effect, however, may only be expressed in places where
nitrite accumulates, such as mOMZs or in the sub-euphotic zone oceanic primary nitrite
maxima (Casciotti 2009; Casciotti et al. 2010b).

Consistent with the inverse NO isotope effect, the isotope enrichment factor of nitrite
oxidation during anammox is also negative (!°¢ = -31.1 + 3.9 %o), while nitrite reduction
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("% = +16.0 £ 4.5%0) and ammonia oxidation (!°¢ = +23.5 to +29.1%o) during anammox
are positive (Brunner et al. 2013). The individual steps of denitrification have similarly
large N isotope effects (Fig. 1.1; Delwiche and Steyn 1970; Bryan et al. 1983; Barford et
al. 1999; Ostrom et al. 2007; Granger et al. 2008). The isotope effects associated with
DNRA are still unknown, representing a major knowledge gap that needs to be closed in
order to improve our ability to distinguish this important process in the environment, from
the fixed-N eliminating processes of NOx™ reduction.

For assimilative processes, a wide range of N isotope enrichment factors has been
reported. The available data suggest that the they can be higher for ammonium assimilation
than for nitrate, and a single experiment has suggested that a very small isotope effect is
associated with nitrite assimilation (Fig. 1.1; Hoch et al. 1992; Waser et al. 1998; Granger
et al. 2004). However, large variations have been reported between and within microbial
species for the isotope effect of nitrate assimilation (Granger et al. 2004).

Known equilibrium isotope effects in the N cycle are rare. One example is the
equilibrium isotope effect between NH3 and NH4" (Penm3zesnma = -20 to -35%o; Bigeleisen
1949), which can affect the apparent isotope effect associated with AO (Casciotti et al.
2010a). Additionally, anammox bacteria appear to mediate an N equilibrium isotope effect
between nitrite and nitrate ("eno2es>n03 = -60.5 £ 1.0%o0) during times of environmental
stress, e.g. oxygen exposure (Brunner et al., 2013). This may be caused by the nitrite
oxidoreductase enzyme used in anammox, nitrification and nitrate reduction. Indications
for the environmental relevance of this was found in the surface Antarctic Ocean (Kemeny

et al. 2016).

1.9. Biogeochemical Methods at the Intersection of Geochemistry and

Environmental Microbiology

The importance of understanding geochemical distributions also on the basis of
microbiological methodology has long been recognized and forms the basis of the fields of
biogeochemistry and geomicrobiology. Geochemical measurements of concentrations and
isotope signatures allow the quantification of processes and their effects on the

environment, e.g. greenhouse gases on the climate system. Their combination with
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microbiological methods can provide more profound and detailed insights, by
understanding the ecological and molecular biological mechanisms underlying biotic
processes.

Phylogenetic marker genes are routinely used to study microbial communities. The 18S
rRNA and 16S rRNA genes are typically used to characterize the taxonomy of eukaryotic
or prokaryotic microbes, respectively. Within the 16S rRNA gene, different gene regions
have been used, including the V6-V8 and the V4-V5 regions. Different regions have
different biases and can under- or overrepresent certain prokaryotic groups within a
community (Willis et al. 2019). Despite this, 16S rRNA gene sequencing based community
composition can be used for estimates of relative and absolute (after standardization to cell
counts) abundance of microbial taxa (Comeau et al. 2012; Klepac-Ceraj et al. 2012; Oswald
et al. 2017; Zorz et al. 2019) and is employed for these purposes in Chapters 2 and 3.

Functional marker genes provide a link between taxonomic identification of microbes
and their effect on the geochemical level. They can be quantified by qPCR using primers
specific to the genes of interest (as applied in Chapter 3) or their relative abundance can be
estimated within metagenomes (Chapter 2), which represent approximately the entire
genetic material within a given sample (Lauro et al. 2011; Llorens-Mares et al. 2015;
Hamilton et al. 2016). Abundance and presence of specific functional marker genes or their
transcripts can provide information on the functional potential for the respective
biogeochemical process. Using phylogenetic analysis of the sequenced functional gene the
function can then be linked to the underlying taxonomic group (e.g. Halm et al. 2009;
Daims et al. 2015). If the functional genes are derived from metagenomes, metagenomic
binning techniques can serve the same purpose and additionally provide information on the
metabolic context of the marker gene and its host organism (Eren et al. 2015; Delmont et
al. 2018). Near-complete metagenomic bins or metagenome-annotated genomes (MAGs)
can reflect the metabolism even of uncultured microorganisms, which are otherwise

difficult to describe (Kang et al. 2017; Kadnikov et al. 2019; Sun et al. 2019).
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1.10. Modeling the N Cycle and Nitrification

Numerical models allow the testing of intuition, result interpretations and hypotheses that
cannot be easily performed in the real world due to lack of accessibility to sampling in
frequency, location or time and inability to conduct experimental manipulations or
replicated experiments. Furthermore, they allow the projection of effects caused by
environmental change into the future. Models of the aquatic N cycle are often integrated
with models of physical circulation or have a mixing component (Fennel et al. 2011).
However, this can be unnecessary in systems such as mOMZs or sediments, in which
relatively low advection and steady state conditions can be assumed (Lam et al. 2011;
Buchwald et al. 2018). Depending on the purpose, N cycling models can be parts of larger
ecosystem models investigating higher trophic levels (Fasham et al. 1990; Yoshikawa et
al. 2005; Fennel et al. 2011) or include the representation of isotope fractionation
associated with N transformations (Wankel et al. 2007; Buchwald et al. 2015, 2018).

The representation of processes in published models ranges from simplistic to complex.
Decisions on complexity of model design can be driven by the desired level of analysis as
well as the availability of data necessary to assess model performance and adjust parameter
values. Nitrification, for example, is modeled as a simple first-order function of ammonium
concentration and light (inverse) by some studies (Fennel et al. 2006, 2011). Other studies
distinguish the two steps of nitrification, model them dependent on functional biomass and
employ complex emergent-trait approaches that select for functional groups with traits
adaptive to a given situation (Bouskill et al. 2012) or parameterize AO and NO rates as
functions substrate affinity among others (Zakem et al. 2018). In a similar vein, the
utilization of functional genes to constrain biogeochemical dynamics in models is a
promising development, linking biogeochemical modeling and molecular ecological
methods, particularly metagenomics and quantitative PCRs (Reed et al. 2014). Chapter 3
provides an example of how the modeling of functional nitrifier biomass proxied by
functional marker gene abundance helped to identify an important underlying
biogeochemical mechanism.

The addition of stable isotope effects to biogeochemical models usually involves the

modeling of a given N-containing species as a separate light-isotope and heavy-isotope
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version (Buchwald et al. 2015, 2018). Such models can be parameterized with previously
determined isotope fractionation factors and fit to empirical data to explain environmental
distributions of concentrations and isotope signatures (Buchwald et al. 2015, 2018). They
can also be used to explore possible scenarios with varying isotope fractionation factors
and contributions of different processes that can explain observed environmental

distributions (Wankel et al. 2007).
1.11. Objectives

The objective of this thesis was to explore the link between microbial communities, their
metabolic potential and the effects these have on geochemical distributions of
concentrations and stable isotope signatures in the context of different stratification
regimes. Water columns of two aquatic systems with highly contrasting
stratification/mixing regimes were investigated with a focus on the N cycle: The Bedford
Basin (BB), Nova Scotia, Canada, is a seasonally stratified coastal ford-like basin whose
water column is completely mixed at least once per year; Powell Lake, British Columbia,
Canada, is a coastal lake that has been stably stratified for millennia due to its history as a
former fjord that was disconnected from the ocean due to isostatic uplift associated with
the end of the last glacial period. Ancient seawater from ca. 8000 years ago with heavily
modified chemistry can still be detected in the bottom 50 meters as a result of the stable
stratification.

Changes in microbial communities and their metabolic potential pertaining to N-, C- and
S- cycles along a vertical profile through the permanently stratified water column of Powell
Lake were linked to the vertical geochemical profile (Chapter 2). This enabled the analysis
of metabolic and phylogenetic microbial diversity and test their alignment with the
geochemical zonation along a redox gradient. In Bedford Basin, a weekly, 4-year long time
series of genetic and biogeochemical parameters was constructed and analyzed in order to
study the influence of environmental parameters on nitrification, its underlying
microbiology (Chapter 3) and associated isotope effects (Chapter 4) in situ. The high
(weekly) resolution of the time series allowed exceptionally detailed analysis in a “natural
laboratory” under in situ conditions. These objectives were enabled by the large set of

parallel oceanographic measurements in the framework of the Bedford Basin Time Series
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as well as the natural setup of the Bedford Basin bottom water, where periods of water
column stability (stratification) and pronounced nitrification are interrupted by periods of

full water column mixing resetting the system akin to a natural experiment.
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CHAPTER 2

GEOMICROBIOLOGY OF THE CARBON,
NITROGEN AND SULFUR CYCLES IN POWELL
LAKE: A PERMANENTLY STRATIFIED WATER

COLUMN CONTAINING ANCIENT SEAWATER!

2.1. Abstract

We present the first geomicrobiological characterization of the meromictic water column
of Powell Lake (British Columbia, Canada), a former fjord which has been stably stratified
since the last glacial period. Its deepest layers (300-350 m) retain isolated, relict seawater
from that period. Fine-scale vertical profiling of the water chemistry and microbial
communities allowed subdivision of the water column into distinct geomicrobiological
zones. These zones were further characterized by phylogenetic and functional marker genes
from amplicon and shotgun metagenome sequencing. Binning of metagenomic reads
allowed the linkage of function to specific taxonomic groups. Statistical analyses (analysis

of similarities, Bray-Curtis similarity) confirmed that the microbial community structure

! Haas, Sebastian, Dhwani K. Desai, Julie LaRoche, Rich Pawlowicz, and Douglas W. R. Wallace. 2019.
Geomicrobiology of the carbon, nitrogen and sulphur cycles in Powell Lake: a permanently stratified water
column containing ancient seawater. Environ Microbiol 21: 3927-3952. doi:10.1111/1462-2920.14743

Author contribution: I planned, organized and conducted the field sampling and sensor
measurements with the assistance of technicians, collaborators, administrators, etc. For
laboratory work, I did DNA extractions and sulfate concentration measurements, but had
help from technicians for the remaining concentration measurements. I processed and
analyzed 16S and 18S rRNA amplicon sequences, and I analyzed the output from ANOSIM
and SIMPER analyses as well as metagenome assembly and metagenomic binning
processes, which were performed by a co-author. With advice from my co-authors, |
designed the study, analyzed and interpreted the data and wrote the chapter.
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followed closely the geochemical zonation. Yet, our characterization of the genetic
potential relevant to carbon, nitrogen and sulfur cycling of each zone revealed unexpected
features, including potential for facultative anaerobic methylotrophy, nitrogen fixation
despite high ammonium concentrations and potential micro-aerobic nitrifiers within the
chemocline. At the oxic-suboxic interface, facultative anaerobic potential was found in the
widespread  freshwater lineage acl (Actinobacteria), suggesting intriguing
ecophysiological similarities to the marine SAR11. Evolutionary divergent lineages among
diverse phyla were identified in the ancient seawater zone and may indicate novel

adaptations to this unusual environment.

2.2.Introduction

Research on the interaction between geochemistry and microbiology in redox-stratified
systems is vital for our understanding of environments such as aquatic sediments,
meromictic lakes and marine oxygen minimum zones (mOMZs). Studies of such systems
also have implications for redox-stratified ancient oceans (Thomazo and Papineau 2013)
and guide approaches to detection of life on other planets (Nealson and Berelson 2003).
Perennially stratified (meromictic) lakes provide especially accessible, temporally stable
model systems for the in-depth study of biogeochemical cycling along redox gradients and
physico-chemical interfaces of stratified systems.

Detailed insights into the occurrence and interaction of biogeochemical processes in
meromictic water columns are possible because gradients tend to be less steep than in
sediments, so that redox transitions can be more readily resolved. In very stable meromictic
lakes, the sustained period of separation of deeper waters from the atmosphere can lead to
large accumulations of reduced compounds (Northcote and Hall 1983; Perry and Pedersen
1993; Crowe et al. 2011). In turn, long seclusion and generation of extreme chemical
conditions may lead to significant divergence in the evolution of microbial species (Li et
al. 2015c), so that the study of diverse environments of this type may lead to discovery of
previously unexplored microbially mediated processes.

As in other stratified systems, the biogeochemistry of meromictic lakes is generally

governed by the successive use of electron acceptors of decreasing thermodynamic

25



favourability by microbial respiration processes and abiotic reactions (Froelich et al. 1979;
Nealson et al. 1991; Crowe et al. 2008b; Schultze et al. 2017). Geochemical zones can be
identified based on this sequential depletion of electron acceptors along the vertical redox
gradient of stratified systems (Canfield and Thamdrup 2009). Microbial community
structure has long been known to vary along these geochemical gradients, reflecting their
strong influence on geochemistry and, in turn, the selective pressure that geochemical
distributions exert on the microbial community.

A universal microbiome for meromictic lakes likely does not exist, given the
geographical, geochemical and physical diversity between different meromictic lakes, but
some commonly occurring taxonomic groups can be identified. These include
Cyanobacteria, Alphaproteobacteria, Actinobacteria and Verrucomicrobia (mostly in the
oxic surface and oxycline), Chlorobi, Beta- and Gammaproteobacteria (mostly in the
chemocline), Bacteroidetes (throughout) as well as Deltaproteobacteria, candidate phyla
(particularly Omnitrophica, Atribacteria, Microgenomates) and Chloroflexi in the anoxic
monimolimnion (Lehours et al. 2007; Lauro et al. 2011; Comeau et al. 2012; Klepac-Ceraj
et al. 2012; Gies et al. 2014; Inceoglu et al. 2015a; Llorens-Marés et al. 2015; Baatar et al.
2016). Anoxygenic photoautotrophy by green (Chlorobi) or purple (Chromatiales) sulfur
bacteria and also chemolithoautotrophy are typical processes in meromictic water columns
(Cloern et al. 1983; Overmann and Tilzer 1989; Overmann et al. 1992; Casamayor et al.
2012; Zadereev et al. 2017). Thaumarchaeota and Betaproteobacteria (ammonium
oxidation), Nitrospirae (nitrite oxidation), Gammaproteobacteria (methanotrophy),
Betaproteobacteria, Chromatiales and Chlorobi (sulfide oxidation) have been linked to the
processes that oxidize the inorganic reductants that diffuse upwards into the chemoclines
and oxyclines of meromictic lakes (Pouliot et al. 2009; Crowe et al. 2011; Inceoglu et al.

2015a; Llorens-Margs et al. 2015; Baatar et al. 2016; Oswald et al. 2017).
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Figure 2.1. Maps of Powell Lake. Location of the South and East basins as well as depths
of surrounding sills are indicated. Grey checked areas highlight flat basin bottoms
containing ancient seawater and the red cross indicates sampling location.

This study describes the microbial community and geomicrobiology of meromictic
Powell Lake in British Columbia, Canada (Figure 2.1). The lake contains an ‘ectogenic’
meromictic water column (Hutchinson 1957) with permanent stratification caused by
freshwater overlaying saltwater. The former fjord was disconnected from the Pacific Ocean
by isostatic uplift after the last glacial period. Altered seawater from this period remains
trapped at the bottom of its southern basin and has been separated from the atmosphere for
about 11,000 years (Williams et al. 1961; Sanderson et al. 1986). Given that the oceanic
conveyor belt circulation overturns the deep waters of the world ocean on time scales
<2000 years (Gebbie and Huybers 2012; Khatiwala et al. 2012), Powell Lake’s deepest
layers may contain some of the “oldest” seawater on the planet (in the sense of contact with
atmosphere or ventilation). Although other lakes, such as Lake Matano and Fayetteville

Green Lake, are known to have had a stable stratification for similar or even longer times
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(Torgersen et al. 1981; Katsev et al. 2010), these other lakes experience continuous deep
water renewal by groundwater inflow, substantially shortening their deep water residence
time despite the stable stratification. The Black Sea, which is the Earth’s largest
contemporary meromictic water column, may be most similar to Powell Lake with respect
to long-term stratification. It was established as a marine basin by connection to the
Mediterranean Sea at approximately the same time as Powell Lake was disconnected from
the ocean (Yanko-Hombach et al. 2014), but the “age” of Black Sea deep waters is
estimated to be <1000 years (Fontugne et al. 2009; Soulet et al. 2019).

Eddy diffusivity in Powell Lake’s water column decays rapidly with depth (Sanderson
et al. 1986), so that molecular diffusion and double-diffusion govern vertical transfer below
320 meters (Scheifele et al. 2014), resulting in long-term meromixis (Sanderson et al.
1986). The long isolation time and the role of molecular diffusion has led to major
geochemical changes to the original seawater (Sanderson et al. 1986). Documentation of
the contemporary geochemical regime is mostly restricted to metal-sulfur cycling,
including the formation of iron sulfides in the anoxic zone (particularly 250-280 m) and
the accumulation of dissolved sulfide in the ancient seawater (Perry and Pedersen 1993).
The sulfate once contained in the original seawater has been transformed and/or removed
so that presently sulfate is found only in small amounts in the oxic zone and around the
chemocline (Perry and Pedersen 1993). Because it contains deep water that has remained
anoxic and unrenewed by advective mixing events or groundwater inflows for several
millennia (Sanderson et al. 1986), Powell Lake’s deeper water column is likely to have
attained a geochemical steady state, making it an important model system for studying the
interaction of geochemistry and microbiology (i.e. geomicrobiology) without the need to
consider the possible influence of sporadic advective processes such as dense intrusions of
oxygenated water. Despite this unusual potential, there have been no prior
geomicrobiological studies of Powell Lake.

Here, we expand the scope of previous studies of Powell Lake’s physics and
geochemistry (Sanderson et al. 1986; Perry and Pedersen 1993). We define
geomicrobiological zones based on the classical sequence of electron acceptors with

decreasing thermodynamic favourability (Froelich et al. 1979; Canfield and Thamdrup
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2009) and characterize the microbial community structure and functional genetic potential
within each of these zones. This study of Powell Lake’s meromictic basin presents detailed
vertical profiles of geochemical parameters and microbial community composition based
on amplicon sequencing of the V4-V5 variable region of the 16S rRNA gene. The
metabolic potential of the microbial communities in each geomicrobiological zone is
assessed from the distribution of functional gene markers in the processed reads of ten
metagenomes from selected depths. Metagenomic bins derived from the co-assembly of
these metagenomes from selected depths along a vertical profile were used to link the
functional marker genes to taxonomic groups. We focused on the carbon, nitrogen and
sulfur cycles and identified unexpected geomicrobiological features, including nitrogen
fixation under ammonium excess, potential micro-aerobic nitrifiers and genetic potential

for deep anoxygenic photosynthesis.

2.3.Results

2.3.1. Physical Setting and Geochemical Zonation in Powell Lake’s
South Basin

At the time of sampling, a shallow, warm summer epilimnion (~10 m) was separated from
a cold hypolimnion (25-130 m) by a thermocline (Table 2.1). Below the hypolimnion, a
20-meter thick layer with both Oz and H>S below detection limit, and which was hence
either suboxic (no Oz, no H>S) or micro-oxic (small, undetectable amounts of O;), extended
to 150 meters, where dissolved hydrogen sulfide was first detected (Figure 2.2B). These
depths are consistent with previous measurements, including measurements taken during
different seasons (Perry, 1990; Perry and Pedersen, 1993; Scheifele et al., 2014),
suggesting that the positions of these interfaces are stable over time. Below the suboxic-
sulfidic interface, concentrations of dissolved iron (reflecting Fe**) and manganese
(Mn?"+MnS,+MnCOs+MnCl; Perry, 1990; Davison, 1993; Perry and Pedersen, 1993;
Albrechtsen and Christensen, 1994) showed maxima at 200 and 230 meters, respectively.
Salinities in the oxic part of the water column did not exceed 0.1 g kg! but increased quasi-

exponentially below. The halocline (290-310 m) separated an upper, comparatively low-
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salinity (0.2-6.4 g kg'") sulfidic layer from the relict seawater of the deepest waters, which
had distinctly higher salinity (15.0-16.7 g kg™'), sulfide and nutrient concentrations
compared to the overlying water column. Phosphate was depleted in the oxic part of the
water column and very low compared to ammonium below the chemocline, resulting in a

very large excess of dissolved inorganic nitrogen compared to phosphate (Figure 2.2C, D).
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Figure 2.2. Vertical profiles of physical parameters and chemical concentrations in the
center of Powell Lake’s southern basin in August 2016. (A) Salinity, temperature, oxygen,
transmissivity. (B) Dissolved iron (n=3), manganese (n=3) and sulfate, sulfide:salinity
ratio. (C) Dissolved inorganic nitrogen: ammonium (n=2), nitrate, nitrite (n=2). (D)
Phosphate (n=3), dissolved organic carbon (DOC). Error bars indicate standard deviations
of technical replicates where applicable. The dashed lines indicate the depth of the oxic-
suboxic interface (130 m) and the steepest part of the halocline (300 m).

Following Canfield and Thamdrup (2009), we divided Powell Lake’s water column into
vertical zones, using defining geochemical components (Figure 2.2) that reflect the
predominant redox process in each zone (Table 2.1). The ‘oxic zone' spanned the
oxygenated part of the water column, but for practical purposes, we focused on the
‘oxycline’ portion of this zone and refer to it accordingly. The depth at which oxygen
approached the detection limit coincided with the sharp nitrite peak at 130 m, which was
the defining feature for the thin ‘nitrogenous zone’. Below that, we defined ‘manganous’,
‘ferruginous’ and ‘euxinic’ zones based on the quantitatively prevailing product of the
biogeochemical (biotic and abiotic) reduction processes for manganese, iron and sulfur. As
an exceptional feature not found in most other stratified systems, we further defined a near-
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bottom ‘ancient seawater (ASW) zone’ which was separated from the water column above
by the steep halocline. Significant overlap between these zones was observed in several
cases (summarized in Table 2.1), most prominently in the case of the manganous zone with
dissolved manganese extending throughout the ferruginous zone to a peak in the euxinic
zone. These overlaps are considered in the analysis of the distribution of taxonomic and
functional markers and are further discussed below.

Although our sampling readily resolved these broad zones, the continuous transmissivity
profile indicated additional, light-absorbing features near and at the bottom of the
hypolimnion, which were on very small vertical scales (<5 m). While these changes were
not generally resolved with water sampling at discrete depths, the two main spikes in
transmissivity were represented by water samples collected from 125 and 130 m (Figure

2.2A, Table 2.1).
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Table 2.1. Limnological and geomicrobiological zones in the Powell Lake water column in August 2016 with 16S rRNA
sampling depths and the three indicator OTUs (rank-ordered) contributing most to the similarity of the microbial community
composition between samples within a given zone (based on SIMPER analysis). For the single-sample nitrogenous zone, the
three most abundant OTUs are reported instead (rank-ordered). OTUs are specified by their most detailed available taxonomic
classification (with further specifications for candidate lineages) and NCBI accession number if applicable. Cases of overlapping

zones are pointed out by arrows indicating whether the zone-unspecific compound intrudes from above or below.
Limnological Biogeochemical Overlapping Physico-Chemical Depth 16S rRNA sampling

zone zones zones Characteristics range [m] depths [m] Indicator OTUs
Chitinophagaceae (HM129183.1)
Epilimnion Surface - Well-mixed, oxic 1-10 1 (duplicate) Synechococcus (FJ382618.1)
Roseococcus (New.ReferenceOTU8)
Metalimnion - Thermocline 10-25 - -
acl, Actinobacteria (FN668226.2)
- . Oxic to hypoxic; ) Nitrospiraceae, Nitrospira
Hypolimnion Oxycline Manganous 1 Nitrate peak 25-125 80, 110, 120, 125 (AM167945.1)
Rhodospirillales (GQ396920.1)
~3.5 UM 02 acl, Actinobacteria (FN668226.2)
. Nitrogenous Manganous 1 -0 W . Crenothrix (FJ502272.1)
Chemocline Zone Oxic | (hypoxic = suboxic); 130 130
Nitrite peak Comamonadaceae (GU208444.1)
Manaanous (St’é‘g;tceiasbl'fﬁgzc \ acl, Actinobacteria (FN668226.2)
Chemocline 9 Ferruginous 1 . ; * 135-150 135, 140, 145, 150 Sterolibacterium (NR_025450.1)
Zone diss-Mn > diss-Fe > B .
HoS acteroidales (AM162484.1)
Ferruginous Manganous | Sulfidic; anoxic; Desulfobacca (AB426203.1)
Monimolimnion Zone Euxinic diss-Fé > H S’ 160-200 160, 180, 200 Syntrophaceae (HQ003553.1)
1 2 C20, Chlorobi (HM243831.1)
Manaanous Sulfidic, anoxic; SB-45, Atribacteria (JQ087016.1)
Monimolimnion Euxinic Zone Ferrl? inous L diss-Fe <diss-Mn<  230-290 230, 250, 280, 290 SHA-114, AC1 (AB186797.1)
ginous | H2S Syntrophaceae (HQ003553.1)
. o ] Omnitrophica
Monimolimnion ., _Ancient Euxinic | suffidic; anoxic: 310350 310, 320, 330, 350 (New.ReferenceOTU12)

Seawater Zone

Salinity = 10-16 PSU

SB-45, Atribacteria (JQ087016.1)
B10, Crenarchaeota (FN428815.1)




2.3.2. Water Column Zonation Based on Microbial Community

Composition

We hypothesized that the geochemically defined zones (Table 2.1) were mirrored by
specific zonation in the microbial community structure as determined by 16S rRNA gene
sequencing. Based on Bray-Curtis similarity, the microbial communities in Powell Lake’s
water column changed markedly along the vertical profile and each of the geochemical
zones contained a specific microbial community as defined by >60% 16S rRNA gene
sequence similarity between the samples of a given zone (Figure 2.3A). A clear gradient
along the vertical profile can also be observed at the phylum level (Figure 2.3B). The seven
zones predicted on the basis of geochemical features were reflected by zones of microbial
community dissimilarity as indicated by an analysis of similarities (ANOSIM) test applied
to the operational taxonomic unit (OTU) relative abundances in groups of samples for each
zone (Global R value: 0.97, significance 0.1%). In pairwise ANOSIM comparisons, zones
with a sample number of n > 2 were significantly distinct from all other zones at the 5%
significance cutoff, when >35 permutations were possible (Appendix A). Statistically
significant differences to other zones could not be established for the surface and
nitrogenous zones because of their low sample sizes (n < 2), which allowed for fewer
permutations. The ferruginous and euxinic zones were also not statistically distinct from
each other (significance 10%), which may be explained by the relatively small number of
possible permutations in ANOSIM or may reflect the presence of dissolved sulfide as a
common characteristic, leading to increased overlap of OTUs between these two zones.
These analyses excluded the eukaryotic fraction of the microbial community, since a steep
decrease in the number of 18S rRNA amplicon reads and simultaneous decrease in
diversity (not encountered for 16S rRNA) suggested that its influence on the overall
community structure was likely negligible below the nitrogenous zone (Figure A1A, B, D,
E). The nitrogenous zone and the zones above it were reflected by the eukaryotic

community structure (Figure A1F).
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Figure 2.3. Microbial diversity in Powell Lake based on 16S rRNA V4-V5 amplicon sequencing. (A) Non-parametric
multidimensional scaling (NMDS) plot of microbial community composition based on Bray-Curtis similarity, showing the
clustering of microbial communities from different depths referenced to predicted geomicrobiological zones (Table 2.1).
Geomicrobiological zones are indicated by different symbols and colors. Numbers in the plot indicate sample depths [m] and
samples from neighboring depths are connected by a line. The 60%-threshold of between-sample similarity is indicated. (B)
Phylogenetic composition of the bacterial and archaeal community at phylum level (including proteobacterial subphyla) by
depth. The 1-meter bar represents the average of a duplicate sample. The geomicrobiological zones are indicated on the side and
a dashed line indicates the oxic-suboxic interface at 130 m.



2.3.3. Description of Phylogenetic and Functional Potential Defining

Geomicrobiological Zones

The following sections present detailed descriptions of the geomicrobiology of each zone.
Within each zone, geochemical features (Figure 2.2) are related to abundant phyla and
indicator OTUs that are based on OTU relative abundances derived from the analysis of
the amplicon sequence reads of the small subunit rRNA V4-V5 variable region (Figure
2.3B, Table 2.1). Additionally, between the oxycline and the ASW zones, the genetic
potential for biogeochemical processes in the carbon, nitrogen and sulfur cycles was
assessed based on the relative abundances of functional marker genes in the bulk
metagenomes collected at different depths (Figure 2.4). Based on their occurrence in
taxonomically defined metagenomic bins (including Metagenome Annotated Genomes or
MAGs), these functional marker genes were assigned to taxonomic groups (Table 2.2).
Congruence between the 16S rRNA gene sequence and the metagenomic subsets of the
data was suggested by high linear correlation in the vertical distribution for most microbial
phyla based on 16S rRNA gene sequencing versus the vertical distribution of phyla as
affiliated with metagenomic bins (Figure A2; Appendix A). In the following, OTUs strictly
refer to 16S rRNA gene amplicon sequencing data, while metagenomic bins (including

MAGs) describe binned shotgun sequences.
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Table 2.2. Functional marker genes found in taxonomically classified metagenomic bins. Taxonomic affiliation of metagenomic
bins (based on CheckM) links potential for biogeochemical processes to taxonomic groups. Reference numbers link to processes

in Figure 2.5.

Biogeochemical
process

Based on content
of the marker
genes

Taxonomic groups affiliated with biogeochemical processes

Ref.

Carbon cycle

Aerobic respiration
36

High-O2 affinity
respiration

CcoxAC

ccoN, cydA

Bind49_Methylophilaceae, Bin50_Nitrosomonadaceaa,
Bin51_MAG29_Sediminibacterium,
Bin54_MAG7_MAG30_MAG33_Actinobacteria,
Bin58_Methylophilales, Bin60_Actinomycetales,
Bin62_Methylotenera, Bin66_Verrucomicrobiales,
MAG1_Methylococcaceae, MAG2_Porphyromonadaceae,
MAG3_Verrucomicrobiaceae, MAG4_Opitutales,

MAGG6 _ Ignavibacteriales, MAG10_Nitrosopumilales,
MAG12_Betaproteobacteria, MAG14_Bacteria,
MAG15_Methylococcus, MAG16_Planctomycetaceae,
MAG18_Deltaproteobacteria,
MAG21_MAG23_MAG34_MAG44_Streptomycetaceae,
MAG32_Chitinophagaceae, MAG35_Nitrosopumilaceae,
MAG39_Bacteroidetes, MAG40_Comamonadaceae,
MAG46_Rhodocyclaceae.

Bin51_Sediminibacterium, Bin58 Methylophilales,
Bin64_MAG32_Chitinophagaceae, MAG3_Verrucomicrobiaceae,
MAG4 Opitutales, MAG8_ MAG12_Betaproteobacteria,
MAG13_Bacteria, MAG17_MAG40 Comamonadaceae,
MAG18_Deltaproteobacteria, MAG22_MAG46_Rhodocyclaceae,
MAG34_Streptomycetaceae.
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Based on content

Biogeochemical of the marker Ref.

process genes Taxonomic groups affiliated with biogeochemical processes
MAG8_MAG12_Betaproteobacteria, MAG17_Comamonadaceae,

Calvin cycle prkB, rbcS MAG22_MAG46_Rhodocyclaceae (prkB+rbcS). 3
Bin50_Nitrosomonadaceae, Bin58 Methylophilales (prkB only).
Bin54_MAG30_MAG33_Actinobacteria, MAG7_Actinomycetales,
MAG12_Betaproteobacteria, MAG46 _Rhodocyclaceae

I (coxMSL). MAG5_Bacteroidetes (coxMS only).

CO oxidation coxMSL MAG14_Methylococcus, MAG17_Comamonadaceae, 4
MAG31_Deltaproteobacteria, MAG47_Bacteria (coxS only).
Bin60_Actinomycetales (coxL only).

Methane oxidation methane MAG1_Methylococcaceae, MAG19_Nitrospiraceae. 5

monooxygenase
o Bind9_Methylophilaceae, MAG1_Methylococcaceae,

Methanol oxidation mxaF MAG14_Methylococcus. 6

Red. Tricarboxylic Acid korA, korB, frdA, .
Various taxa. 7

Cycle aclY

, Bin62_Methylotenera, MAG3_ Verrucomicrobiaceae,
Fermentation (lactate) Idh MAG15_Planctomycetaceae. 8
. Bin65_MAG11_Deltaproteobacteria, MAG16_MAG47_Bacteria
Reductive Acetyl-CoA  acsD, acsC (acsD only). MAG36_Methanosaeta (acsC only). 9
Methanogenesis mcrAB MAG26_Methanosarcinales (mcrAB). MAG36_Methanosaeta 10

(mcrA only).
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Based on content

Biogeochemical of the marker Ref.

process genes Taxonomic groups affiliated with biogeochemical processes

Nitrogen cycle

Ammonification gudB, gdhA, ureC  Various taxa. 11

. T nasB, narB, glnA, .
Nitrogen assimilation gitB, gits Various taxa. 12
. S MAG10_MAG28_Nitrosopumilales, MAG19_Nitrospiraceae

Ammonium oxidation amoABC (amoABC). MAG35_Nitrosopumilaceae (amoBC only). 13

Nitrite oxidation nxrAB MAG19_Nitrospiraceae. 14
MAG1_Methylococcaceae, MAG3_Verrucomicrobiaceae,

. . MAG17_Comamonadaceae,

Nitrate reduction narGH or napAB  \inG21 MAG34_MAG44_Streptomycetaceae (narGH). 15
MAGS8_Betaproteobacteria, MAG22_Rhodocyclaceae (napAB).
MAG1_Methylococccaceae, MAG4_Opitutales,

Nitrite reduction (to nirK or nirS MAG12_Betaproteobacteria, MAG39_Archaea (nirK). 16

NO) MAGS8_Betaproteobacteria, MAG17_Comamonadaceae,
MAG19_Nitrospiraceae, MAG22 Rhodocyclaceae (nirS).
Bin49_Methylophilaceae (norBC, nosZ).
MAG1_Methylococcacea, MAG8_MAG12_Betaproteobacteria
(norBC only). Bin65_MAG31_Deltaproteobacteria,

Denitrification norBC, nosZ MAG2_Porphyromonadaceae, MAG5_Bacteroidetes (norB 17

only). Bin51_Sediminibacterium, Bin53_Sphingobacterales,
Bin64_Chitinophagaceae, MAGG6 _Ignavibacteriales,
MAG15_Planctomycetaceae, MAG22_Rhodocyclaceae,
MAG30_Actinobacteria, MAG38_Bacteria (nosZ only).
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Based on content

Biogeochemical of the marker Ref.

process genes Taxonomic groups affiliated with biogeochemical processes
MAG1_Methylococcaceae, MAG11_Deltaproteobacteria

Nitrogen fixation nifDHK (nifDHK). MAG26_Methanosarcinales (nifH paralog and nifD 18
only).

DNRA nriA Bin65_Deltaproteobacteria, MAG3_Verrucomicrobiaceae, 19
MAGS5_MAG39_Bacteroidetes, MAG8_Betaproteobacteria.

. nrfA + narGH or MAG3_ Verrucomicrobiaceae (+narGH).

DNRA (from nitrate) napAB MAGS8_Betaproteobacteria (+napAB). 20

Sulfur cycle
MAG12_Betaproteobacteria (CDO1, sseA).
Bin62_Methylotenera, MAG1_Methylococcaceae,
MAG10_Nitrosopumilales, MAG15_Planctomycetaceae,

S mineralization CDO1, sseA MAG17_MAGA0_Comamonadaceae, 21

’ MAG22_MAG46_Rhodocyclaceae, MAG27_Bacteria,

MAG31_Deltaproteobacteria, MAG35_Nitrosopumilaceae,
MAG36_Methanosaeta, MAG44 _Streptomycetaceae (sseA
only).

S assimilation cysC, cysN, cysD  Various taxa. 22
MAG11_Deltaproteobacteria, MAG17_Comamonadaceae,

Dissimilatory sulfate MAG22_MAG46_Rhodocyclaceae (aprAB, dsrA).

reduction/ sulfide aprAB, dsrA Bin67_MAG8_MAG12_Betaproteobacteria (aprAB only). 23

oxidation

Bin65_Deltaproteobacteria, MAG26_Methanosarcinales,
MAG42_Bacteria (dsrA only).
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Based on content

Biogeochemical of the marker Ref.
process genes Taxonomic groups affiliated with biogeochemical processes
Sulfide oxidation soxB Bin67_MAG12_Betaproteobacteria, MAG17_Comamonadaceae, 24
MAG22_MAG46_Rhodocyclaceae.

FeSx formation - Abiotic 25
Polysulfide reduction phsA Bin65_Deltaproteobacteria. 26
FeSx dissolution - Abiotic 27
Linked and facultative processes

[prkB, rbcS] + MAGS8_Betaproteobacteria (+ [napAB, norBC, nirK] + aprAB).
Autotrophic [narGH or napAB  MAG12_Betaproteobacteria (+ [norBC, nirK] + [aprAB, soxB).
denitrification - sulfur or nirK, norBC, MAG17_Comamonadaceae (+ [narGH, nirK] + [aprAB, dsrA, 28
oxidation nosZ] + [aprAB, soxB). MAG22_Rhodocyclaceae (+ [napAB, nirK, nosZ] +

dsrA, soxB] [aprAB, dsrA, soxB]).
Autotrophic DNRA - S  [prkB, rbcS] + nrfA 29
oxidation + [dsrA, aprAB] MAGS8_Betaproteobacteria (+ aprAB).
(Facultative) anaerobic CoxAC + [pMMO or Bin49_ Methylophilaceae (mxaF + [norBC, nosZ]).

mxaF] + [narGH, MAG1_Methylococcaceae (coxAC + pMMO + [narGH, nirK, 30

methylotrophy

Facultative anaerobes

nirk, norBC, nosZ]

[coxAC or ccoN] +
[narGH or napAB]

norBC]). MAG14_Methylococcus (coxAC + mxaF + nosZ).

MAG1_Methylococcaceae, MAG21_Streptomycetaceae,
MAG44_Streptomycetaceae (coxAC + narGH).

MAG3_ Verrucomicrobiaceae, MAG17_Comamonadaceae (ccoN
+ narGH). MAG8_Betaproteobacteria, MAG22_Rhodocyclaceae
(ccoN + napAB). MAG34_Streptomycetaceae ([ccoN, coxAC]
narGH).




Our analyses of the vertical distributions of functional and phylogenetic marker genes
focuses on changes in relative abundance of marker genes in different metagenomes.
Sequencing depths between the ten metagenomes varied and was lowest for the 310 m
sample (Table A2). The shallow sequencing depth may have led to over-representation of
genes from the most abundant fraction of the microbiome in a given metagenome, and
genes from rare taxa may remain undetected. Particularly the metagenomic bins and MAGs
tend to represent the dominant fraction of the microbiome. Oversight of rare genes or taxa,
however, would not considerably bias the analysis of relative distribution of the dominant

marker genes throughout the water column.

2.3.3.1.  Epilimnion: Primary Producers and Degraders

The epilimnion contained dissolved inorganic nitrogen (ammonium and nitrate), but very
little phosphate (Figure 2.2C, D). The top indicator OTUs were affiliated with
Chitinophagaceae, likely representing heterotrophic  degraders, the aerobic
photochemotrophic genus Roseococcus (Yurkov and Beatty, 1998) and the
photoautotrophic genus Synechococcus (Table 2.1, Table A3). Dinophytes, potential
photoautotrophic primary producers, dominated the eukaryotic microbial fraction (Figure

A1Q).

2.3.3.2.  Oxycline: Dominated by Potential Organic Matter Degraders

and Nitrifiers

Actinobacteria dominated at the phylum level (Figure 2.3B) and indicator OTUs for the
microbial community of the oxycline zone were affiliated with groups known as potential
nitrifiers (Nitrospirae) and aerobic organic matter degraders (Actinobacteria,
Planctomycetes; Table 2.1). The location of the sulfate maximum in the lower oxycline
and chemocline may be explained by overrepresentation of marker genes for sulfur
mineralization in the corresponding metagenomes (Figure 2.2B, Figure 2.4C).

The nitrate maximum (120-125 m) within the lower oxycline zone indicated aerobic
nitrification of ammonium diffusing upwards from the monimolimnion (Figure 2.2C). The

genetic potential for nitrification was found in metagenomic bins affiliated with
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Nitrospiraceae and Nitrosopumilales (Table 2.2). The highest relative abundance of 16S
rRNA gene sequences affiliated with these and other potentially nitrifying groups was
found in the oxycline zone, coinciding with the nitrate peak (Figure A3A). All
Thaumarchaeota-aftiliated OTUs showed similar distributions with a maximum in the
oxycline and a secondary peak in the manganous zone (Figure A3A). Ammonium
oxidizing bacteria (AOBs; Nitrosomonadaceae) were consistently less abundant than
ammonium oxidizing archaeca (AOAs; Thaumarchaeota). However, a group of
Betaproteobacteria-affiliated OTUs that were relatively abundant in the manganous zone
(up to 5.8%) may represent additional AOBs. While poorly classified by the Greengenes
database, they were affiliated with the ammonium-oxidizing group Nitrosomonadaceae
(Betaproteobacteriales, Gammaproteobacteria) based on SILVA classification (Figure

A4).

2.3.3.3.  Nitrogenous Zone: Co-dominated by Crenothrix and acl-

Actinobacteria

In the narrow (<10 m around 130 m) nitrogenous zone, oxygen (3.5 uM) dropped to levels
close to the empirically determined detection limit, nitrate decreased rapidly, and there was
a sharp nitrite peak (Figure 2.2C). The nitrite peak could be produced by incomplete
denitrification (NO3™ to NOz") or ammonium oxidation decoupled from nitrite oxidation
(Bristow et al. 2015) and, indeed, a contribution from ammonium oxidation was suggested
by the percentage of the marker gene for ammonium oxidation being similar to that found
at the nitrate maximum in the oxycline (Figure 2.4B). Consistent with the rapid nitrate
decrease, the highest relative abundance of marker genes for denitrification was observed
in the metagenome from the nitrogenous zone. Several marker genes for anoxygenic
photosynthesis were found, at low abundance, in the nitrogenous zone (Table A4).

A sharp minimum of alpha-diversity confined to the nitrogenous zone (Figure AlA;
Appendix A) was caused by the very high relative abundance of two OTUs that together
made up 41.8% of 16S rRNA gene sequences at 130 m: one was affiliated with acl
(Actinobacteria) and another, which was almost exclusively found at this depth, was

affiliated with the gammaproteobacterial genus Crenothrix (Methylococcales; Table 2.1).
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Crenothrix sp. are known methanotrophs and the genetic potential for methane oxidation
was highest in the nitrogenous zone (Figure 2.4A). The marker gene for methane oxidation
was found exclusively in a bin affiliated with Methylococcaceae (MAG1; Table 2.2), but
since MAGI did not contain a 16S rRNA gene, it could not definitively be linked to the
Crenothrix-affiliated OTU. MAGI as well as other metagenomic bins affiliated with beta-
and gammaproteobacterial methylotrophs and methanotrophs also contained the genetic

potential for denitrification (Table 2.2).

2.3.3.4. Manganous Zone: Dominated by Denitrifying and
Methylotrophic Betaproteobacteria

In the center of the manganous zone (135-150 m), nitrate fell below the detection limit
(Figure 2.2). Sulfide was first detectable at the bottom of this zone, but in the rest of the
manganous zone as well as the nitrogenous zone, micro-oxic conditions cannot be
excluded, given the pM-level accuracy range of the utilized oxygen sensor and the
occurrence of high oxygen-affinity terminal electron acceptor genes (Figure 2.4A). The
highly abundant acl OTU was the prime indicator OTU also in the manganous zone (Table
2.1). At the phylum level, however, Betaproteobacteria dominated the manganous zone
(Figure 2.3B), and an additional indicator OTU was affiliated with the potential denitrifier
Sterolibacterium (Rhodocyclaceae; 99% Blast ID with S. denitrificans; Table 2.1). Several
Betaproteobacteria-affiliated bins (including Rhodocyclaceae) contained marker genes for
denitrification, sulfide oxidation (SOJX, dsrd, aprAB) and the Calvin cycle, suggesting
potential for autotrophic denitrification by sulfur oxidation (Table 2.2). Betaproteobacteria
from the order Methylophilales were also associated with potential methylotrophy in the

manganous zone (Table 2.2, Figure A3B).
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Figure 2.4. Genetic potential for biogeochemical processes in the (A) nitrogen, (B) sulfur and (C) carbon cycles, based on the
relative abundance of functional marker genes in each bulk metagenome, sorted by depth. Note that the shallowest metagenome
is from the oxycline zone, 120 m below the surface. The oxic-suboxic interface is indicated by dashed lines.




2.3.3.5. Ferruginous Zone: Potential for Sulfate and Nitrate

Reduction

Within the ferruginous zone, dissolved manganese and iron concentrations continued to
increase. Peaks of both dissolved metals around the bottom of this zone as well as sulfate
decrease to levels near the detection limit indicated the co-occurrence of sulfate,
manganese and iron reduction within this zone. A small sulfide/salinity maximum at 160
m further indicated that local sulfate reduction may be a source of sulfide in addition to the
diffusion of sulfide from below (Figure 2.2B). The Deltaproteobacteria-affiliated MAGI11
contained marker genes for sulfate reduction (Table 2.2) and the highest percentage of
reads mapping to MAG11 was observed in the metagenome from 160 m, linking bacterial
sulfate reduction to Deltaproteobacteria (Table AS5). The prime indicator OTU was
affiliated with Desulfobacca sp. (Table 2.1), a genus that harbors sulfate reducers (Kuever
2014) and that may also be involved in metal reduction in Powell Lake (Appendix A).
Relative abundances of nrf4, the marker gene for dissimilatory nitrite reduction to
ammonium (DNRA) were high throughout the ferruginous zone (Figure 2.4B). Among
other affiliations, it was found in two metagenomic bins affiliated with Bacteroidetes
(Table 2.2), a phylum with high relative abundance throughout the manganous and
ferruginous zones (Figure 2.3B). More specifically, MAGS, affiliated with
Betaproteobacteria, contained marker genes for the Calvin cycle, nitrate reduction
(napAB), denitrification, DNRA and sulfide oxidation (Table 2.2). Most reads mapping to
MAGS were found in the metagenome from the ferruginous zone (Table AS5). The
occurrence of MAGS8 at depths where the profiles of dissolved sulfide and nitrate
intersected was therefore consistent with its potential for autotrophic, sulfur-oxidizing

nitrate reduction.
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2.3.3.6. Euxinic and ASW Zones: Distinct Microbial Communities
and Genetic Potential in the Highly Reducing, Increasingly
Saline, Deep Water

The microbial communities in the two deepest zones were dominated by bacterial candidate
phyla. In the euxinic zone, the candidate phyla Atribacteria (formerly OP9) and AC1, as
well as Syntrophaceae (Deltaproteobacteria) dominated the microbial community, which
was significantly different from that of the ASW zone below (Figure 2.3A, Appendix A).
The greatest share of 16S rRNA gene sequences affiliated with Archaea (up to 13.2%),
mostly Crenarchaeota but also Parvarchaeota and Euryarchaeota, was found in the ASW
zone (Figure 2.3B; Table 2.1), as were high shares of the candidate phyla Omnitrophica
(formerly OP3; max. 18.7%) and Cloacimonetes (WWE]1; max. 13.2%). OTUs affiliated
with these groups, including one from an unknown lineage within the Omnitrophica,
distinguished the ASW zone from the rest of the sulfidic water column (Table A3). The
differences in the microbial community structure between the two deepest zones also
suggested the presence of two distinct syntrophic communities (Appendix A). A
phylogenetic tree built from the OTUs that were most distinct for the ASW zone (based on
SIMPER) and their nearest relatives from the SILVA database revealed OTUs branching
out from phylogenetically diverse clades (Figure A5). These OTUs are detailed in Table
A6 and included a pair of novel OTUs that formed a cluster within the Atribacteria, novel
clusters within the Bacteroidetes, Deltaproteobacteria and Phycisphaerae, as well as two
OTUs that were unaffiliated with any known phylum. The relative abundance of
taxonomically unassigned 16S rRNA gene sequences increased with depth to >5% in the
ASW zone (Figure 2.3B).

Within the euxinic zone and below, the carbon and nitrogen cycles were increasingly
dominated by the potential for assimilation and remineralization processes, while sulfur
assimilation and thiosulfate or polysulfide reduction potential became dominant in the
sulfur cycle (Figure 2.4). The share of marker genes for (potentially) anaerobic carbon
fixation pathways (reductive tricarboxylic acid cycle, reductive acetyl-CoA pathway)
increased with depth to a maximum around the halocline. Marker genes for methanogenesis

were comparatively scarce throughout, but showed a maximum just above and below the
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halocline, indicating potential for water column methanogenesis (Figure 2.4A).
Consistently, the highest percentages of 16S rRNA gene sequences affiliated with
Euryarchaeota (Figure 2.3B) were found in the same depth region and marker genes for
methanogenesis were found exclusively in bins affiliated with Euryarchaeota (Table 2.2).
The potential for CO; reduction via the reductive acetyl-CoA pathway in the deep water -
either by acetogens or hydrogenoclastic methanogens - indicated that the full range of
biogeochemically relevant electron acceptors may be operative in the water column of

Powell Lake.
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Figure 2.5. Webs of biogeochemical processes in the (A) carbon, (B) nitrogen and (C)
sulfur cycles based on genetic potential found in the water column of Powell Lake. Solid
arrows indicate biogeochemical processes for which genetic potential was found in the bulk
metagenomes or which were inferred from geochemical profiles or dominant microbial
OTUs. Dashed arrows indicate inferred physical sinking and diffusion processes. The
dashed line separates processes occurring above and below the oxic-suboxic interface.
Footnotes refer to Table 2.2, listing processes and the microbial taxa to which they were
assigned via marker genes found in metagenomic bins. Corg = organic carbon.

Our results laid out the functional genetic potential for biogeochemical cycling in Powell

Lake’s water column (Figure 2.5) and linked it taxonomically to the microbial community
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(Table 2.2). Functional potential and dominant microbial groups found in a given
geomicrobiological zone were generally consistent with its geochemical characteristics.
However, several inconsistencies and anomalies relative to expectations and differences
based on prior studies were also evident and will be discussed following a comparison of
Powell Lake’s geomicrobiological characteristics to those of other stratified water

columns.
2.4.1. Comparison with Other Redox-Stratified Systems

Chemocline-based anoxygenic phototrophic plates are hallmarks of meromictic lakes.
Powell Lake’s chemocline (130-150 m) is situated deeper below the water surface than that
of most other meromictic lakes. In the chemoclines of the Black Sea and Lake Matano,
anoxygenic phototrophic Chlorobi occur as deep as 80 to 160 m (Overmann et al., 1992;
Manske et al., 2005; Marschall et al., 2010) and 110 to 140 m (Crowe et al., 2008; Crowe
et al., 2014), respectively. In Powell Lake, almost all 16S rRNA gene sequences were
affiliated either with the non-phototrophic Ignavibacteria (Iino et al. 2010) or with the
uncultivated lineages BSV26 or SJA-28. Yet, many marker genes central to anoxygenic
photosynthesis in Chlorobi were found in our metagenomes, albeit at low relative
abundance (Table A4; compare to relative abundances of marker genes in Figure 2.4). The
detected marker genes included pufML (photosynthetic reaction center subunits), pscC,
encoding a component of the photosynthetic reaction center that partly distinguishes
phototrophic Chlorobi from Ignavibacterium album (Liu et al. 2012), as well as the gene
for isorenieratene synthase, which produces a distinct marker of low-light adapted Chlorobi
(Oren et al. 1977; Hamilton et al. 2017; Haas et al. 2018). FmoA, the marker gene for
bacteriochlorophyll a, could not be detected, but the presence of this central pigment may
be suggested by detection of bchF, encoding an enzyme central to bacteriochlorophyll a
synthesis (Bryant et al. 2012). These marker genes were found most consistently at 120 m
and 130 m (Table A4). Since hydrogen sulfide was absent there, anoxygenic phototrophs
would have to rely on alternative electron donors available at these depths, which could
include nitrite and ferrous iron (Figure 2.2B, C; Heising ef al., 1999; Griffin et al., 2007).

The low relative abundance of marker genes for anoxygenic photosynthesis may suggest a
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parallel to the low-light adapted Chlorobi in the Black Sea, which have very low biomass
and have only insignificant quantitative effect on biogeochemical cycling (Manske et al.
2005; Marschall et al. 2010). Since its chemocline is even deeper than that of the Black
Sea, any anoxygenic phototrophy in Powell Lake is likely to have only insignificant
quantitative effect on biogeochemical cycling due to low process rates. SJTA-28, which is
affiliated with 3.4 to 5.7% of 16S rRNA gene sequences in samples from the manganous
zone, is the lineage that can be most plausibly, but tentatively, linked to anoxygenic
photosynthesis, given that the distribution of other Chlorobi-related groups, Ignavibacteria
and BSV26, suggests their involvement in metal reduction rather than anoxygenic
photosynthesis (Appendix A). Despite the tentative metagenomic evidence for anoxygenic
photosynthesis, measurements with a fluorescence sensor (data not shown) did not detect
a signal suggestive of the presence of bacteriochlorophylls. Since bacteriochlorophyll e in
the Black Sea has been detected by fluorescence sensors (Coble et al. 1991), genes related
to anoxygenic phototrophs in Powell Lake may either not be expressed, expressed only
seasonally, or at an even lower level than in the Black Sea as to be undetectable by the
fluorescence sensor. Further investigations are warranted given that any anoxygenic
phototrophs in Powell Lake would be among the deepest, and probably most low-light
adapted known to date.

The dominant microbial phyla of the mixolimnion (Alphaproteobacteria,
Actinobacteria), chemocline (Actinobacteria, Bacteroidetes, Beta- and
Gammaproteobacteria) and monimolimnion matched the occurrence and distribution of
abundant phyla in other meromictic lakes (Figure 2.3B; Lehours et al., 2007; Lauro et al.,
2011; Comeau et al., 2012; Inceoglu, Llirés, Crowe, et al., 2015; Llorens-Marés et al.,
2015; Baatar et al, 2016). The microbial community of Powell Lake’s deep
monimolimnion, dominated by Planctomycetes, Deltaproteobacteria, Atribacteria,
Chloroflexi, Omnitrophica and an increased share of Archaea compared to shallower
depths (Figure 2.3B), resembled the microbial community of other meromictic lakes,
particularly those with deep monimolimnia containing a methanogenic zone, such as
Sakinaw and Kivu (Gies et al. 2014; Inceoglu et al. 2015b). It also displayed quite striking

similarities with the microbiome of deep marine, methane hydrate-bearing sediments
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(Inagaki et al. 2006), suggesting functional similarity of microbial communities adapted to
biogeochemically similar environments governed by fermentation and methanogenesis.
Correspondingly, many of the nearest relatives of OTUs recovered from the ASW zone
were isolated from deep sediments and gas hydrate environments (Figure AS5). Some
similarities were also observed with the microbial community of the Black Sea anoxic
zone, including the presence of the anaerobic methane oxidizing lineages ANME-1 and
ANME-2 (Figure A3B), methanogenic Euryarchaeota and putative gammaproteobacterial
methanotrophs (Pimenov and Neretin 2006; Schubert et al. 2006). Recent evidence
suggests that ANME-1 can be methanogens (Beulig et al. 2019), which may explain their
occurrence in the ASW zone of Powell Lake (Figure A3B), where electron acceptors for
methane oxidation are absent.

Despite showing similarities to the Black Sea, the microbial community of the former
fljord Powell Lake is, overall, distinct from that of marine oxygen minimum zones
(mOMZs). While many phyla of central significance in mOMZs, including Proteobacteria,
Bacteroidetes, Actinobacteria and Planctomycetes, were also abundant in Powell Lake
(Figure 2.3B), significant mOMZ groups, such as SUPO5, SAR324, SAR11 and
Epsilonproteobacteria (Wright et al., 2012), were absent. Similar niches for microbially
driven, biogeochemical processes which exist in both environments were occupied by
different, often distinctly terrestrial groups in Powell Lake. For example, autotrophic
nitrogen oxide reduction coupled to sulfide oxidation is dominated by the
gammaproteobacterial group SUPOS or Epsilonproteobacteria in mOMZs (Lavik et al.
2009; Walsh et al. 2009; Canfield et al. 2010b; Wright et al. 2012; Glaubitz et al. 2013),
whereas in Powell Lake, this process could only be connected to Betaproteobacteria (Table
2.2). And while the common mOMZ nitrite oxidizer Nitrospina sp. was present in the
nitrogenous zone, members of the Nitrospiraceae were dominant among potential nitrite
oxidizers in Powell Lake (Figure A3). Methylophilales and Methylococcaceae, the groups
linked to methylotrophy and methanotrophy in Powell Lake (Table 2.2), are also common
in mOMZs (Wright et al. 2012; Chronopoulou et al. 2017), as well as the Black Sea
(Pimenov and Neretin 2006). But at a more resolved taxonomic level, the most prevalent

methanotroph-affiliated 16S rRNA gene sequence we identified was related with
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Crenothrix sp., important methanotrophs in stratified lakes (Oswald et al. 2017). Similarly,
Thaumarchaeota have been linked to ammonium oxidation both in this study and in
mOMZs (Bristow et al. 2015, 2016; Ganesh et al. 2015). However, instead of the typical
marine ammonium oxidizing genus Nitrosopumilus maritimus, the closest relatives of
Thaumarchaeota-affiliated 16S rRNA gene sequences and MAGs were uncultured archaea
from terrestrial and freshwater systems and, notably, the terrestrial AOA Candidatus
‘Nitrosotalea devanaterra’ (Figure A6; Lehtovirta-Morley et al., 2016), whose 16S rRNA
gene is 98% identical to that of MAGI10.

2.4.2. Facultative  Anaerobic  Adaptations in  Widespread
Actinobacterial Freshwater Lineage Suggest Ecophysiological

Analogies to SAR11

The actinobacterial acl lineage is globally widespread throughout freshwater and brackish
systems (Zwart et al. 2003; Lindstrom et al. 2005; Wu et al. 2006; Newton et al. 2007,
Hugerth et al. 2015). In Powell Lake, an OTU affiliated with acl dominated the oxycline
and nitrogenous zones and remained prevalent even in the manganous zone (Table 2.1). Its
closest neighbor (99% sequence identity, blastN) was Candidatus ‘Planktophila vernalis’
isolate MMS-IIA-15 (NZ_CP016776.1; Neuenschwander et al. 2018). The high relative
abundance of acl within and below the oxycline may be due to undocumented facultative
anaerobic adaptations in Powell Lake strains (Ghylin et al. 2014). Next to marker genes for
aerobic respiration, the metagenomic bins MAG7 and MAG44 contained the marker genes
for CO oxidation (coxMSL) and nitrate respiration (narGH; Table 2.2), respectively, and
the closest neighbor for both bins was the acl strain SCGC AAA027-L06 (Garcia et al.,
2013), as affirmed by a high score by SEED (Table AS5). The number of reads mapping to
MAGT7 and MAG44, respectively, was highest in the metagenome from the nitrogenous
zone (Table AS). While small concentrations of oxygen probably prevailed in this zone,
nitrate concentrations in this zone (4.8 uM) exceeded observed O concentrations (3.5 pM),
suggesting environmental pressure as an explanation for facultative nitrate respiration.
These facultative anaerobic adaptations in the globally widespread freshwater lineage

acl, otherwise known as aerobic heterotrophs, suggest an analogy to the marine lineage
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SAR11. SAR1I is highly abundant in the oxygenated surface ocean, but also in mOMZs
(Wright et al. 2012; Bertagnolli and Stewart 2018). Similarities based on small genome
and cell sizes between acl and SAR11 have been noted previously (Neuenschwander et al.
2018). Here we find indications that acl lineages in meromictic Powell Lake, like SAR11
lineages from mOMZs (Tsementzi et al. 2016), stand out from their strictly aerobic
relatives by facultative anaerobic adaptations, notably the possession of genes for
respiratory nitrate reduction. Thus, in analogy to the high abundance of SAR11 in varied
marine ecosystems, versatile adaptations in some of its sub-lineages may enable acl to

dominate both oxic as well as oxygen-depleted niches in freshwater systems globally.

2.4.3. Divergent Lineages Within Microbial Communities Typical of

Meromictic Lakes

A high share of 16S rRNA gene sequences from the deepest zones remained unassigned
(Figure 2.3B) and OTUs from the ASW zone affiliated with Atribacteria, Bacteroidetes,
Deltaproteobacteria and Phycisphaerae form branches that are distinct from 16S rRNA
gene sequences previously found elsewhere (Figure AS, Table A6). The long isolation time
and highly reducing conditions may have led to unique evolutionary divergence that may
go along with unusual functional adaptations (Li et al. 2015¢). Given the metabolic
potential of the ASW zone, members from these novel clades may be involved in processes
that include the degradation and remineralization of organic nitrogen and carbon, possibly
as syntrophic partners with other heterotrophs, acetogens or methanogens (Figure 2.4,
Appendix A; Gies et al., 2014). In the manganous zone, Powell Lake-specific clusters were
identified among the Betaproteobacteria (SILVA classification: Betaproteobacteriales;
Figure A4), a group with high relative abundance in the manganous zone and linked to a

wide range of biogeochemical processes (Figure 2.3B, Table 2.2).
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2.4.4. Unexpected Geomicrobiological Features in the Geochemical

Profile

2.4.4.1.  Deviations from the Ideal Electron Acceptor Sequence

The observed distribution of electron acceptors and donors indicative of
geomicrobiological processes was very similar in Powell Lake to geochemical profiles
found in other stratified systems such as the Black Sea or sediments of mixed lakes
(Froelich et al. 1979; Nealson et al. 1991; MacGregor et al. 2001; Nealson and Berelson
2003; Canfield and Thamdrup 2009). In several cases, however, the zones overlapped
(Table 2.1). This is not an unusual occurrence (Canfield and Thamdrup 2009) and may be
a consequence of non-diffusive components of mixing that prevail above Powell Lake’s
ASW zone (Sanderson et al. 1986), leading to respiration of more than one type of electron
acceptor within a single geomicrobiological zone. In Powell Lake, this included respiration
of sulfate and manganese oxides next to iron oxides within the ferruginous zone, and the
possible availability of trace levels of oxygen in addition to nitrate in the manganous zones.

A particularly notable deviation from purely thermodynamic predictions of the electron
acceptor sequence and thus the zonation was the complete overlap of the ferruginous zone
with part of the manganous zone, which stretched down to a deep dissolved manganese
peak below the dissolved iron peak (Figure 2.2B). This may have reasons beyond vertical
mixing patterns that require further investigation and may involve the occurrence of
different mineral forms of manganese and iron oxides that are differentially accessible to
microbes. Alternatively, the deep dissolved manganese peak may be due to horizontal input
from the sides of the basin. Mn?* usually does not precipitate and thus accumulates in
anoxic bottom water (Calvert and Pedersen 1996), and bathymetry data suggest relatively
large and relatively flat areas around 230 m at the northern and southern ends of Powell
Lake’s South Basin (Mathews 1962), where Mn?" may accumulate above the sediment and
provide a hypothetical source of reduced manganese to the center of the lake via horizontal
transport. Finally, the abiotic aspects of manganese cycling in Powell Lake (saturation,
possible co-precipitation) are poorly understood (Perry and Pedersen 1993), and may affect

dissolved manganese distributions that are beyond the scope of this paper to resolve.
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Investigations targeted at the manganese geochemistry of the lake are necessary to
substantiate these speculations and explain the distribution of dissolved manganese, which
may be independent of biotic processes.

While the relative locations of the dissolved manganese peak with respect to the
dissolved iron peak were unusual, the initial accumulation of dissolved manganese above
that of dissolved iron was consistent with the expected electron acceptor sequence observed
elsewhere (Nealson et al., 1991; MacGregor et al., 2001; Nealson and Berelson, 2003;
Canfield and Thamdrup, 2009). Above the manganous zone, the persistence of dissolved
manganese far into the oxic zone is consistent with the slow kinetics of manganese
oxidation (Balzer 1982). This may be exacerbated by the abiotic reduction of manganese

oxides by upward-diffusing Fe’" (Myers and Nealson 1988).

24.42.  Deltaproteobacteria may be Involved in Metal-Sulfide
Cycling via Polysulfide Reduction

In the euxinic zone of Powell Lake, concentrations of dissolved iron and manganese
decreased due to precipitation as metal sulfides (Perry and Pedersen 1993). Below this
depth, sulfide increased steeply, giving sulfide concentrations (not shown) a vertical profile
similar to that of salinity. This might indicate that the ASW’s sulfide pool is a relic of
ancient sulfate reduction that stopped when sulfate was depleted within the trapped
seawater. However, a strong increase of the sulfide:salinity ratio in the euxinic and ASW
zones revealed a more complex picture, suggestive of ongoing net sulfide production in the
ferruginous and ASW zones (Figure 2.2B). Sulfide produced from sulfate reduction in the
ferruginous zone precipitates as metal sulfide (Perry and Pedersen 1993) and the sulfide
accumulation within the ASW zone may reflect partial dissolution of sinking metal sulfide
phases at depth. Intriguingly, a peak of the marker gene for polysulfide reductase coincided
with the maximum of the sulfide:salinity ratio at 310 m (Figure 2.4C). This marker gene
was found in only one bin, which was affiliated with Deltaproteobacteria (Table 2.2).
Given that polysulfide is an intermediate in metal sulfur pathways (Luther 1991), this might
indicate microbial involvement in the cycling of metal sulfur compounds and possibly even

in their dissolution. More research into this preliminary finding is required, as there are
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potential implications ranging from processes in contemporary marine sediments, where
Fe-S precipitation plays a central role in biogeochemical cycling, to paleo-oceanographic

research, where pyrite is used as a proxy for anoxic conditions in ancient oceans.

24.4.3. Unexpected Potential for Nitrogen Fixation Despite

Ammonium Excess

Marker genes for biological nitrogen fixation (BNF) were detected, predominantly in the
manganous and ferruginous zones (Figure 2.4B). Genetic potential and isotopic evidence
for BNF has previously been found in meromictic lakes, affiliated mostly with Chlorobi
and sometimes Deltaproteobacteria (Ohkouchi et al. 2005; Halm et al. 2009; Lauro et al.
2011; Llorens-Mares et al. 2015). In Powell Lake, metagenomic bins containing marker
genes for nitrogen fixation were affiliated with  Gammaproteobacteria,
Deltaproteobacteria and Euryarchaeota (Table 2.2). Active BNF in Powell Lake would
not be expected, however, given that throughout the water column, dissolved inorganic
nitrogen was far in excess of phosphate (Figure 2.2C,D; Perry, 1990). Total phosphorus
data (measured by Inductively Coupled Plasma Optical Emission Spectrometry after
acidification) from a later sampling campaign in 2018, confirmed the nitrogen excess over
phosphorus (data not shown). Under these conditions, the energetically costly reaction
involved in BNF is generally thought to be ecologically uncompetitive. Active BNF in the
presence of high dissolved inorganic nitrogen concentrations has, however, been reported
previously, but is not well understood (Grokopf and LaRoche 2012; Knapp 2012; Bombar
et al. 2016). Further research is required to test whether active BNF occurs in Powell Lake
and this, in turn, could lead to a better understanding of the ecological feasibility, role and

geographical and environmental occurrence of BNF.

2.4.4.4.  Potential for Micro-Aerobic and Anaerobic Methylotrophy
and Methanotrophy

Denitrification was linked to methane and methanol oxidation in metagenomic bins
affiliated with  Methylophilales  (Betaproteobacteria) and  Methylococcaceae

(Gammaproteobacteria) and occurring in the oxycline, nitrogenous and manganous zones
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(Table 2.2, Table AS, Figure A3). Most notably, this included MAGI, representing a
member of the Methylococcaceae with the potential for methane oxidation as well as both
aerobic respiration and denitrification. Beyond these facultative anaerobic Proteobacteria,
the presence of 16S rRNA gene sequences affiliated with ANME-2D (NCBI: JF304121)
in Powell Lake’s ferruginous zone and the candidate phylum NC10 at the depths of the
dissolved metal peaks (Figure 2.3B, Figure A3B; Appendix A) may indicate obligate
anaerobic methane oxidation coupled with nitrogen oxide reduction (Haroon et al. 2013;
Graf et al. 2018).

The extension of beta- and gammaproteobacterial methylotrophic lineages as deep as 50
m into sulfidic waters (Figure A3B) coupled with their genetic potential for denitrification
contributes additional evidence for the employment of alternative electron acceptors such
as metal- or nitrogen oxides by members of these lineages (Kalyuhznaya et al. 2009; Kits
et al. 2015a; b; Oswald et al. 2016, 2017). Genomic evidence for methanotrophy linked to
partial denitrification by Gammaproteobacteria, specifically Methylococcales, has recently
been found in laboratory cultures (Kits et al. 2015a; b), meromictic lakes (Oswald et al.

2017) and the stratified fjord Golfo Dulce (Padilla et al. 2017).

2.4.4.5. Identification of Potential Micro-Aerobic Nitrifiers Within

the Manganous Zone

Several microbial taxa known as ammonium and nitrite oxidizers and with highest relative
abundance around the nitrate peak (oxycline), displayed secondary maxima in relative
abundance in the manganous zone (Figure A3A). Most notably, these were SAGMA-X
(Thaumarchaeota: IN227488 and JN227488; Figure A6) and Nitrospiraceae. They may
be represented by the taxonomically related MAG28, containing amoABC, and MAG19,
containing nxrAB (Table 2.2), respectively, which also occurred in both the oxycline (120
m) and the manganous zone (150 m) metagenome (Table AS5). Additionally, several OTUs
among the Betaproteobacteria, identified as unusual sub-lineages within the ammonium
oxidizing group Nitrosomonadaceae (Figure A4), occurred exclusively in the manganous
zone. These may represent specialized nitrifiers producing nitrate and/or nitrite within this

suboxic zone. Evidence from mOMZs suggests that nitrifiers inside suboxic zones can
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survive on trace amounts of oxygen (Lam and Kuypers 2011; Fiissel et al. 2012; Buchwald
et al. 2015; Bristow et al. 2016; Babbin et al. 2017; Sun et al. 2017). Indeed, small amounts
of oxygen may persist in Powell Lake’s manganous zone as discussed above, and 16S
rRNA gene sequences affiliated with groups of potential nitrifiers showed a secondary
maximum in the manganous zone (Figure A3A).

Nitrification in the manganous zone of Powell Lake might sustain autotrophic nitrogen
oxide reduction by sulfide oxidation at the suboxic-sulfidic boundary. Maxima in relative
abundance of nrf4 and napAB were found as deep as the upper ferruginous zone (Figure
2.4B). MAGS (Betaproteobacteria) contained nrf4 and napAB in combination with marker
genes for sulfide oxidation and the Calvin cycle (Table 2.2). Further investigations
employing detailed, highly resolved oxygen measurements in combination with rate
measurements, nitrogen stable isotope analysis and/or transcriptomic approaches are
necessary to confirm nitrogen oxide production within the chemocline by micro-aerobic
nitrification. Here we identify the taxa described above as candidates for suboxic-zone
adapted nitrifiers. Furthermore, our observations suggest that micro-aerobic nitrification
may support autotrophic DNRA or denitrification by sulfide oxidation even in the presence
of a broad suboxic zone that divides the oxic zone (source of nitrate from aerobic

nitrification) from the sulfidic zone (source of sulfide from sulfate reduction).

2.4.5. Conclusions

Genetic potential for most of the key biogeochemical processes of the carbon, nitrogen and
sulfur cycles was found in the water column of Powell Lake (Figure 2.5). These processes
covered the full range of biogeochemical electron acceptors from Oz to CO; and their
occurrence was mostly consistent with the local geochemical conditions and composition
of the microbial community. Evolutionarily divergent lineages prevalent in the ASW zone
were identified within diverse phyla (Atribacteria, Bacteroidetes, Deltaproteobacteria,
Planctomycetes) as well as outside known phyla, which may indicate novel adaptations to
this unusual and isolated environment. Deviations from the thermodynamically predicted
electron acceptor sequence, most notably the vertical inversion of the dissolved manganese
and iron peaks, were observed and may point to the influence of non-diffusive mixing
forces. Overall, however, the high physical stability of Powell Lake’s water column allows
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for repeated sampling of an invariant system, which will allow these and other unusual
features of the lake to be addressed in future studies.

In this study, we resolved the change in community structure and functional genetic
potential along the geochemical gradient of a meromictic water column, demonstrating
close links between geochemistry and microbiology that have long been recognized
(Froelich et al. 1979; Berner 1980). Yet, we also identified unexpected features, including
taxa that may represent micro-aerobic nitrifiers occurring within the chemocline, the
potential for facultative anaerobic methylotrophy and methanotrophy, potential for
bacterial nitrogen fixation in high-ammonium, low-phosphate waters, and the presence of
acl-Actinobacteria with facultative anaerobic adaptations. The classification scheme for
stratified systems based on geochemical zonation, as suggested by Canfield and Thamdrup
(2009), provided a template to identify these outlier features and relate them to findings
from other stratified systems. We suggest that due to the universality of the theoretical
concepts underlying this template, it should be used more systematically in similar studies
to inform sampling and enable more precise interpretations and inter-comparison of

microbial communities and functional potential between stratified systems.

2.5.Experimental Procedures
2.5.1. Study Site

Powell Lake’s water surface is situated about 50 m above sea level on the Southwest coast
of British Columbia, Canada (Figure 2.1). Sills divide the approximately 100 km long lake
into six sub-basins, of which two contain relict seawater in their deepest layers (Williams
etal. 1961; Sanderson et al. 1986). Samples for this study were taken from a single location
in the center of the 11 km long, 2 km wide, 350 m deep southern basin (49°57° N, 124°32’
W; Figure 2.1), which contains geothermally heated relict seawater with salinity of up to
16.7 gkg!. This is about half of the original salinity with the remainder having been flushed
out or removed by diffusive and double-diffusive processes (Sanderson et al. 1986;
Scheifele et al. 2014). In 1924, the sill that disconnects the southern basin from the ocean

was enhanced by a dam, raising the water level of the lake by 10 m to its current level
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(Perry and Pedersen 1993). Recorded lake water levels (since 1988) ranged within 5.4 m
(o =1.1 m) and the water level during the time of sampling was 0.7 to 0.9 m below the 28-

year average (daily data; source: dam management, Brookfield Renewable).

2.5.2. Sampling

Water from 30 depths was collected over the course of four days in August 2016, using
Niskin bottles. For dissolved ion analyses (except sulfate), water was immediately filtered
through 0.45 pm surfactant-free cellulose-acetate syringe filters (Nalgene, Thermo
Scientific). Samples for nutrients (ammonium, nitrate, nitrite, phosphate) and DOC were
collected in acid-washed containers and subsequently frozen until analysis. For dissolved
iron and manganese samples (50 mL), the pH was adjusted to <4 by addition of 20 pL
concentrated HCI upon sampling. Samples for dissolved sulfate and sulfide were fixed with
5% zinc acetate (1 mL per 10 mL and 4 mL sample, respectively).

Water samples (approximately 1-4 L per sample) for nucleic acids extraction were pre-
filtered through a 160 um nylon mesh (NITEX, Dynamic Aqua-supply Ltd., Canada), and
microbial cells subsequently concentrated on sterile 0.2 um, 47 mm polycarbonate filters
using a peristaltic pump. Between samples, the entire filtration system was sequentially
flushed with several centiliters of 10% HCI, MilliQ water and the new sample water. Filters
were immediately frozen on liquid N for transport to the lab, where they were stored frozen

until extraction.

2.5.3. Physico-chemical Measurements

2.5.3.1.Sensor Measurements

A conductivity-temperature-depth sensor (CTD, SBE19+, Sea-Bird Scientific) equipped
with a dissolved oxygen optode (4330, Aanderaa Data Instruments AS, Norway) was
deployed in parallel to water sampling to record continuous vertical profiles of salinity,
temperature, pressure and dissolved oxygen. To avoid bias in oxygen concentrations

resulting from slow sensor response time, the package was stopped for several minutes at
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depths of interest. Dissolved oxygen data were post-corrected for salinity, temperature,
depth (according to standard protocol from the manufacturer) and sensor drift (Miloshevich
et al. 2004). Despite these corrections, measured oxygen concentration values did not go
below 2.6 to 3.0 uM even in sulfidic waters (presumed to be anoxic). This relatively small
offset from zero was within the accuracy range declared by the manufacturer (<8 uM) and
we interpret the ~3 uM measured at the top of the sulfidic zone as an empirically
determined zero-value for the sensor. Additionally, an unknown effect (the optodes used
are not sensitive to H»S; manufacturer information) caused the sensor to show an apparent
oxygen increase in the deepest water, which again is presumed to be anoxic. Water clarity
was measured by a transmissometer (C-star, Sea-Bird Scientific) with 25 cm path length
using 650 nm light. Salinity measured from conductivity is presented on the TEOS-10

Reference Composition Salinity Scale with a salinity anomaly of zero (IOC et al. 2010).

2.5.3.2.Geochemical Analyses

Dissolved phosphate (PO4*"), ammonium (NH4"; Kérouel and Aminot, 1997) and nitrite
(NO?) were measured on an auto-analyzer (San++, Skalar) according to manufacturer’s
instructions based on standard spectrophotometric and fluorometric methods (Kérouel and
Aminot 1997; Hansen and Koroleff 1999). For ammonium analysis, deep water (=290 m)
samples had to be highly diluted (1:100) to fit the sensitivity range of the instrument,
leading to large error margins that were caused by small contaminations and not fully
captured by our error bars. Nitrite concentrations below 135 m were corrected for a
background signal determined by running the auto-analyzer protocol but omitting addition
of the coloring reagent. Dissolved nitrate (NO3") concentrations were measured by
chemiluminescence after nitrite removal by sulfamic acid (Granger and Sigman 2009) and
reduction in a hot acidic vanadyl sulfate solution on a NOyx analyzer (Braman and Hendrix
1989). A nitrate background signal of 0.30 uM (standard deviation: 0.26 uM) was evidently
introduced during sampling and caused an artifact of >0.0 pM nitrate in the
monimolimnion. Total dissolved sulfide was analyzed according to Cline (1969) with a
detection limit of 0.1 uM. Dissolved iron and manganese were analyzed by Atomic

Absorption Spectrometry (SpectrAA Model 55B, Varian) with a detection limit of 0.18

60



uM. After filtration through 0.45 um cellulose acetate filters (same as above) and
subsequently through Dionex™ OnGuard™ II H Cartridges (Thermo Scientific) to remove
zinc, sulfate was measured by ion-chromatography (Dionex ICS-5000, Thermo Scientific)
with a background signal of ca. 0.6 pM; sulfate data from samples below 200 m are not
reported, because unknown interferences caused ambiguous results. DOC was measured

on a total organic carbon analyzer after acidification and purging (TOC-V, Shimadzu).
2.5.4. Nucleic Acid Extraction and Sequencing

DNA was extracted from the filters using the DNeasy Plant Mini Kit (Qiagen) with
modifications to the protocol that included the application of 50 pL. lysozyme (5 mg/mL)
before adding lysis buffer AP1 together with 45 pL proteinase K (20 mg/mL). Successful
extraction was confirmed using nucleic acid quantification by nanoDrop™ (Thermo
Scientific). DNA was amplified using previously described primers targeting the V4-V5
variable region of the 16S rRNA gene of bacteria and archaea, and the V4 region of the
18S rRNA gene of Eukaryotes, respectively (Comeau et al. 2011; Walters et al. 2016;
Parada et al. 2016). Tag sequencing of DNA amplicons was carried out on an Illumina
MiSeq instrument using 2x300 bp paired-end v3 chemistry at the Integrated Microbiome
Resource, Dalhousie University (Comeau et al. 2017). Additional sequencing of whole
community metagenomes was carried out at selected depths using the [llumina Nextera XT
kit as described by the manufacturer. Briefly, libraries were prepared by enzymatically
shearing the samples and tagging them with adaptors, PCR-amplified while adding
barcodes, and finally purified, normalized and pooled for loading onto a MiSeq (2x300 bp
paired-end v3 chemistry) for deep sequencing or onto a NextSeq (2x150 bp paired-end
“high-output” chemistry) for shallower sequencing depth (Table A2).

2.5.5. Processing of Nucleic Acid Reads and Bioinformatic Analyses

Three types of analyses were carried out to characterize the microbial community along
the vertical geochemical gradient of Powell Lake, each with their associated benefits and

limitation as described in Appendix A.
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2.5.5.1. Small Subunit rRNA Gene Sequence Processing and
Analysis

16S/18S rRNA gene sequences were processed using a QIIME-1 (Caporaso et al. 2010)
based workflow (Langille, https://github.com/LangilleLab/microbiome helper/wiki/;
Comeau et al., 2017). This included merging of paired-end sequences using PEAR (Zhang
et al. 2014a), discarding sequences <400 bp or with quality <30 over 90% of bases, as well
as removing chimera by VSEARCH (Rognes et al. 2016). Using sortmerna (Kopylova et
al. 2012) for reference picking and sumaclust (Mercier et al. 2013) for de novo picking,
operational taxonomic units (OTUs; defined by 97% sequence similarity) were picked and
clustered against the Greengenes (16S rRNA) and PR? (18S rRNA) reference databases
(DeSantis et al. 2006; Guillou et al. 2013). Subsequently, low-confidence OTUs (<0.1%)
were removed (Comeau et al. 2017). 16S rRNA amplicon reads were rarefied to 6614 reads,
which allowed to keep all samples and did not cause perceivable differences in outcome
compared to higher thresholds. 18S rRNA amplicon reads were rarefied to 1408 reads and
all samples from >135 m depth fell below this threshold (Figure A1E). Phylogenetic trees
of 16S rRNA gene sequences were constructed by RAXML (Stamatakis 2014) and
visualized by iTOL (Letunic and Bork 2016) or using the Kimura two-parameter model
(Kimura 1980) in MEGA7 (Kumar et al. 2016) after alignment with MUSCLE (Edgar
2004) or SINA (available at http://www.arb-silva.de; Pruesse et al., 2012) and using
reference genes from the SILVA and NCBI RefSeq databases (Pruitt et al. 2007; Yilmaz

et al. 2014). Diversity indices (Shannon-Weaver, Simpson, Richness) and curves were
determined using QIIME-1 scripts. Rank-dominance plots for the 16S and 18S rRNA gene
sequences were generated in PRIMER v6 (Clarke 1993, 2006). As applied by Desai ef al.
(2012), Bray-Curtis similarity analysis, ANOSIM and SIMPER routines from the PRIMER
v6 program were used to analyze the microbial community structure in different samples
and zones predicted by the geochemical profile. Bray-Curtis similarities in community
structure at the OTU level, between each pair of samples were ordinated and visualized on
an NMDS plot. The relevance of the geochemical zonation was tested for statistical
significance in the microbial community structure by ANOSIM. Additionally, SIMPER

was used to determine indicator OTUs, which were 1) OTUs that contribute most to
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similarity within a zone (Table 2.1), as well as i) OTUs that contribute most to dissimilarity

between two zones (Table A3).

2.5.5.2. Metagenomic Annotation, Assembly and Binning

Bulk metagenomic reads were annotated using the pipeline described at

https://github.com/Langillel.ab/microbiome_helper/wiki/Metagenomic-standard-

operating-procedure based on the Microbiome Helper toolkit (Comeau et al. 2017). Reads

were trimmed and filtered using Trimmomatic (Bolger et al. 2014), which filtered out 11.2-
17.7% of reads in the NextSeq metagenomes and 0.6% of reads in the MiSeq metagenomes.
The resulting read number was similar between most metagenomes with lower numbers in
the metagenomes from 280 m and 310 m (Table A2). The program Nonpareil (Rodriguez-
R and Konstantinidis 2014) was used to estimate the coverage and sequencing depth for
each metagenome (Table A2).

For functional analysis of the bulk metagenomes, KEGG (Kyoto Encyclopedia of Genes
and Genomes) orthologs (KOs) were assigned to metagenomic reads (e-value threshold:
<0.001) using HUMAnN (Abubucker et al., 2012). HUMAnN quantified the relative
abundance of each KO based on total reads within a given bulk metagenome, whereby the
number and length of reads mapping to a given KO were normalized to gene length. KOs
affiliated with functional marker genes for biogeochemically relevant processes with a
focus on the carbon, nitrogen and sulfur cycles were extracted from these metagenome
datasets using the method developed by Lauro et al. (2011) and enhanced by Llorens-Mares
etal. (2015). Beyond the selection by Llorens-Mares et al. (2015), we added further marker
genes from the KEGG database to cover additional processes as well as to improve the
representation of existing processes (Table A7). Specifically, potential for the processes of
methanol oxidation (mxafF’; Lau et al., 2013), as well as respiration using high-O> affinity
terminal electron acceptors (ccoN and cydA; Morris and Schmidt, 2013) was covered
additionally by adding the respective marker genes. The marker gene ureC was added to
more accurately represent potential for the N remineralization process and nirK was used
as an additional functional marker gene in the nitrogen cycle as a marker for NO-forming

nitrite reduction used in anammox, denitrification and bacterial ammonium oxidation.
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Additionally, we investigated the vertical distribution of several functional marker genes
not included in the KEGG database (Table A4). For this, we used prodigal (Hyatt et al.
2010) to call genes from the metagenomes and subsequently scanned Hidden Markov
Models (HMMs), which were either retrieved from the FunGene repository (Fish et al.
2013) or custom-made based on Uniprot entries, using HMMer (Eddy 2011). We further
note that the marker gene hao (hydroxylamine oxidoreductase; Table A7) is not process-
specific based on KEGG orthology (K10535), because the gene for hydroxylamine
oxidoreductase used by AOBs (Kozlowski et al. 2016) and the hydrazine dehydrogenase
gene (hdh) found in anammox bacteria are both paralogs of octaheme hydroxylamine
oxidoreductase (Maalcke et al. 2016). Hao was thus interpreted to represents the sum of
aerobic and anaerobic bacterial ammonium oxidation.

Metagenomic reads from bulk metagenomes were co-assembled and binned following
the workflow published online (Delmont http://merenlab.org/data/
2017 Delmont_et al HBDs) which is described in (Delmont et al. 2018), based on the
Anvi’o platform (Eren et al. 2015), using previously published applications (Delcher et al.
2002; Hyatt et al. 2010; Eddy 2011; Langmead and Salzberg 2012; Alneberg et al. 2014;
Li et al. 2015a; Parks et al. 2015; Kim et al. 2016). Briefly, the paired-end reads were
filtered for quality using the parameters described in Minoche et al. (2011) and
implemented in the package Illumina utils (Eren et al. 2013). On average, around 92% of
the reads per sample passed the quality filtering step. The filtered reads were then co-
assembled using Megahit (Li et al. 2015a) and contigs >5000 bases in length were binned
using Concoct (Alneberg et al. 2014). The bins with >50% completion and <20%
redundancy, in terms of presence of a set of 139 bacterial single copy marker genes
(Campbell et al. 2013), were labelled as Metagenome Assembled Genomes (MAGs). From
the 72 bins obtained by this protocol, 47 were defined as MAGs. Relative to HUMAnN
output, between 5 and 69% of reads from the different metagenomes were mapped to bins
(Table A2). The program CheckM (Parks et al. 2015) was used to associate taxonomic
affiliation to the bins and SEED was used to identify their closest neighbor (Overbeek et
al. 2014). Protein coding genes identified in the contigs in each bin by using the program

Prodigal (Hyatt et al. 2010) were functionally annotated using the RAST server (Aziz et al.
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2008). As summarized in Table 2.2, functional marker genes of interest (Table A7)
identified in different metagenomic bins were linked to taxonomic groups, using the
taxonomic affiliation of the bins. In some cases, the annotation of selected functional
marker genes found in the bins was refined using PSI-Blast, specifically to detect subunits
of the ammonium monooxygenase gene (amoABC) as well as to distinguish different types
of nitrate reductases (napAB, nrfA, narB, narGH, nxrAB) and nitrite reductases (nirBD,
NIT-6), respectively, which were not detected or sufficiently resolved by RAST. In the
same way, it was tested whether genes annotated as ‘hydroxylamine reductase’ were genes

that have a function in the anammox process.

2.5.5.3. Sequence Deposition

Nucleotide sequence data have been deposited into NCBI databases under the Bioproject
PRINA489439. Raw sequences from small subunit rRNA genes as well as raw bulk
metagenome sequences were submitted to the Short Read Archive (SRA) under accession
number SRP159945 (individual accession numbers: SRR7798723-43 (16S rRNA),
SRR7798745-65 (18S rRNA), SRR7801934-41 (metagenomes)). Assembled and rarefied
16S rRNA gene sequences have been deposited at DDBJ/EMBL/GenBank under the
accession KCEW00000000. Metagenomic bin sequences can be accessed via the Genome

database under accession numbers QY OT00000000-QYRMO00000000.
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CHAPTER 3
PHYSICAL MIXING CONTROLS AND DECOUPLES

NITRIFICATION VIA BIOMASS DILUTION?

3.1. Abstract

Our study demonstrates that dilution of nitrifying microorganisms by physical mixing can
delay and decouple nitrification in subsurface waters of a seasonally stratified, eutrophic
coastal basin. The findings are based on analysis and biogeochemical modeling of four
years of weekly oceanographic time-series measurements in Bedford Basin, Nova Scotia,
Canada, that included measurements of functional (amoA) and phylogenetic (16S rRNA)
marker genes for nitrifiers.

In years with colder winters, more intense winter mixing resulted in strong dilution of
the resident nitrifier population causing delays in nitrification, lasting weeks to months
despite the presence of sufficient oxygen and ammonium substrate. Delayed regrowth of
nitrifiers following dilution led to transient accumulations of nitrite (3-8 pmol kgsw') by
decoupling the two steps of nitrification, ammonia- and nitrite oxidation. Nitrite
accumulation was enhanced by fast ammonia oxidation kinetics of ammonia-oxidizing
bacteria (Nitrosomonadaceae), which transiently outcompeted Nitrosopumilus-like
ammonia-oxidizing archaea that dominated under more stable conditions. We propose a

mechanism whereby intensity of mixing controls nitrifier biomass and community

2 Haas, Sebastian, Brent M. Robicheau, Subhadeep Rakshit, Jennifer Tolman, Christopher K. Algar, J.
LaRoche, and Douglas W. R. Wallace. Physical mixing controls and decouples nitrification via biomass
dilution. Under Review, PNAS.
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I helped further develop the model, which was initially developed of by co-authors, and I processed and
analyzed the 16S rRNA amplicon sequencing data. DNA extraction, nutrient and qPCR analyses, as well as
most field sampling was performed by technicians or co-authors.
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composition, leading to variable delays in their regrowth and variability in nitrification
rates. Such mixing-induced, transient effects on biomass and diversity of microbial
communities with biogeochemical implications are likely to be relevant in other
intermittently stratified water columns. The mechanism links climate-sensitive and
variable physical mixing with microbially-driven nitrification and the speciation of
nitrogen supply to marine phytoplankton. This study emphasizes the value of high-
frequency, multi-parameter time series for identifying and modeling controls of complex

microbial and biogeochemical processes in dynamic aquatic systems.

3.2. Introduction

Coastal waters worldwide are subject to inputs of anthropogenic nitrogen (N) which impact
primary production and marine ecosystems through alteration of both the quantity and
speciation (oxidized/reduced, inorganic/organic) of N (Pefiuelas et al. 2013; Glibert et al.
2016). These are key controls on phytoplankton growth and community composition,
altering patterns and magnitude of primary production, causing eutrophication and harmful
algae blooms and impacting carbon flux (Yoshiyama and Sharp 2006; Domingues et al.
2011; Glibert et al. 2016). For example, relative increase in ammonium over nitrate supply
can shift phytoplankton community compositions toward smaller species with the potential
to cause harmful algal blooms and reduced productivity (Glibert et al. 2016). The
speciation of N also exerts control on key microbial N-cycling pathways, including the
fixed-N removal processes anammox and denitrification. These pathways depend on the
availability of oxidized forms of N that can be converted to N> and thereby removed from
the pool of readily bioavailable N within ocean waters.

It is therefore essential to understand the processes and environmental factors that control
the speciation of dissolved inorganic nitrogen (DIN= NO3 + NO, + NH3/NH4") between
oxidized (nitrate and nitrite) and reduced (ammonium/ammonia) forms, as well as between
organic and inorganic forms (LaRoche et al. 1997; Glibert et al. 2016). A key-process
controlling DIN-speciation is nitrification, the two-step oxidation of ammonia (NH3) to

nitrate (NO3") via nitrite (NO2’). Ammonia-oxidizing organisms (AOO), either archaea
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(AOA) from the phylum Thaumarchaeota or bacteria (AOB), catalyze the oxidation of

ammonia to nitrite:

Ammonia oxidation (AO): 2NH3 + 302 = 2NO, + 2H" + 2H,0 3.1

AOQ kinetics differ between the two AOO groups, with higher maximum reaction velocities
(Vmax) and ammonium half-saturation constants (K) in AOB (Suzuki et al. 1974; Ward
1987; Bollmann et al. 2005) compared to AOA (Martens-Habbena et al. 2009; Horak et al.
2013; Peng et al. 2016). Nitrite-oxidizing bacteria (NOB) are responsible for the second

step from nitrite to nitrate:

Nitrite oxidation (NO): 2NO2 + Oz = 2NOs” 3.2

Recently, an exception to the two-organism nitrification paradigm (Daims et al. 2015; van
Kessel et al. 2015) has been recognized through the discovery of complete ammonia
oxidation to nitrate (“‘comammox’’) by individual Nitrospirae bacteria (Daims et al. 2015;
van Kessel et al. 2015). This could play a role in coastal marine waters under some
conditions (Xia et al. 2018).

In the ocean, nitrification maxima typically occur at or below the base of the euphotic
zone, spatially separated from photosynthetic primary production (Horak et al. 2013;
Santoro et al. 2013; Peng et al. 2016). However, vertical transport can supply products of
nitrification to the euphotic zone (Yool et al. 2007; Johnson et al. 2010). Incomplete
nitrification may therefore affect phototrophic communities, since the speciation of
externally-supplied N (e.g. ammonium vs. nitrate) can significantly impact both the
structure and productivity of phytoplankton (Glibert et al. 2016).

Accumulation of the intermediate product of nitrification, nitrite, has been documented
in a wide range of marine systems, including at the base of the oceanic euphotic zone
(Lomas and Lipschultz 2006), in oxygen deficient zones (Buchwald et al. 2015; Bristow et
al. 2015), and transiently in coastal bays and estuaries (Horrigan et al. 1990b; Heiss and
Fulweiler 2016; Schaefer and Hollibaugh 2017; Laperriere et al. 2019). In many cases, the
presence of nitrite can be attributed to decoupling of AO and NO, which are usually tightly
coupled despite ecophysiological differences between AOA and NOB (Kitzinger et al.
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2020). A large variety of environmental factors have been associated with the decoupling
of nitrification in marine systems (Philips et al. 2002; Bristow et al. 2015; Heiss and
Fulweiler 2016; Schaefer and Hollibaugh 2017). Here we describe nitrite accumulation
arising from nitrifier regrowth following physical dilution, which might point to a general
mechanism for decoupling nitrification in seasonally stratified water columns.

Physical transport is widely recognized to control phytoplankton growth in aquatic
systems, for example through supply of nutrients to the euphotic zone from below
(Dutkiewicz et al. 2001; Johnson et al. 2010). Mixing also plays a role in the initiation of
spring blooms according to the “dilution-recoupling” hypothesis (Behrenfeld 2010),
according to which dilution of both phytoplankton and grazer biomass leads to fewer
grazer-phytoplankton encounters. It has been shown that nitrification can be enhanced by
the mixing of ammonium-rich waters into well-oxygenated waters (McCarthy et al. 1984;
Laperriere et al. 2019), whereas the mixing-induced transport of NOB biomass away from
the depth of optimal growth at the base of the euphotic zone has recently been implicated
as a factor explaining local nitrite accumulation (Zakem et al. 2018). Here, we describe a
different negative control of mixing on nitrification, whereby seasonal and inter-annual
variations in mixing lead to temporally variable rates of nitrification as a consequence of
nitrifier biomass dilution.

High-frequency, long-term measurements of the physical and chemical environment
along with the associated microorganisms have been shown to be a valuable tool set for
determining environmental controls on microbial processes (Punshon and Moore 2004; Li
and Harrison 2008; Johnson et al. 2010; Robidart et al. 2012; El-Swais et al. 2015; Ma et
al. 2019). However, such time series are rare because of the sustained, multi-disciplinary
effort and teamwork they require.

Here, we present results of such a time-series based study of nitrification within the
bottom water (60 m) of Bedford Basin (BB), a eutrophic, anthropogenically impacted,
fjord-like embayment located within the Halifax Regional Municipality on the Atlantic
coast of Nova Scotia, Canada (see SI Materials and Methods sections for more details).
Restricted water exchange with the open ocean and annual cycles of stratification and

winter mixing make BB a useful natural laboratory to study the relationship between
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microbial growth phases, geochemistry and physical processes. Based on four years of
weekly observations of ammonia monooxygenase subunit A (amoA) gene copy numbers
(via quantitative PCR; qPCR), microbial community composition (16S rRNA gene
amplicon sequencing), nutrient concentrations, and a biogeochemical model enhanced by
functional gene modeling, we observed variable dilution of the nitrifier population
following winter mixing events. We propose that intense winter mixing during cold winters
flushes the resident nitrifier population from the basin bottom waters, resulting in delay in
nitrification and decoupling of AO and NO until the nitrifier community can reestablish.
During warmer winters, when mixing is less intense, growth can keep pace with mixing

and effectively prevent dilution.

3.3.  Study Settings and Time Series Context

The 4-year time series of molecular and chemical data from BB bottom water presented
here (SI Materials and Methods) was collected between January 2014 and December 2017,
at the center of the basin (44°41°37”N, 63°38°25”W). Our study was conducted in the
context of a longer, weekly oceanographic time series established in 1992 (Li and Harrison
2008; L1 2014). BB (70 m maximum depth) experiences annual cycles of turbulent winter
mixing and seasonal stratification. Water above the sill depth (20 m) is subject to
circulation and tidal exchange with the Atlantic Ocean (Scotian Shelf) throughout the year
(Petrie and Yeats 1990; Fader and Miller 2008; Shan et al. 2011), while the bottom water
is effectively disconnected from this circulation during stratified periods. Stratification is
established in spring (~April) and persists into winter (November—February), when it
breaks down due to intense cooling (Shan et al. 2011; Li 2014). In some years, the stratified
period is interrupted by the intrusion of relatively warm and saline water from the Scotian
Shelf into the bottom water of the basin (Platt et al. 1972; Punshon and Moore 2004; Burt
et al. 2013). Unlike the more extended periods of convective mixing during winter, these
intrusions are short-lived and do not break down the vertical stratification, but they do
ventilate the bottom water and modify its biogeochemistry (Punshon and Moore 2004; Burt

et al. 2013). The fate of “older” bottom water that is displaced following an intrusion is not
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well-characterized but presumably involves upwelling and mixing into near-surface layers
followed by exchange with continental shelf-water.

AOA peptides and the presence of Nitrospina-type NOB have previously been detected
in BB bottom water (Georges et al. 2014), which is dark (Taguchi and Platt 1977) and has
a microbial community that is distinct from than in the near-surface waters (El-Swais et al.
2015). Despite continuous availability of ammonium (mostly >1 umol kgsy!), AO rates

are highly variable (Punshon and Moore 2004).

3.4. Results

3.4.1. Physical Mixing and Nutrient Cycling in Bedford Basin, 2014
2017

The mixing regime within BB between 2014 and 2017 displayed a sequence of full water
column winter/spring mixing followed by stratification throughout summer and fall (Figure
3.1) that was consistent with longer-term observations (Figure B1). During stratified
periods the bottom water was relatively isolated from surface water as indicated by
consistently cold temperatures (~1-4°C) despite strong near-surface temperature
variability (1-18°C). Dissolved oxygen was an especially clear indicator of active mixing
due to its non-conservative nature and near-surface source: periods of stratification were
marked by a steady oxygen decrease in bottom waters and were clearly distinguishable
from periods of mixing when oxygen was delivered to the bottom water (Figure 3.2A).

The event markers M14, PM15, M16 and M17 in Figure 3.2A show the end of winter
mixing and onset of stratification each year around April as indicated by the beginning of
steady oxygen decrease. The stratified periods were interrupted by occasional shelf-water
intrusions into the bottom water (Events 114, I16a, 116b and 117: Figure 3.1, Figure 3.2A).
In July 2017, there was an intrusion of shelf water to mid-depth layers (~30 m) of BB (Shi
and Wallace 2018). Some of this intruding water also got entrained into the bottom layers
during the subsequent weeks, as indicated by nitrate decrease and a delayed oxygen

decrease at 60 m (Event MDI17: Figure 3.2A,B).
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The intrusions generally delivered warmer (0.5-2.3°C temperature increase) and saltier
(0.2-0.6 PSU salinity increase) offshore water to the bottom of BB, whereas winter mixing
decreased both the temperature and salinity of the bottom water (Figure 3.1A,B). The
cooling and freshening effect of winter mixing and the contrasting effect of intrusions on
BB bottom water are reflected in the “spiciness” of the water, where spiciness is a derived
parameter that is proportional to both temperature and salinity and can be used to
distinguish water types that share the same density (Flament 2002). Sudden increases in

spiciness occurred with each intrusion event (Events 114, I16a, 116b, 117).
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Figure 3.1. Time series of weekly vertical profiles of temperature (A), salinity (B), sigma
theta (potential density) (C), dissolved oxygen (D), nitrate (E) in Bedford Basin between
January 2014 and December 2017. Event numbers indicate winter mixing (“M”) or
intrusion events (“I””). “MDI17” is an intrusion to mid-depth waters of BB. PM15 indicates
the prolonged phase of winter mixing in 2015.

In contrast, rapid decreases in spiciness associated with winter mixing adding relatively

cold and fresh water to the bottom layer occurred in early 2014, 2015 and 2017 (Events
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M14, M15, M17; Figure 3.2A). They co-occurred with rapid increases in oxygen
concentration indicating intense winter mixing (Figure 3.2A). The spiciness decrease in
winter 2016 was much less pronounced (M16), whereas lowest spiciness was observed in
late April 2015 (Figure 3.2A), suggesting more intense winter mixing in 2015 compared to
other years, especially 2016.

This is consistent with lower air temperatures during winter 2015 compared to winter
2016. Low temperatures drive winter mixing in BB through cooling of surface water (Li
and Harrison 2008; Shan et al. 2011), and average January—March atmospheric
temperatures recorded at Environment and Climate Change Canada’s Bedford Basin
station were lowest in 2015 (-4.4°C) and highest in 2016 (-0.5°C), with intermediate values
observed in 2014 (-2.7°C) and 2017 (-1.6°C). The average January—March temperatures
since 2008, when data became available at this station, have been -1.5°C (standard
deviation: 1.3°C) and the winter temperatures in 2015 were the coldest on record at this
station.

Additionally, higher buoyancy frequency (N?) in winter 2016 indicated stronger
stratification than in other years (Figure 3.2A). Taken together, these observations indicate
that winter mixing was particularly weak in 2016 and particularly intense in 2015, whereas
2014 and 2017 represented intermediate cases.

Both winter mixing and intrusions led to increased dissolved oxygen and decreased DIN
concentrations in the bottom water (Figure 3.2A,B). In all four years, ammonium
concentrations increased with the onset of stratification (~April) due to remineralization of
organic nitrogen, reaching maximum concentrations of 13-18 pmol kge' during the
stratified period (Figure 3.2B). The proportion of nitrate in DIN increased in late summer,
indicating that nitrification exceeded the rate of N remineralization. Continuous water
column profiles measured by a nitrate sensor (S Materials and Methods) showed that the
nitrate maximum in each year was located close to our standard sampling depth of 60 m
(Figure 3.1E). At the end of the stratified periods, ammonium typically decreased to
relatively low concentrations <2.0 pmol kgsw'. However, in 2015, ammonium remained

above ~6 pmol kgsw! (Figure 3.2B).
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Despite these repeating patterns of physical mixing and ammonium accumulation, the

timing of nitrate accumulation differed between years. The derivative of nitrate with

respect to time (Figure 3.3D) indicates that in 2016, nitrate began to increase immediately

after the onset of stratification, whereas a delay in accumulation was observed following

winter mixing in 2014 and 2015 (Figure 3.2B).
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Figure 3.2. Time series of biogeochemical parameters observed at 60 m in Bedford Basin,
2014-2017. A) Buoyancy frequency (N?), spiciness and oxygen concentration. B)
Ammonium, nitrite and nitrate concentration along with modeled DIN concentrations. C)
Abundance of Thaumarchaeota (AOA), Nitrospinaceae (NOB) and Nitrosomonadaceae
(AOB) affiliated ASVs, as well as amoA-Al. D) Nitrite concentration and the abundance
(based on % total 16S rRNA amplicon sequences scaled to total cell counts) of ASVs
affiliated with Nitrosomonadaceae (NOB). Event numbers (“M”, “I”’, “PM”, “MDI”) as in

Figure 3.1.
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3.4.2. Diversity of 16S rRNA Genes Affiliated with Nitrifiers

To examine the diversity of nitrifiers during the time series period, we analyzed the
abundance of amplicon sequence variants (ASV) affiliated with the known nitrifiers
Thaumarchaeota (AOA), Nitrosomonadaceae (AOB) and Nitrospinaceae (NOB). Relative
abundances of nitrifier-affiliated ASVs were scaled to total microbial cell counts (Figure
3.2C,D; SI Materials and Methods). The relative abundance of ASVs affiliated with
nitrifiers (sum of Thaumarchaeota, Nitrosomonadaceae, Nitrospinaceae) in the microbial
community ranged from <0.1% to 38%, which corresponded to 2.1x10% — 6.1x10° cells
gew ! after scaling to microbial cell counts (Figure 3.2C). AOA abundance (max. 4.5x10°
cells gew'') was similar to other coastal systems (Pitcher et al. 2011; Robidart et al. 2012).

Overall, the AOA ASVs were the dominant ammonia oxidizers in BB. The two most
abundant Thaumarchaeota-aftiliated ASVs, AOA-BB-ASV2 and AOA-BB-ASV3, were
closely related with each other and formed a distinct clade within the genus Nitrosopumilus
(Figure B2B). AOA-BB-ASV3 was most abundant in 2015, while AOA-BB-ASV2
dominated in the remaining years.

AOB were affiliated with the betaproteobacterial family Nitrosomonadaceae (beta-
AOB; Figure B2A). The relative abundance of beta-AOB was low compared to AOA
(Figure 3.2C), but the larger cell sizes of AOB compared to AOA may entail higher
biogeochemical impact per cell (Martens-Habbena et al. 2009). Beta-AOB-BB-ASV6,
which formed a clade independent of the Nitrosomonas and Nitrosospira clades (bootstrap
support >80%), showed a distinct maximum in fall 2015 (Figure 3.2D; Figure B2A). Beta-
AOB-BB-ASVI1, which fell into a cluster of Nitrosomonas-like BB sequences, had a
maximum in fall 2017 and a smaller amplitude maximum in late fall 2015.

NOB were affiliated with the genus Nitrospina (Figure B2A). The three most abundant
Nitrospina-affiliated ASVs showed minima in summer and maxima in fall/winter.
Nitrospirae-affiliated 16S rRNA genes were present in only a few samples at very small
percentage (<0.1%) and did not fall within the genus Nitrospira (Figure B2A), suggesting

no role for comammox in BB bottom water during the study period (Xia et al. 2018).
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3.4.3. Controls on the Temporal Distribution of amoA and Nitrifier-

Affiliated 16S rRNA ASVs

To investigate how the timing of nitrification may be controlled by variations in nitrifier
biomass and diversity, we further characterized the AOA by quantifying six marine
phylotypes of the functional gene for ammonia oxidation, amoA. The most abundant
archaeal phylotype was amoA-A1 (up to 4.4x10° amoA copies gsw''), which has been found
primarily in ocean surface waters (Sintes et al. 2016). Strong correlation between
Thaumarchaeota-affiliated ASV and amoA-A1l abundance (Spearman’s rho: R? = 0.66,
p<1x10*"; Figure 3.2C) suggested that amoA-A1 variations tracked AOA abundance. The
much lower abundance of the other phylotypes (<1.1x10* copies gsw™') and their association
with mixing events rather than nitrate concentration (Figure B3; Table B1), suggest that
these rarer phylotypes were transient populations, which were transported from surface or
shelf waters but were unable to establish themselves in the bottom water of BB
(Supplementary Discussion BI).

Only phylotype amoA-A1 correlated with nitrate (Spearman’s rho: R? = 0.42; p<1x10
%) and its abundance decreased during both winter mixing and intrusion events (Figure
3.2C), which explains its inverse correlation with oxygen (Table 3.1; Table B1; Figure B4).
This suggests that amoA-A1 was active and the dominant phylotype. However, in 2017,
amoA-A1l abundance did not increase until after the period of rapid nitrite and nitrate
increase (September/October; Figure 3.2B,C). A peak in the abundance of
Nitrosomonadaceae-affiliated ASVs coinciding with this period of steep nitrite and nitrate

increase in 2017, suggests a significant role for beta-AOB (Figure 3.2B,C,D).
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Table 3.1. Results from Spearman's Rho correlation tests between oxygen concentration,
spiciness, nitrifier abundances and their time derivatives (dx/dt) using 2014-2017 BB
bottom water data.

Parameter pair n r p

amoA-A1 196 -0.59 3.90E-20
02 AOA 197 -0.6 6.20E-21
NOB 197 -0.76 6.20E-39

d(amoA-A1)/dt 188 -0.19 0.0105

d(O2)/dt d(AOCA)/dt 190 -0.28 0.0001

d(NOB)/dt 190 -0.27 0.0002

d(amoA-A1)/dt 193 -0.18 0.0106

d(spiciness)/dt d(AOA)/dt 195 -0.27 0.0001

d(NOB)/dt 195 -0.14 0.046

A statistically significant correlation was identified between oxygen increase and
decreases in the nitrifier proxies amoA-Al as well as in the AOA and NOB cell densities
(Table 3.1). This suggests mixing-associated decreases that can be explained by dilution
with BB near-surface water, which was depleted in AOA and NOB (Figure B5) and flushed
by the near-surface estuarine circulation and tidal exchange (Petrie and Yeats 1990; Fader
and Miller 2008; Shan et al. 2011). Thus, physical mixing with the surface water can act
as a net sink for nitrifier biomass, diluting it within the bottom water. Winter mixing
coincided with more pronounced nitrifier decreases than the intrusion events of 2014 and
2016 (114, I16a, 116b; Figure 3.2C). The degree of amoA-A1l dilution by winter mixing
varied between years, with more dilution in 2014 (minimum: 11 copies g ', dilution factor
~ 10%) and 2015 (min: 1.0x10° copies g, dilution factor = 10%) compared to 2016
(5.6x10° copies g, dilution factor = 10) and 2017 (4.1x10* copies gsw ', dilution factor
~10).

After the strong dilution following winter mixing in 2014 and 2015 (Events M 14, M15:
Figure 3.2C), delayed regrowth of the nitrifier population was observed, which coincided
with delayed nitrate accumulation during the same periods. Conversely, nitrate increased
immediately following cessation of winter mixing in 2016 and 2017 (Events M16, M17:

Figure 3.2C), when amoA-A1 wintertime minima were less pronounced. The increase in
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nitrate and amoA-A1 at the beginning of the 2017 stratified period was interrupted by the
mid-depth intrusion of July 2017 (Event MDI17: Figure 3.2C).

3.4.4. A Biogeochemical Model of Nitrogen Cycling in BB Bottom
Water

To gain mechanistic insight into the influence winter mixing may have on nitrifier growth
dynamics and nitrification rates, a simple N-cycling box model was constructed for the BB
bottom water (Figure B6; Table B2, Table B3, Table B4). Conceptually this model is
analogous to a bioreactor, where a resident population of nitrifiers actively grows below
the pycnocline but can be diluted through time-varying exchange with BB near-surface
water (by winter mixing) or Scotian Shelf water (by intrusions; Figure B6). During the
stratified period, the nitrifiers remain relatively isolated from the surface water and dilution
is negligible. During winter mixing or intrusion events, the population is subjected to
dilution as the exchange term increases. If the dilution rate is much faster than the growth
rate, then washout of the “bioreactor” can occur. At the low dilution rate applied during
stratified periods, net population growth can occur.

Use of a single set of rate constants for N remineralization, AO and NO (Table B4) was
sufficient to reproduce the overall seasonal trends in DIN and amoA copies observed at 60
m from 2014-2017 (Figure 3.3). Much of the observed inter- and intra-annual variability
was resolved by this simple model, including the delayed nitrate production in 2014 (pre-
intrusion) and 2015, as well as the immediate nitrate increases following 2015/16 winter
mixing and the intrusion events in 2014 and 2016 (Figure 3.3). A Qio-type temperature
dependence for the rate constants of AO, NO and N remineralization was required to
represent the increased ammonium and nitrate production rates following the intrusion
events, which delivered warmer water (Figure 3.1B; Table B4; Supplementary Discussion

B2).
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Figure 3.3. Time series of observed (scatter or bar) and modeled (lines: “mod”)
biogeochemical parameters at 60 m in Bedford Basin, 2014-2017. A) Oxygen
concentrations (modeled and observed) and the inverse of residence time t, describing the
timescale of exchange of Bedford Basin bottom water with water from the basin surface or
the shelf. B) Observed and modeled ammonium, nitrite and nitrate concentrations. C)
AmoA-A1l (modeled and observed) and nxr (modeled) gene abundance. D) Modeled rates
of ammonia oxidation and nitrite oxidation as well as time derivative of observed nitrate
concentration, dNOs™ /dt (note the less detailed scale for negative values). Event numbers
(“M”, “I”, “PM”, “MDI”) as in Figure 3.1.
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3.4.5. Variability in Modeled Nitrification Rates was Caused Mainly
by the Dilution of Nitrifier Biomass by Physical Mixing

The modeled representation of AOO population density, which was parameterized as a
function of growth by AO as well as dilution by mixing (Table B2), approximated the
observed time series of amoA-A1 abundance (Figure 3.3). After the long and intense winter
mixing period of 2015 (Events M15, PM15: Figure 3.3A), which reduced the nitrifier
population to very low levels (Figure 3.2C), the modeled AO rate took several months to
increase substantially (Figure 3.3D) despite the presence of >5 umol kgs' ammonium
during this period of delayed nitrification. In 2016, when shorter and less intense winter
mixing resulted in less dilution of the nitrifier population, nitrification rates increased
immediately after mixing ceased.

Experiments with the model supported the interpretation that dilution of the AOO
population during winter delayed nitrification: manipulation of the diluting effect of 2015
winter mixing on amoA gene copy numbers, while holding its effect on all other parameters
constant, resulted in extended (increased influence of mixing on nitrifiers) or shortened
(decreased influence) delay in both nitrifier growth and nitrate production (Figure 3.4).

Further empirical support for the role of winter mixing in delaying nitrification came
from a statistical evaluation of physical and geochemical parameters from the full-length
BB time series (>10 years; Appendix B; Table B1, Table B5). Spiciness during the years
2014-2017 was lowest in March of 2015 (Event M15: Figure 3.2A). Using data from the
full-length time series, we observed that the magnitude of the annual spiciness minimum
during winter (January—April) as well as the annual average oxygen concentration
correlated with both the annual average nitrate concentration and the annual average value
of the nitrate/ammonium ratio (Table B5). The minimum spiciness and annual average
oxygen concentration parameters may represent empirical indices of winter mixing
intensity (minimum spiciness) and mixing intensity in general (average oxygen) so that
these correlations are consistent with an overall negative effect of mixing on nitrification

in BB.
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Figure 3.4 Observations and model output as in Figure 3.3, but focused on the year 2015
and showing the output from experimental model runs for which the effect of winter mixing
on amoA and nxr was manipulated during winter mixing of 2015 (January 14th — May
27th). For this manipulation, the diluting effect of mixing on the nitrifier marker gene
populations was multiplied by 2 (dashed lines) or divided by 2 (dotted lines) compared to
the standard model (solid lines). A) Ammonium concentrations; B) nitrite concentrations;
C) nitrate concentrations; D) nxr (modeled only) and amoA concentrations. Event numbers
(“M”, “T”, “PM”, “MDI”) as in Figure 3.1.

3.4.6. Nitrite Accumulation as Another Consequence of Nitrifier

Biomass Dilution

The model was able to represent the nitrite peaks observed in September/October 2015 and
2017 (Figure 3.3B). They appeared when modeled amoA exceeded nxr (the modeled
functional gene for NO) during periods of regrowth following dilution of these populations
(Figure 3.3B,C). This implies that nitrite accumulated due to decoupled regrowth of the

two nitrifier populations after their dilution. Experiments with the model additionally
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demonstrated that increased dilution of nitrifier populations by mixing could have
increased (and delayed) the accumulation of nitrite (Figure 3.4).

Hence, despite the model’s use of a much higher rate constant for NO compared to AO
(Table B4), AOO growth temporarily outpaced NOB growth following strong dilution.
This was partly because ammonium had accumulated during the nitrification delay,
whereas the production of nitrite (by AO) was slow. When the populations are strongly
diluted by mixing (as in 2015), substantial NOB regrowth can only begin following
production of nitrite by AOO: this causes temporary decoupling of AO from NO. With
weaker mixing, sufficient AOO and NOB are retained in the bottom water from the
previous year so that AO and NO remain closely coupled, precluding accumulation of
nitrite (as in 2016). Although not represented in the model, decoupling may be enhanced
by the activity of beta-AOB, which showed maxima coinciding with both the 2015 and
2017 nitrite maxima (Figure 3.2D).

3.5. Discussion

The discussion starts with an examination of the role of beta-AOB in enhancing nitrite
accumulation and factors that influence their growth. It is argued that physical mixing not
only dilutes nitrifier biomass but can also cause transient shifts in community composition
which have biogeochemical consequences. Lastly, the broader relevance, implications as
well as unknowns related to the mixing-induced, transient changes in nitrifier biomass and

diversity observed in the Bedford Basin time-series are discussed.

3.5.1. Transient Beta-AOB Growth Associated with Nitrite
Accumulation Suggests Mixing-induced Shifts in the Dominant

Ammonia Oxidizer

Nitrosopumilus-like Thaumarchaeota (AOA) of the amoA-A1 phylotype were consistently
present in BB bottom water and were the overall dominant ammonia oxidizers during the
4-year period. However, short-lived peaks in beta-AOB-affiliated ASVs were also
observed, which coincided with the largest observed nitrite accumulations and were

followed by steep nitrate increases (Figure 3.2B,D). These AOB peaks appeared when high
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ammonium concentration coincided with strong dilution of the nitrifier community in 2015
and after the mid-depth intrusion of July 2017, which suggests that opportunistic, fast-
growing AOB may have temporarily outcompeted slower-growing AOA and were
involved in creating the relatively large (>1 umol kgew) nitrite accumulations.

We suggest that mixing may have created temporary niches for the beta-AOB. AOB
have higher Vimax (~300 uM N h") and K (2-10,000 pmol L™!; Suzuki et al. 1974; Ward
1987; Bollmann et al. 2005) compared to AOA (Km: <0.1 pmol L, Vinax: 0.9 pM N h'l;
Martens-Habbena et al. 2009; Horak et al. 2013; Peng et al. 2016). Generally, organisms
adapted to lower nutrient concentrations (“K-selected’’) have lower growth efficiency and
are favored in stable environments (Pianka 1970; Vallino 2011; Dutkiewicz et al. 2013).
Hence, faster-growing, “r-selected” AOB may have temporarily outcompeted “K-selected”
AOA in 2015 and 2017 following strong dilution of the nitrifier community. The high
ammonium concentrations would then additionally favor faster-growing beta-AOB. As
these AOB eventually became substrate-limited by depleting the ammonium below their
Km, the AOA population re-established its dominance (Figure 3.2C,D). In 2016, relatively
weak mixing during the prior winter allowed a resident AOA population to persist so that
it was ready to utilize ammonium as it became available following the onset of stratification
(Figure 3.2A,B,C). Even when ammonium accumulated to high concentrations later that
year, AOA were established in a stable environment, which allowed them to outcompete
AOB.

The relatively steady nitrate increase and negligible nitrite accumulation observed in
2016 may reflect the lower Vmax of the AOA that were dominant in that year. The steeper
nitrate increases following the nitrite accumulations of 2015 and 2017 likely reflect the
higher Vmax of beta-AOB (Suzuki et al. 1974; Bollmann et al. 2005; Martens-Habbena et
al. 2009), whose appearance coincided with both nitrite maxima (Figure 3.2D). Hence, fast
enzyme kinetics of beta-AOB likely enhanced nitrite accumulation by promoting the
decoupling from NOB growth and further translated into steep nitrate increases once the
NOB population was large enough to decrease the initially accumulated nitrite.

We note that the slow and steady nitrate increase of the 2016 stratified period, when

AOB played a negligible role, was overestimated by the model, whereas the steep nitrate
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increase in September/October 2017, which was associated with the highest abundance of
AOB-affiliated ASVs (Figure 3.2C,D), was more closely reproduced (Figure 3.3C). This
suggests that the fixed set of rate constants employed in the model are more representative
of faster “AOB-type” nitrate production (2015, 2017) than slower “AOA-type” nitrate
production (2014, 2016). This may also explain the “false” nitrite peaks generated by the
model during the AOA-dominated years 2014 and 2016 (Figure 3.3B). Indeed, use of a
different AO parameterization in an otherwise identical model was able to better represent
the absence of strong nitrite accumulation and the steady nitrate increase observed in 2016,
but strongly overestimated the delay in nitrate accumulation in 2015 and 2017 (Figure B7).
It appears that a more complex model with at least two kinetically distinct AOO
populations would be required to explore the competition based on kinetic differences
suggested by these observations. The observations demonstrate how mixing can affect not
only the biomass of nitrifiers but also their community composition with consequences for
the transformation of nitrogen species. This, in turn, suggest that explicit modeling of
nitrifier biomass and its diversity may be important for understanding nitrogen cycling in

dynamic coastal systems and projecting its response to variable climate forcing.
3.5.2. Model-Observation Mismatches

Mismatches between model and observations can point to unknown influencing factors or
levels of complexity not captured by the model. As described in the previous sections, some
of the smaller mismatches of the model with nitrate concentration data shown in Figure
3.3B were likely a result of attempting to model the entire four-year period using a fixed
AO rate constant, despite known kinetic differences between AOB and AOA. The largest
model-data mismatch occurred in November 2015, when nitrate accumulation stopped and
amoA-A1l abundance started to decrease, despite ~6 pmol kgsw! ammonium still being
present (Figure 3.3B,C). This observation was not captured by the model and may have
been due to a combination of grazing (which is not represented in the model) and low
prevailing oxygen concentrations (~50 pmol kg ', decreasing further to the 4-year
minimum of 11 umol kgsw'). Oxygen concentrations were overestimated by the model

during this period, which may also be a consequence of stronger stratification in 2015
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compared to other years. We hypothesize that low oxygen concentrations may have limited
AO and caused AOO growth rates to fall below the level of grazing rates (Verhagen and
Laanbroek 1992; Anderson et al. 2012; Qin et al. 2017). Once this threshold was crossed
and oxygen concentration continued to decrease (as observed; Figure 3.2A), AOO growth
could not exceed losses to grazing, leading to continued decrease until the system was reset
by mixing. Identification and quantification of grazers as well as a more complex model

that includes grazing would be required to explore this hypothesis further.

3.5.3. Broader Relevance of the Model-Derived Ammonia Oxidation

Rates and Underlying Microbiology

Similar ranges and variability in AO rates to those described here were observed in BB
bottom water by Punshon and Moore (2004), who measured AO rates using isotopic
labelling experiments throughout 2002, but did not have supporting data describing the
nitrifier community. Notably, they found low rates associated with mixing: in two
successive weeks at the end of the 2002 winter mixing period, rates were undetectable in
the presence of ammonium concentrations >1 pmol kge'. Overall, they found no
correlation of their AO rates with either temperature or ammonium concentration, which
led them to speculate about an influence of variable nitrifier biomass on AO rates.

Here we show that this lack of correlation as well as variable AO rates can indeed be
understood from the effect of variable nitrifier biomass, which masks the effect of
ammonium and temperature on AO rates. Our model, which parameterizes the influence
of nitrifier biomass, temperature and ammonium concentration on AO rates (Table B3),
was able to reproduce the trends observed in BB bottom water during 2002 following
adjustment of the mixing and surface boundary conditions to reflect the conditions of that
year (Figure BS8). That is, using model parameterizations that had been tuned to represent
the 20142017 time series (Figure 3.3), it was possible to reproduce the independently
collected nitrate and ammonium concentration data and AO rates measured in 2002 (Figure
B8). This suggests that dilution of ammonia oxidizer biomass by winter mixing was the

reason for the low rates of AO measured in March 2002 (Punshon and Moore 2004).
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In order to compare nitrification rates and the underlying nitrifier community observed
in BB with other regions of the ocean, we estimated single-cell AO rates from the annual
maximum modeled volumetric rates and the annual maximum observed amoA copies gsw’
!, Given that Nitrosopumilus contain only one amoA copy per genome (Walker et al. 2010),
we assumed that amoA-based rates equal rates per AOA cell. The estimated rates in the
AOA-dominated years 2014 and 2016 then were 1.5 and 1.3 fmol NH; cell! d’,
respectively. These values are within the range of cell-specific AO rates for AOA (1-8
fmol NH;3 cell”! d!') measured in the Gulf of Mexico (Kitzinger et al. 2019, 2020). Further,
the most abundant NOB ASVs found in BB (NOB-BB-ASVs 3-5) were phylogenetically
related to NOB from the Gulf of Mexico based on their 16S rRNA gene sequences (Figure
B9). Although the most abundant AOA ASVs found in the BB (AOA-BB-ASVs 2&3)
formed a separate clade from Gulf-of-Mexico ASVs, they were still closely related (98—
99% similarity) to those and other environmentally relevant Nitrosopumilus species
(Figure B10). This suggests that microbial diversity and AO kinetics underlying the time

series observations in BB are representative of nitrifiers in other parts of the ocean.

3.5.4. The Cause of Nitrite Accumulations and Nitrification Delay in

BB Bottom Water

Our analyses of the time series reveal a negative control by winter mixing on nitrate
production via its effect on nitrifier biomass and diversity (Figure 3.2, Table 3.1). During
winter, surface water cooling drives convective mixing, which dilutes the bottom waters
with nitrifier-depleted surface water (Figure BS5). The estuarine circulation and tidal
exchange in the surface layers can then remove the nitrifiers from the basin (Petrie and
Yeats 1990; Fader and Miller 2008; Shan et al. 2011). Colder winters with stronger mixing
were associated with stronger nitrifier biomass dilution and subsequent nitrification delay,
nitrite accumulation and beta-AOB growth (Figure 3.2). The importance of mixing is
corroborated by statistical analyses of the long-term time series which shows negative
correlation between mixing proxies and the annual average nitrate concentration (Table

B5; Table B6; Appendix B). Additionally, a simple model with uniform rate constants was
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able to reproduce observed inter-annual differences in nitrifier regrowth and the timing of
nitrate accumulation based on variations in mixing intensity (Fig. 3, Figure 3.4).

On this basis, we propose a mechanism by which mixing dilutes nitrifier biomass,
leading to both delay and decoupling of nitrification due to delays in nitrifier regrowth. As
observed, ammonium that accumulated during periods of AO delay can eventually fuel fast
AOOQO growth. Temporarily, this can outpace regrowth of the NOB, which require time to
adjust their population size once increased amounts of nitrite become available. The
resulting high AO rates temporarily exceed NO rates, which drives nitrite accumulation.
An additional effect of mixing on nitrifier community composition favored beta-AOB in
their competition with AOA, which enhanced the nitrite accumulation.

The transient response of the nitrifier community has some analogy with the well-known
effect observed in laboratory incubations, in which a substrate for nitrification, either
ammonium or organic matter, is added to a batch of seawater depleted in nitrifiers.
Sequential accumulation of ammonium and nitrite is typically observed in such
experiments prior to nitrate accumulation and is generally attributed to delayed, transient
growth of AOO and NOB responding to availability of their respective substrates (von
Brand et al. 1937; Buchwald et al. 2012). For example in the classical experiment of von
Brand et al. (1937), a dark incubation of filtered, low-DIN seawater with added particulate
organic matter resulted in the sequential accumulation of ammonium and nitrite prior to
eventual accumulation of nitrate after a ~1-month delay.

Our results demonstrate that sufficiently strong physical mixing is a natural mechanism
that can “reset” nitrifier biomass to low levels and initiate sequential accumulation of
ammonium, nitrite and nitrate. This mechanism adds to a variety of environmental factors
including light, copper and temperature, which are known to potentially inhibit, limit or
decouple nitrification (Groeneweg et al. 1994; Joye and Hollibaugh 1995; Philips et al.
2002; Merbt et al. 2012; Amin et al. 2013; Schaefer and Hollibaugh 2017). Mixing has
previously been shown to impact nitrification by bringing ammonium-rich waters in
contact with oxygenated water (McCarthy et al. 1984; Laperriere et al. 2019). Recently, a

modeling study suggested that steady-state accumulation of nitrite as a function of depth
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in the water column of the oligotrophic ocean may be controlled, in part, by the mixing of
NOB biomass away from their optimal depth (Zakem et al. 2018).

Our study provides detailed observations coupled with a mechanistic representation
showing how mixing can control the temporal dynamics of nitrifier populations and
nitrification in an intermittently stratified system. This implies that there are levers with
which variable climate and weather conditions can impact the timing of nitrification and
thereby the composition of DIN produced (ammonium:nitrite:nitrate ratio). It is therefore

worthwhile considering whether this mechanism is relevant elsewhere or even globally.

3.5.5. Broader Significance of Mixing-Induced Dilution and Shifting

of Nitrifier Communities

Any water column subject to intermittent, sufficiently strong physical mixing disrupting
less turbulent periods may, in principle, be susceptible to the identified mechanism. If water
brought in by mixing or advection is relatively poor in viable nitrifier biomass but contains
ammonium or organic N, ammonium and nitrite may consequently accumulate due to
delayed nitrification and associated temporal decoupling of nitrification. This may apply
to subsurface waters of seasonally mixed lakes where climatic variations can affect the
extent of spring mixing (Salmaso 2005), fjord-like basins and estuaries similar to BB with
stratification-mixing cycles and/or irregular intrusion events (Horrigan et al. 1990b; Ma et
al. 2019; Kelly et al. 2020), and even shelf systems subject to seasonal blooms and sinking
of organic matter, periodic upwelling or seasonal changes in shelf-slope exchange (Mordy
et al. 2010; Santoro et al. 2013).

Hence, the identified mechanism may be widespread, but high-frequency time series of
long duration that include microbiological markers to trace biomass variations may be
required to recognize and elucidate its global distribution. The sparsity of such time series
datasets, especially those with high temporal resolution, might explain why this mechanism
has not been described previously.

There are, however, some indications in the literature for its occurrence. For example,
higher Thaumarchaeota numbers were observed in near-surface waters of Monterey Bay

during stratification in fall compared to relatively unstratified waters in spring (Robidart et
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al. 2012). Hollibaugh et al. (Hollibaugh et al. 2014) made similar observations in coastal
surface waters off Georgia (USA), using seasonal sampling: the highest copy numbers of
thaumarchaeal amoA and 16S rRNA genes were found at the end of the stratified period,
while much lower numbers were found earlier in the stratified period and prior to the onset
of stratification. A follow-up study on the same system suggested that accelerated growth
of AOA under high summer temperatures might have been responsible for decoupling of
nitrification and nitrite accumulation (Schaefer and Hollibaugh 2017). However, the
observed increase of AOA during the stratified period may also be consistent with the
mechanism presented here, whereby physical mixing dilutes the nitrifier community,
causing nitrite peaks upon AOA regrowth.

Seasonal variations in nitrification and nitrifier biomass as well as transient nitrite
accumulation have been observed in many other marine coastal and shelf systems and the
causal mechanisms are often poorly understood (Horrigan and Springer 1990; Mordy et al.
2010; Robidart et al. 2012; Hollibaugh et al. 2014; Schaefer and Hollibaugh 2017;
Laperriere et al. 2019). Schaefer and Hollibaugh (Schaefer and Hollibaugh 2017) suggested
that high temperature may decouple nitrification by promoting rapid AOO growth.
Decoupling by rapid AOO growth may also underly observations of nitrification
decoupling associated with sudden availability of ammonium (Pitcher et al. 2011; Ma et
al. 2019). The mechanism involving physical dilution described here relies on a similar
principle to decouple nitrification by eventual fast AOO growth (following delayed AOO
regrowth), leading to AO>NO and nitrite accumulation (Figure 3.4B,D). This suggests that,
rather than NOB inhibition or limitation, AOO growth variations that cannot be
immediately matched by NOB growth may be a common driver of transient nitrite

accumulation in many aquatic systems.

3.5.6. Physical Nitrifier Biomass Dilution as a Link Between Climate,

Nitrification and Phytoplankton Ecology

Our analysis of the BB time series demonstrates a link between weather- and climate
variability and sub-euphotic zone nitrification with potential implications for

phytoplankton ecology. Atmospheric forcing plays an important role in stratification-
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mixing patterns of ocean waters (Capotondi et al. 2012). For example, infrequent deep
water renewal events in a coastal basin have been linked to freshwater run-off and other
atmospherically controlled variables (Kelly et al. 2020). In BB, winter mixing is largely
driven by heat loss to the atmosphere (Li and Harrison 2008; Shan et al. 2011). Particularly
in 2014 and 2015, large spikes in spiciness and oxygen occurred from one week to the next
(Events M14, M15: Figure 3.2) and suggested that winter mixing occurs episodically on
weekly or sub-weekly timescales, possibly driven by individual storms or cold-weather
periods. Since sufficiently strong winter mixing can delay nitrification, winter temperatures
and possibly individual storm- or cold-weather events could strongly influence the timing
and extent of nitrification for the remainder of the year.

Further, the DIN from below or near the base of the euphotic zone, where most
nitrification takes place in BB and elsewhere in the ocean (Horak et al. 2013; Santoro et al.
2013; Peng et al. 2016), can be delivered to the euphotic zone upon destratification or by
other upward transport mechanisms (Johnson et al. 2010), including, for example, the
intrusions in BB. Within the euphotic zone, variations in DIN supply can impact
phytoplankton ecology and the health of aquatic ecosystems. For example, a high share of
ammonium in DIN supply has been linked to lower primary productivity and selection
against diatoms and towards smaller algal species with higher potential to form harmful
algae blooms (Yoshiyama and Sharp 2006; Domingues et al. 2011; Glibert et al. 2016).
Hence, the identified link between physical mixing and nitrification may have important
impacts on seawater chemistry linked to phytoplankton-driven primary productivity in
coastal systems.

For Atlantic Canada, as for many other temperate regions, the increase in winter
temperatures and changes in storm patterns observed over the past decades are projected
to continue in the future as a result of climate change (Greenan et al. 2019; Zhang et al.
2019). This may alter the frequency of winters with weak mixing facilitating rapid
nitrification in BB, thus constituting an effect of climate change on DIN composition and,
by extension, phytoplankton ecology (Glibert et al. 2016). Future research on mixing-

induced shifts in nitrifier diversity and biomass in other coastal systems is necessary to
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elucidate the quantitative importance of this mechanism and its climate sensitivity on local

and global scales.
3.5.7. Concluding Remarks

The time series and modeling study presented here demonstrates a biogeochemically
relevant impact of climate-sensitive physical processes on both nitrifier community
composition and biomass. Model-observation mismatches (Figure 3.3) suggest an
influence of additional factors that were not parameterized in the model, including the
explicit representations of AOA and AOB functional types as well as biomass loss terms,
such as grazing. Similarly detailed time series of functional microbial biomass and
diversity may be required to investigate the distribution, and therefore global significance,
of such mixing-induced, dynamic effects on nitrification. Such data is also needed to tune
or test biogeochemical models. This study emphasizes the importance of multi-parameter,
high-frequency oceanographic time series and of biogeochemical models that explicitly

parameterize kinetically distinct nitrifier community members.

3.6.Materials and Methods

3.6.1. Bedford Basin Study Site, Sampling and Time Series Context

Descriptions of the study site, the long-term time series context, sampling procedures and

the source of atmospheric data are detailed in SI Materials and Methods.

3.6.2. Analysis of Bulk Nutrient, Particulate and Chlorophyll a

Concentrations

Nutrients, particulates and chlorophyll a were analyzed by standard methodology, as
detailed in ST Materials and Methods.

3.6.3. Numerical Modeling

A box model was used to simulate annual N cycling in the bottom water of BB and

investigate possible mechanisms for temporal decoupling of N remineralization, AO and
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NO (Figure B6). The use of a box model was motivated by a lack of spatial resolution in
our data set, and the philosophy of not making the model more complicated than the
resolution of the data we are seeking to understand. The model equations (Table B2)
compute the change in state variable concentration (dC/dt) with time. These include
chemical concentrations (O2, NH3/NH4", NO>,, NOs"), and two microbial populations,
represented by the marker genes for ammonia (amoA) and nitrite oxidation (nxr). A
complete list of differential equations, reactions and rate parameters are presented in Table
B2, Table B3 and Table B4. The initial remineralization reaction was forced by weekly
particulate organic carbon (POC) data from 60 m and accounted for seasonal variability in
remineralization (e.g. the spring bloom), which was not explicitly represented in the model.
Remineralization consumes POC and O», producing NH3/NH4" according to the Redfield
ratio (Table B3). Nitrification was modelled as a two-step process: AO (NH3/NH4" = NOy»
) facilitated by ammonia oxidizers (amoA) and NO (NO2" = NOy3") facilitated by nitrite
oxidizers (nxr), both also consuming O;. A Qo formulation was used to represent the
influence of temperature on the rate constants for remineralization and nitrification (Table
B3). A loss term for NO3™ was included, representing the loss of NO3™ to N assimilation by
chemoautotrophs as well as denitrification, both in the sediment and potentially the anoxic
micro-zones associated with particles (Bianchi et al. 2018). Empirically, it accounts for the
fact that remineralization with Redfield stoichiometry over-predicts DIN concentrations in
the latter half of each year when DIN:P ratios decline at 60 m in BB (Figure B11). An
additional loss term for O, represents sediment uptake and respiration by higher organisms
in the water column that produce organic N instead of ammonium and therefore are not
covered by the remineralization term (R.remin).

The model assumes that the bottom water of BB is one stable box that only marginally
interacts with the surface water (5 m) during the stratified period which prevails for most
of the year. During mixing periods (winter/spring), the water column overturns, mixing the
bottom water with surface water. Additionally, short-lived, randomly timed intrusions
introduce shelf-water into the bottom water. Mixing was implemented with the following

mathematical relationship:
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Where Ci is the concentration at 60 m of the state variable in question, Ci>™ is its
concentration in the surface water (5 m) and 7 is the exchange timescale of bottom water
with surface water from within the basin or the Scotian Shelf. For the stratified period, this
timescale was chosen based on the eddy diffusivity values from Bedford Basin determined
by Burt et al. (2013) and a length scale from the depth of the sill to the bottom of basin
(~50 m) according to the relation 4#%/K-. During the intrusion events, 7 was decreased to a
small value to recreate the sudden step-like Oz concentration changes observed in our
weekly timeseries. During winter, when convective cooling and storms homogenize the
basin water, 7 was decreased to reproduce the specifically observed increase in bottom
water Oz during this time. Oz was used as tracer of mixing, because its non-conservative
nature makes it a particularly sensitive tracer of active mixing. Since the surface was the
only source of Oz to the bottom water, active mixing at a rate exceeding oxygen
consumption was needed to increase or maintain oxygen concentrations. Conservative
tracers, on the other hand only provide evidence of past mixing. It is assumed that the
timeseries of weekly measurements at 5 m depth for Oz, NO3, NO2", NH3/NH4", are
representative of the surface water that is exchanged with the basin bottom water and are
used as the top boundary condition. The concentrations of amoA and nxr were taken to be
0 in the surface water (Figure BS5). Unlike the remaining intrusion and winter mixing
events, the 2017 mid-depth intrusion was modeled as an exchange of 60-meter water with
a water mass representing BB mid-depth water (200 umol O2kgsw !, 12 pmol NH4" kgew ™!,
5 umol NO3™ kgsw'!, 0 pmol NO»™ kgsw'!, 0 gene populations).

To constrain the kinetic parameters, the O2-half saturation constants for AO and NO
were chosen from literature values (Table B4). The rate constants for remineralization
(k.remin), AO (k.AO) and NO (k.NO) were fit to the four year times series by minimizing

the cost function:
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and y{®

where ymod

ij are the modelled and observed concentrations of i (= Oz, NOs,

NO>", NH3/NH4") at time j, and Y, is the average concentration of each in the time series.
The model was coded in the programing language R, using the package ‘deSolve’ to solve

differential equations (Soetaert et al. 2010) and the package ‘FME’ for least-square fitting
(Soetaert and Petzoldt 2010).

3.6.4. Microbial Cell Counts

Total microbial cells <35 pm were stained with SYBR™ Green I (Invitrogen) and

quantified by flow cytometry, as detailed in SI Materials and Methods.

3.6.5. DNA Extraction, 16S rRNA Amplicon Sequencing, Sequence

Analysis and Deposition

DNA extractions of 0.2-160 um fractionated seawater were completed as previously
described (Haas et al. 2019) and amplicon sequencing of the V4-V5 variable region of
the16S rRNA gene of bacteria and archaea was conducted at the Integrated Microbiome
Resource, Dalhousie University (Comeau et al., 2017, and methodology therein). [llumina
sequences of the 16S rRNA gene were processed using a QIIME-2 based workflow
(Bolyen et al. 2019) as described in SI Materials and Methods. Phylogenetic trees were
built as described in ST Materials and Methods.

3.6.6. Quantitative PCRs (qPCR)

Six oceanic archaeal phylotypes of the archaeal amoA gene (amoA-Al, -A2, -A3, -A4, -
A5 and -A6) as defined by Sintes et al. (Sintes et al. 2016) were quantified by qPCR. Details
of the assays used to quantify the different phylotypes can be found in SI Materials and
Methods and in Table B7 and Table BS.

3.6.7. Deposition of DNA Sequences, Data and Model Code

The subset of ASV sequences used in this study (i.e. affiliated with potential nitrifiers) was

deposited in GenBank under the accession numbers MT175443-MT175495. Other data as
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well as model code related to this work was submitted to the Pangaea database:

https://doi.pangaea.de/10.1594/PANGAEA.914705. The subset of data produced by the

Bedford Institute of Oceanography can additionally be accessed under this link:
http://www.bio.gc.ca/science/monitoring-monitorage/bbmp-pobb/bbmp-pobb-en.php.
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CHAPTER 4

IN SITU NITROGEN ISOTOPE FRACTIONATION
DURING NITRIFICATION REVEALED BY TWO
YEARS OF WEEKLY TIME SERIES
MEASUREMENTS IN A EUTROPHIC COASTAL

BASIN?

4.1. Abstract

Here we analyzed nitrogen stable isotope effects associated with nitrification based on
detailed in-situ time series measurements in a coastal basin. Measurements of 8'°N in
multiple N species (particulate nitrogen, ammonium, nitrite, nitrate) were conducted
weekly throughout two years. These year-long time series represented two contrasting
natural experiments in the sub-euphotic zone, ammonium-rich bottom water (60 m) of
Bedford Basin, Nova Scotia, Canada. In one year (2014) the system was dominated by
archaeal ammonia oxidation and nitrite remained low (<0.5 pmol kg!), while in the other
year (2017), bacterial ammonia oxidation played a role in causing transient nitrite

accumulation of ~8 umol kg™

3 Sebastian Haas, Subhadeep Rakshit, Tim Kalvelage, Carolyn Buchwald, Christopher K.
Algar, Douglas W.R. Wallace: Manuscript in preparation for publication.
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A particularly rapid §'’Nnmus increase observed in fall 2017 was associated with high AO
rates, likely driven by bacterial ammonium oxidizers. Overall, however, we found high
inter-annual similarity in isotope fractionation associated with nitrification between the two
years. High-confidence estimates of the isotope effect associated with ammonia oxidation
("eao, best estimates: 21.8 £2.2%o and 24.1 £1.1%o) were derived from Rayleigh models
of in situ data taken during periods when the bottom waters approximated a closed system.
During these periods, any influence of isotope effects on these '“gao estimates from other
processes, such as ammonium assimilation, was shown to be insignificant. Using a
numerical model, we found that the best fit to the >N data required *eao values (21.4%o
and 26.0%o) close to the ones determined by Rayleigh models and a exo value (-11.1%o)
close to those previously reported. Furthermore, we found !'°N-enrichment of the
particulate nitrogen pool due to the light-independent assimilation of partially nitrified
ammonium. Generally, these detailed in sifu nitrogen isotope fractionation experiments
tested the validity of assumptions made for analogous ex-sifu experiments and raised
questions about the environmental relevance of the full range of "gao determined by

laboratory-based studies.

4.2.Introduction

Nitrification plays a central role in the nitrogen (N) cycle, oxidizing ammonia (NH3) via
nitrite (NO2) to nitrate (NO3"), thereby determining the composition of dissolved inorganic
nitrogen (DIN = ammonium/ammonia + nitrite + nitrate). This is a crucial prerequisite for
the removal of bioavailable N, as oxidized DIN (nitrite or nitrate) is required for N>
production by denitrification or anammox. DIN composition also affects phytoplankton
ecology, changing primary production and shifting phytoplankton communities (Berg et
al. 2003; Yoshiyama and Sharp 2006; Domingues et al. 2011; Glibert et al. 2016).

The two steps of nitrification, ammonia oxidation (AO) to nitrite and nitrite oxidation
(NO) to nitrate, are typically catalyzed by two different microorganisms. In the open ocean,
ammonia oxidizing archaea (AOA) from the phylum Thaumarchaeota are the dominant
ammonia oxidizers (Francis et al. 2005; Wuchter et al. 2006). Ammonia oxidizing bacteria

(AOB) from the beta- and gamma- subphyla of the Proteobacteria play important roles in
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some other aquatic systems including some coastal systems (Li et al. 2015b; Happel et al.
2018; Massé et al. 2019) and have AO kinetics distinct from AOA determining their
ecological niches (Martens-Habbena et al. 2009; Martens-Habbena and Stahl 2011).

The stable isotopic composition (8'°N) of DIN species has proven a useful tool for
improving the understanding of N cycling, including nitrification (Casciotti 2016).
Knowledge of the isotopic fractionation characteristics for key N transformations is
required for the interpretation of such data.

Differences in the enzymatic AO pathways between AOB and AOA (Walker et al. 2010;
Vajrala et al. 2013; Martens-Habbena et al. 2015; Kozlowski et al. 2016; Stein 2019) as
well as distinct kinetic differences leading to niche separation (Martens-Habbena et al.
2009) might indicate quantitative differences in isotope fractionation. On the other hand,
both AOB and AOA produce hydroxylamine as a first intermediary product from ammonia
(Vajrala et al. 2013) and laboratory-based studies neither found differences in N isotope
fractionation between AOA and AOB, nor a clear relationship between AO rates and ®ga0
(Casciotti et al. 2003; Santoro and Casciotti 2011; Nishizawa et al. 2016). However, these
in vitro based findings have not been tested in situ.

Whereas the §'°N of nitrate (3'°Nno3), and increasingly also nitrite are used to study
marine N cycling (Casciotti and Mcllvin 2007; Buchwald et al. 2015; Smart et al. 2015),
isotopic analyses of all three major DIN species, including ammonium (NH4"; dominant
over NH3 at circumneutral pH and therefore “ammonium” used here also to denote
NH3+NH4" unless otherwise noted), are rare. They have been mostly limited to coastal
systems (Mariotti et al. 1984; Horrigan et al. 1990a; Middelburg and Nieuwenhuize 2001;
Sebilo et al. 2006; De Brabandere et al. 2007; Sugimoto et al. 2009), where higher
ammonium concentrations make &'°Nnus measurements less challenging analytically
(Zhang et al. 2007). Yet, multiple processes can affect each of the major DIN pools
differently, and isotopic analysis of more than one DIN species can help to discern different
consumption and production processes.

Accumulations of nitrite due to temporary decoupling of nitrification have been
frequently observed in coastal systems (Chapter 3; Horrigan et al. 1990b; Soetaert et al.
2006; Pitcher et al. 2011; Heiss and Fulweiler 2016; Schaefer and Hollibaugh 2017;
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Laperriere et al. 2019). However, few studies have analyzed N isotope dynamics associated
with this phenomenon and a general understanding is lacking (Horrigan et al. 1990a; De
Brabandere et al. 2007; Sugimoto et al. 2009). The isotopic mechanisms underlying nitrite
accumulated within marine oxygen deficient zones have been investigated more
thoroughly (Bourbonnais et al. 2015; Buchwald et al. 2015), but both the main production
(nitrate reduction vs ammonia oxidation) and removal processes (nitrite reduction vs nitrite
oxidation) of nitrite differ under anoxic conditions. A better understanding of isotope
effects associated with transient nitrite accumulation under oxic conditions might help to
identify the underlying causes. Since they are temporal and short-lived phenomena,
detailed time series may be the optimal tools for analysis.

N isotopic fractionation (°a)) or enrichment factors ('°c) express the magnitude of the
isotopic fractionation associated with a given process (Mariotti et al. 1981). For AO (°ga0)
and NO ("eno), as for many similar biogeochemical processes, these have been quantified
under controlled laboratory settings using pure or enriched cultures in closed systems
(Delwiche and Steyn 1970; Mariotti et al. 1981; Yoshida 1988; Casciotti et al. 2003, 2010a;
Casciotti 2009; Santoro and Casciotti 2011; Nishizawa et al. 2016). Some other studies
have been able to estimate the '°¢ for nitrification or AO on the basis of in situ observations
via the best fit of numerical models applied to observations (Wankel et al. 2007; Buchwald
et al. 2015, 2018), by fitting Rayleigh-type functions of isotope fractionation to
observations (Horrigan et al. 1990a; De Brabandere et al. 2007; Sugimoto et al. 2008,
2009), or from observations made on incubated samples (Brandes and Devol 1997; Sebilo
et al. 2006; Southwell et al. 2008). It is notable that the laboratory-based studies tend to
report a wider range of ’ga0 in both AOB and AOA (13-42%o) compared to studies based
on in situ observations (7-25%o). Whereas the field studies lack the control of a closed
system experiment that may yield accurate analyses and results, they presumably reflect
realistic environmental conditions and their microbial communities (Casciotti et al. 2010a).
Detailed, long-term in situ time series measurements of 3'°N in multiple DIN species from
well-constrained, temporarily stable natural systems are rare but could combine the

advantages of natural complexity and absence of experimental bias provided by in situ
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measurements on the one hand and a level of control, analytical detail and data density
close to that possible in laboratory-based experiments on the other.

Here we use Bedford Basin (BB), Nova Scotia, Canada, as a natural laboratory to study
nitrification and the associated stable isotope dynamics. It is an anthropogenically
impacted, fjord-like coastal basin that is rich in DIN, including ammonium, which allows
for analysis of §'°N of all three DIN species, at most times throughout the year. Importantly,
the BB experiences annual mixing-stratification cycles. During stratified periods in most
years, the bottom water is disconnected from near-surface water and water outside the
basin, thus creating a temporary “closed system” in which nitrification during fall can be
observed approximately as in a mesocosm experiment. Mixing in winter and spring resets
the bottom water by removing accumulated nitrate and nitrifier biomass (Chapter 3) and
provides the conditions for another “natural experiment” during the next stratified period.

For this study we analyzed weekly 8'°N data of particulate organic nitrogen (PON),
ammonium, nitrite and nitrate in the bottom water of BB during two years, 2014 and 2017.
These years were chosen because they provide contrasting biogeochemical scenarios: in
2014, the ammonia oxidizer community was dominated by AOA and very little nitrite
accumulated (<0.5 pmol kg™!) during fall (Chapter 3). In contrast, nitrite accumulated to ~8
umol kg! at the beginning of fall 2017, with AOB, occurring in succession prior to AOA,
playing a crucial role for nitrification and the accumulation of nitrite (Chapter 3).

The goal of this study was to apply qualitative analysis, Rayleigh models and numerical
models to the in situ time series of nitrogen isotopes and concentrations collected from BB,
in order to improve our understanding of isotopic mechanisms underlying nitrification,

including potential impacts of shifts in ammonia oxidizer community composition.

4.3.Methods

4.3.1. Bedford Basin: Study Site

The Bedford Basin is a 17 km? fjord-like embayment located in close proximity to an urban
center, the Halifax Regional Municipality, Nova Scotia, Canada (Figure 4.1). Freshwater

input (5.3 m® s7) is small compared to the mean tidal volume entering the basin (2.5 10’
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m?) and the total basin volume of 5.1x10® m?® (Petrie and Yeats 1990; Gregory 1993). It
receives anthropogenic nutrient input from several wastewater treatment plants in the
region, one of which drains directly into the BB (Kerrigan et al. 2017).

A two-layer estuarine type circulation moves relatively saline water into the basin in a
deeper layer and relatively fresh water out toward the Halifax Harbour and the Scotian
Shelf (Huntsman 1924; Petrie and Yeats 1990; Fader and Miller 2008; Shan et al. 2011).
A shallow sill (~20 m) effectively disconnects the bottom water of the 70-m deep BB from
this circulation during times of stratification.

The physical mixing regime of BB is characterized by an annual cycle of full water
column mixing in winter and temperature stratification beginning in spring (~April) and
lasting until December to February, when it breaks down due to strong wintertime heat loss
(Li and Harrison 2008; Shan et al. 2011). Occasional shelf water intrusion events occur in
many years, interrupting the isolation of the bottom water during the stratified period by
introducing relatively warm, saline, nutrient-poor and oxygen-rich water from the Scotian
Shelf into the bottom or mid-depths of the basin (Platt et al. 1972; Burt et al. 2013; Shi and
Wallace 2018).
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Figure 4.1: Map of Bedford Basin.

4.3.2. Sampling Program

Sampling for this study was conducted in the framework of the BB Monitoring Program
led by the Bedford Institute of Oceanography (BIO), which has conducted a weekly
oceanographic monitoring program (1992 to present; Li, 2014) at the Compass Buoy
Station, (44°41°37”N, 63°38°25”W), situated at the central deep point of the basin
(Gregory, 1993). Since 1992, continuous vertical profiles of physico-chemical parameters
have been recorded weekly, using CTD (conductivity-temperature-depth), salinity,
oxygen, and fluorescence probes (Li and Harrison 2008; Li 2014). Data for this study were
collected with a Seabird SBE 25 instrument (including an SBE 43 oxygen sensor).
Complementary, discrete samples for dissolved oxygen, chlorophyll (Chl) a, nutrients and

other parameters were collected from Niskin bottles triggered at 1, 5, 10, and 60 m. The
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2017 oxygen sensor measurements were calibrated with Winkler titrations whereas the

2014 data relied on factory calibration of the oxygen sensor.
4.3.3. Analysis of Bulk Concentrations

For Chl a analysis, water samples (0.5-1 L) were collected onto GF/F-filters, extracted with
90% acetone at -10°C for 24 hours and analyzed on a Turner Model 10 field fluorometer
(Lorenzen 1966). Samples for dissolved inorganic nutrient (DIN) concentrations in the
basin were pre-filtered (0.45 um), stored frozen (-20°C), and measured in monthly batches
on a continuous flow analyzer (AA3, Seal Analytical) at the BIO (2014 samples) or on a
similar machine (San++, Skalar) in the CERC.OCEAN laboratory at Dalhousie University
(2017 samples). Nitrate (NO3) and nitrite (NO2") were determined using standard
photometric methods (Hansen and Koroleff 1999) with detection limits of 0.1 and 0.04
umol kg as well as precision of 0.13 and 0.01 umol kg™!, respectively. Ammonium was
determined fluorometrically (Kérouel and Aminot 1997), with a detection limit of 0.1 pumol
kg!and a precision of 0.11 pmol kg™'. Samples for particulate organic nitrogen (PON) were
collected onto combusted 25-mm glass fiber filters and stored frozen (-20°C). Upon

thawing, filters were oven-dried and analysed on an elemental analyzer.
4.3.4. Nitrogen Isotopic Analyses

All glassware (combusted) and plastic items used for sampling or subsequent isotopic
analyses were soaked in 10%-HCI for 24 hours and thoroughly rinsed with deionized water
(DIW). Samples for determining the isotopic composition of DIN species were collected
as follows: a 60-mL syringe was directly attached to the Niskin bottle via a nylon stopcock,
rinsed three times with sample water, and completely filled. Using a Swin-Lok filter holder,
the sample was gently forced through a pre-combusted 25-mm glass fiber filter into a 60-
ml HDPE bottle (or a glass vial for 8'°Nnna samples). About 10 mL of sample were used
for rinsing and discarded before collecting the remaining volume. Samples were kept cool
during transport and frozen within three hours (-20°C) until analysis.

The 8'°N and §'®0 of the various DIN species were measured following wet chemical

conversion to nitrous oxide (N2O; Mcllvin and Altabet, 2005). Nitrate was first reduced to
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NO> with HCl-activated cadmium powder following a slightly modified version of the
protocol described by Ryabenko et al. (2009). Briefly, a solution of 2.5 mmol L™ sulfamic
acid in 25% HCI was added to the samples to a final concentration of 10 umol L™! to remove
any pre-existing nitrite (Granger and Sigman 2009). Then, 15 mL of sample or standard of
a known isotopic composition was transferred to a 50-mL centrifuge tube. To ensure
quantitative conversion of NOs™ to NOy, the salinity was increased to 5 mol L' by the
addition of NaCl (combusted for 24 h at 450°C to remove any N-impurities) and the pH
was buffered at about 9 by adding MgO. Approximately 0.6 g of activated cadmium was
added as reducing agent. The tubes were placed on a reciprocal shaker overnight at 75 rpm.
The next day, they were centrifuged and the conversion efficiency during the reduction
step was checked for each sample: initial NO3™ concentrations were compared against NO>
levels after cadmium reduction using the standard photometric assay after sulfanilamide
and (N-(I-naphthyl)-ethylenediamine dihydrochloride) as described by Hansen and
Koroleff (1999). Then a defined volume was transferred to a clean 20-mL crimp vial to
achieve 15 nmol of NO»™ and filled to 15 mL with DIW (2014 samples) or 1M NaCl (2017
samples; Appendix C). Nitrite in these samples was reduced to N>O using a freshly
prepared solution of equal volumes of 20% acetic acid and 2 mol L™! sodium azide (MclIlvin
and Altabet 2005). Omitting the cadmium reduction step, the same procedure was applied
to determine 8'°N of nitrite (8'*Nno2) for 2014 samples. For 2017 §'*Nnoa samples, method
adjustments described in Appendix C were applied. The methodological modifications that
allowed the additional analysis of $'%0 in nitrite (described in Appendix C) did not affect
the 5'*Nno2 results (Figure C2).

To measure 3'°Nnna, samples were diluted to a concentration of 1.4 pmol L™ with DIW
and ammonium was then oxidized to NO;™ with a basic hypobromite solution (Zhang et al.
2007). Following oxidation, sodium arsenite was added to consume excess hypobromite
and the pH was neutralized using HCI. Oxidation efficiency was checked for each sample
by comparing initial NH4" concentrations against NO»™ concentrations after hypobromite
oxidation and was typically >90%. Nitrite was then reduced to N,O as described above.
Data from samples with hypobromite oxidation efficiency <75% were removed from

analysis. This was typically the case for samples of lower concentration (<2—-3 puM) that
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could not be significantly diluted with DIW, which caused interferences from unknown
seawater constituents. For nitrate, ammonium and partially for nitrite, sample concentration
was adjusted to standard concentration. Some nitrite samples were not adjusted in this way
but were instead corrected post-analysis for concentration effects using in-house standards
run at concentration gradients with each run.

Post-analysis, 8'°Nnua values were corrected for 8'°Nno2 measured in parallel samples.
All samples were corrected for the §'°N values of distilled water blanks run in parallel. In-
house standards for each DIN species were analyzed with each batch of samples to ensure
between-run precision. The average of duplicate measurements is reported, and error
margins represent the empirically determined precision of each method based on long-term
in-house standard values as standard deviation (SD; 8'*Nnua: 0.79%o, 8'*Nnoa: 0.53%o,
8" Nno3: 0.26%0). Because we determined decreasing measurement accuracy with
decreasing nitrate concentration below about 5 umol kg™!, we assigned a higher margin of
error around §'°Nnos values depending on a sample’s nitrate concentration as outlined in
Appendix C (Figure C1).

For isotopic analysis, the produced N2O was quantitatively purged from the aqueous
solution, cryo-focused by means of an automated trace gas pre-concentrator (PreCon,
ThermoFisher Scientific) and injected into a continuous flow isotope ratio mass
spectrometer (deltaV, ThermoFisher Scientific). The §!°N of samples was calibrated using
standards run in parallel: the international standards USGS32 (8'°N = 180%o; 6'%0 =
25.7%0), USGS34 (5"°N = -1.8%o; 8'%0 = -27.9%0), and IAEA-NO-3 (8'°N = 4.7%o; §'0 =
25.6%0) were used for 8'*Nnos and USGS25 (8'°N = -30.4%o), IAEA-N-1 (8'°N = 0.4%o),
and TAEA-N-2 (8"°N=20.3%o) for 8'°Nnus. Calibrated reference material for 8'°Nno2 (2014
samples) was provided by Mark Altabet (Bourbonnais et al. 2017): MAA1 (§'°N = -
60.6%o0), MAA2 (8'°N = 3.9%0), and Zh1 (8'N= -16.4%o). For 2017 samples, three new
nitrite isotope standards were created as described in Appendix C: SHA1 (8'°N = 17.5%o),
SHA2 (8'°N = 118.9%0), MAA1 NEW (8'°N = -59.2%o).

The concentration and 8'°N (§'°Npon) of particulate organic nitrogen were determined
on an elemental analyzer coupled to an isotope ratio mass spectrometer (Isoprime 100,

Elementar). §'*°Npon was measured at a precision of 0.3%o based on long-term variability
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of in-house references. USGS40 (8'°N = -4.5%0) and USGS41 (8'°N = 47.6%o) reference

materials were used to standardize 8'°Npon values.
4.3.5. Isotope Notation and Rayleigh Model Fitting

All isotope standards mentioned previously are standardized against the nitrogen (N) stable
isotope ratio of Nz in air ("’N-N2/!*N-N2 = 0.0036765) and expressed in the commonly used

0 notation:

15Nsample
14Nsam le
SN [%o] = | | =22 [ — 1 [ x 1000 4.1

0.0036765

To determine isotopic enrichment factors, Rayleigh models were fitted following the
Rayleigh closed system isotope fractionation rules outlined by Mariotti et al. (1981). Linear
regressions were fit to the models using the Matlab (Mathworks) code “linfit”

(http://memg.ocean.dal.ca/fennel/MM2009/Lab_06/linfit.m), which takes into account the

y-axis error margin (SD) of each data point. 95% confidence intervals were calculated from
the slope and intercept uncertainties determined by /infit.
If the reaction substrate’s isotopic signature (ds) is sufficiently small, the isotopic

enrichment factor (¢) can be approximated as follows (Mariotti et al. 1981):

_ 85— 85(0)
In ()

4.2

where 6s(0) is the isotopic signature of the substrate at the beginning of the reaction and f

is the fraction of unreacted substrate present at a given time point during the reaction.
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4.3.6. Numerical Model of Concentrations, Isotopes and Functional

Genes

We extended a model of BB bottom water N remineralization and nitrification previously
described in (Chapter 3) by adding N isotope fractionation functions to the modeled
ammonia oxidation (AQO) and nitrite oxidation (NO) processes (Figure 4.2; Table C2; Table
C3; Table C4). The model represented the state variables oxygen, ammonium, nitrite and
nitrate concentration as well as the concentration of the functional marker genes for AO
(amoA = ammonium monooxygenase) and NO (nxr = nitrite oxidoreductase; Table C4).
These state variables changed due to the simulated processes of N remineralization, AO,
NO as well as N loss (Table C3). The chain of modeled processes was initiated by forcing
N remineralization with observed substrate (PON, O2) concentrations. Each state variable
was also subject to alteration as a result of mixing with the surface boundary. The surface
boundary concentrations and N isotopic compositions of ammonium, nitrite and nitrate
were set based on observations made in the near-surface water (5 m). Missing weekly near-
surface values were interpolated. AmoA and nxr were set to zero at the surface boundary as
justified by observations (Chapter 3; El-Swais et al. 2015). State variables were exchanged
between the bottom water box and the surface boundary as a function of the mixing rate.
The background mixing rate (= inverse of residence time; Table C4) was set to a value
consistent with eddy diffusivity coefficients determined during a stratified period in BB by
Burt et al. (2013). The mixing rate was increased stepwise during convective mixing and
intrusion events by fitting modeled to observed oxygen concentrations as described by
(Chapter 3).

For this study, we added state variables representing the concentration of the '°N fraction
for each DIN species (ammonium, nitrite and nitrate), while the 8'°N of organic matter was
forced by the §'°Npon values measured in 2014 (also used for 2017). Each modeled process
was additionally run for the >N fraction of each species and rates changing the
concentration of each >N fraction were modified by multiplication with the relevant
isotopic fractionation factor o (Table C2; Table C3; Table C4). This resulted in model

output for i) ['°N + *N], and ii) ['*N] for each compound which was used to compute the
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respective '°N. The isotopic fractionation factor (o) can be defined in terms of the isotopic

enrichment factor (g; Mariotti et al., 1981):

a=(10800)+1 43

5o was set to 1 (i.e. no fractionation) for N remineralization (M&bius 2013) and N loss,

whereas for AO and NO least-square cost functions were used to determine the "o
producing the best fit of the model to the observed 8'°N time series.

Prior to fitting the o of AO and NO, we made additional changes to the model presented
in (Chapter 3) to ensure optimal fit of model to the DIN concentration data. To achieve
this, we forced the process rates with empirical instead of modeled O concentrations to
avoid inaccurate rate estimates caused by inaccurately modeled O» concentrations.
Furthermore, different rate constants for the various processes were allowed for each of the
two years in order to improve the model fit to the DIN concentration data, whereas Chapter
3 used a single set of rate constants for the entire four year time-series (2014-2017). This
approach required trade-offs due to natural variability in the biology underlying rate
constants between the years.

The intrusion of July 2014 and the mid-depth intrusion of July 2017 were modeled in a
similar way to winter mixing, but the concentrations and §'°N values of the DIN species of
intruding water were not taken from the BB near-surface data. Instead, the July-2014
intrusion was assumed to bring Scotian Shelf water with negligible ammonium and nitrite
concentrations (0 pmol kg™!) and nitrate concentrations (2.5 pmol kg™') and 8'°N (4.6%o)
values as observed in September 2014 in Scotian Shelf waters near Halifax (N. Lehmann,
unpublished data). No such data were available as reference for the July 2017 mid-depth
intrusion and so it was modeled with ammonium (13 umol kg™'; 14%o), nitrite (0.1 pmol
kg!; -16%o) and nitrate (5 umol kg''; -1%o0) concentration and isotope data that resulted in
good model fit to the observations. Higher concentrations for the 2017 mid-depth intrusion
are justified since it is assumed to have entrained BB mid-depth water into the bottom

water.
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The model was coded in the programming language R, using the packages ‘FME’ and
‘deSolve’ (Soetaert and Petzoldt 2010; Soetaert et al. 2010) for least-square fitting and for

solving differential equations, respectively.

15NH4+ 15N02- 15N03'

A A A

15N R.remin

org /’

R.Nloss

(w 09) Jo1em wWoll0g

P

Figure 4.2: Schematic describing the numerical model including isotope fractionation.
Each reaction was run i) for [°N + “N], and ii) for ['°N], shown in orange. The ['°N]-only
reactions were modified by an isotopic fractionation factor (o). o = 1 (no fractionation) was
used for N-loss and N remineralization. Variables defined by empirical observations are
highlighted in bold font within gray-shaded boxes, the remaining variables are modeled.
As indicated by the red arrows, amoA and nxr growth reinforces the reactions catalyzed by
them, AO and NO, respectively. Arrows toward ‘X’ indicate losses from the model.
R.remin = remineralization rate; R. AO = ammonia oxidation rate; R.NO = nitrite oxidation
rate; R.Nloss = N loss rate (= denitrification + assimilation + diffusive loss to sediment).
Schematic modified from (Chapter 3).

4.4.Results
4.4.1. Physico-chemical Conditions

Increasing vertical temperature gradients (Figure 4.3A,B) and a steady oxygen decrease at
60 m (Figure 4.4A,B) indicated the beginning of seasonal stratification in March of both
years (19/03/2014,22/03/2017). The 2014 stratified period was interrupted by a shelf-water
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intrusion event in mid-July, which increased temperature and salinity and caused oxygen
to increase by 140 pmol kg™! between two weekly measurements (Figure 4.3A, B, C; Figure
4.4A).

A comparable intrusion event indicated by a sharp oxygen increase occurred in
December 2017 (Figure 4.4B). Additionally, in mid-July 2017, an intrusion to the mid-
depths of the basin brought more saline water (Figure 4.3D; see also Shi and Wallace,
2018). This coincided with a slower oxygen decrease at 60 m (Figure 4.4B), indicating an
influence of this mid-depth intrusion also on the bottom water chemistry.

Chl @ maxima in the near-surface water indicated phytoplankton blooms occurred in
March and April 2014 as well as in April, May and October 2017 (Figure 4.3G,H). The
March 2014 and April 2017 spring blooms, but not the secondary spring blooms of each
year, were followed instantly by small Chl ¢ maxima in the bottom water (Figure 4.3G,H),
indicating stratification was still incomplete and mixing linked the near-surface to the
bottom water at least episodically. Similarly small Chl @ maxima in June/July 2014 and
July 2017 may represent phytoplankton-derived organic matter from the April 2014 and
May 2017 blooms reaching the bottom water. This delay is consistent with previous
estimates of particle sinking speeds (~1 m d'') in BB (Hargrave and Taguchi 1978; Petrie
and Yeats 1990).
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Figure 4.3: Time series of oceanographic parameters in Bedford Basin in 2014 (A, C, E,
G) and 2017 (B, D, F, H): A, B) Temperature; C, D) Salinity; E, F) Dissolved oxygen; G,
H) Chl a concentration at 5 m and 60 m.
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4.4.2. Seasonal Changes in Particulate Nitrogen Concentrations and

Isotopic Composition

Particulate organic nitrogen (PON) concentrations in the BB bottom water showed no clear
trends and varied between ca. 1 umol kg and maximum values between 5 and 6 pmol kg
! at various times in 2014 and 2017 (Figure 4.4C,D). In the last third of each year, PON
concentrations were relatively stable between 1 and 3 pmol kg™

8'"Npon showed only small variations during spring and summer 2014 with values on
average 1.3%o (SD: 1.3%o) higher than the 8'°Npon measured near the surface (5 m) prior
to September (Figure 4.4C). Starting in early September, §'°Npon values at 60 m increased
almost steadily from 6.4%o on September 3™ to a maximum of 13.7%o in November, while

near-surface values showed no such increase.
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Figure 4.4: Time series of biogeochemical observations (scatter or bar plots) and model
output (lines) at 60 meters depth in Bedford Basin in the years 2014 (A, C) and 2017 (B,
D): A-B) Observed and modeled DIN concentrations as well as dissolved oxygen (O2)

concentrations; C-D) §'>N-PON (5 m and 60 m, 2014 only) and PON concentration (60
m).
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4.4.3. Dissolved Inorganic Nitrogen Speciation

DIN in bottom water ranged from 9—29 umol kg™ within the two year time frame, and each
year at the onset of stratification (March/April), it began to increase due to the addition of
ammonium (Figure 4.5A,B). In 2017, nitrate increased steadily by about 2 umol kg’
between the onset of stratification until July, while in 2014 there was very little change in
nitrate concentration until the July intrusion event. This inter-annual difference in nitrate
production has been previously explained by differences in winter mixing intensity, which
dilutes the nitrifier population to different extents in different years (Chapter 3). The
intrusion of July 2014 caused a sudden nitrate and ammonium decrease within one week,
while the mid-depth intrusion of July 2017 coincided with smaller nitrate decrease at 60 m
which extended over several weeks. In both years, nitrate increased rapidly in September
and October, coinciding with a rapid ammonium decrease.

Coincident with this nitrate increase and ammonium decrease in each year, plateauing
DIN concentrations (Figure 4.4A,B) suggested a strong decrease in N remineralization,
which was also represented in the modeled rates (Figure 4.5A). Given stable PON
concentrations around this time and increased temperatures due to the intrusion, the
modeled N remineralization rates likely decreased along with the decreasing availability of
0o, as this is the only other variable which determines modeled N remineralization rates
(Table C3). This suggests a switch from a period of pre-dominant N remineralization to a
period of pre-dominant nitrification in early September.

During 2014, only minor nitrite accumulation was observed in late April (0.35 umol kg
1) and early August (0.44 pmol kg!; Figure 4.5E). However, in 2017, nitrite accumulated
to a maximum value of 8.1 umol kg in late September, coinciding with the period of

ammonium decrease (Figure 4.5F).

4.4.4. Nitrogen Isotope Effects Associated with Dissolved Inorganic

Nitrogen Transformations

The fluctuations in concentration of the three DIN species were reflected in their isotopic

compositions (Figure 4.5C—H). §'°Nnos in BB bottom water decreased steadily in both

years starting with the beginning of the stratified period. It decreased more rapidly
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following the July 2014 intrusion, leading to a minimum in September of 2014 (-5.8%o).
The annual §'*Nnos minimum of 2017 was also reached in September (-7.4%o), following
several weeks of particularly rapid decrease (Figure 4.5G—H). In both years, §'°Nnos3 started
to rapidly increase following the September minima, until it levelled out in November 2014
(~19%o0) and October 2017 (~23%o), respectively. Just prior to the 8'°Nnos minima and
coincident with the ammonium concentration maxima of each year, §'°Nnua started a rapid
increase reaching annual maxima of 40.1%o in 2014 and 78.0%o in 2017. The sharp 8'°Nnos
increase and nitrate decrease associated with the July 2014 intrusion was consistent with
an offshore source of more '*N-enriched nitrate (5'°Nno3 = 4.6%o0; NO3™= 2.5 umol kg!; N.
Lehmann, unpublished data).

8"’ Nno2 minima in June (-20.4%o) and September 2014 (-20.3%o) as well as May 2017 (-
15.2%o0) corresponded with minima (0.1-0.2 pmol kg™!) in nitrite concentration (Figure
4.5E,F). In contrast, the 8'°Nno2 minimum of September 2017 (-23.6%o) did not coincide
with a nitrite concentration minimum but occurred near the beginning of the period during
which nitrite accumulated to the two-year maximum (Figure 4.4F)

Overall, the timing and quality of the changes in §'°N of the three DIN species were
similar between 2014 and 2017 (Figure 4.4) despite between-year differences in nitrite
accumulation, ammonia oxidizer community composition (Chapter 3) and the intensity of
mid-year intrusion events. However, some parameters differed between years, including

the steeper increase of 8'*Nnus and 8" Nos in fall 2017 compared to 2014,

114



== A0 = = NO = Nremin —— mixing

1

400 800 1200

nmol Nkg' d”

0

Q
(=]
- -
g2 o
3 ~
©
2 8 £
o =
o
o
- mo
2= o] 2
(= &
o™ Z
F o 5
s E
o 84 =
o
=4
-3 s,
25 0+
™

5
N
?

-1
0

-5
I

umol N kg

Figure 4.5: Time series of modeled rates (lines), observed (scatter) and modeled (lines)
isotope signatures (8!°N) at 60 meters depth in Bedford Basin in the years 2014 (A, C, E,
G) and 2017 (B, D, F, H). A, B) modeled rates of N remineralization, ammonia oxidation
(AO) and nitrite oxidation (NO), as well as the inverse of residence time t, describing the
timescale of BB bottom water exchange with water from the basin surface or the shelf; C,
D) ammonium (NH4") concentration and §'°N; I-J) nitrite (NO2") concentration and 3'°N;
E, F) nitrate (NO3") concentration and 8'°N. The gray-shaded areas indicate the closed-
system nitrification period for each year. The dashed pink lines in panels F and H indicate
modeled 3'*Nno2 and 8'°Nnos after adjusting the 'Seno value to -11.1%o for August to
December 2017. Error bars represent the empirically determined precision of each isotope
analysis method (see 4.3.4), which was adjusted for concentration-dependency for §'°Nnos3
as described in Appendix C.
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4.5.Discussion

4.5.1. 8 Npron Increase due to Dark Ammonium Assimilation

Parallel with the §'>Nnn4 increase in September and October 2014 caused by isotope
fractionation during AO, we observed simultaneous increase of 3'°Npon by ca. 7%o (Figure
4.4C). Our method of filtering Niskin-sampled water did not distinguish between the
sinking and suspended PON fractions. However, a lack of Chl a increase in the bottom
water (Figure 4.3G) and the steady 8'°Npon values in near-surface water throughout the
year (Figure 4.4C) imply that the §'°Npon increase was not caused by PON sinking from
surface waters, but rather by '"N-enrichment of the PON suspended within the bottom-
water. N remineralization has a small associated isotope enrichment effect (~2%o ;M0dbius
2013) that might explain the constant but small offset observed between near-surface and
bottom water §'°Npon prior to September, but cannot explain the increase of almost 7%o
between September and November 2014 in bottom water only (Figure 4.4C). This increase
could, however, be explained by partial transmission of the increasingly high &'*Nnpa
signal into biomass via ammonium uptake.

Elevated §'>Nnns may occur where nitrification of sufficiently large ammonium pools
occurs along temporal (this study) or spatial (sediments, stratified water columns)
gradients. At the points (in time or space) along such a gradient at which the original
ammonium pool has been partially oxidized, the remaining ammonium is predicted, based
on Rayleigh-type mechanisms, to become '*N-enriched. Parallel ammonium assimilation
could transfer this isotopic signature into the PON pool and lead to temporarily or locally
elevated 8'°Npon.

Assimilation of incompletely nitrified ammonium has been recognized as a potential
influence on the §'°Npon, but so far only for phytoplankton-driven assimilation in the
euphotic zone: elevated 8'°Npon due to assimilation of incompletely nitrified ammonium
by phytoplankton was observed under sea-ice in Bering Sea near-surface waters (Granger
et al. 2011; Morales et al. 2014). A similar effect was inferred from an ecosystem model of

the Sea of Okhotsk that required the inclusion of nitrification and ammonium assimilation
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to fit observed end-of-year increases in both §'°Nnua and sinking 8"’ Npon (Yoshikawa et
al. 2005).

Given the absence of light in BB bottom water (Taguchi and Platt 1977), we here
observed an analogous situation of '"N-enrichment of the biomass of heterotrophic
(Middelburg and Nieuwenhuize 2000; Allen et al. 2002; Veuger et al. 2004) and/or
chemolithoautotrophic microorganisms due to their assimilation of '’N-enriched
ammonium. This might have different implications than &'°Npon alteration by
phytoplankton assimilation of incompletely nitrified ammonium, as it can cause 8'°Npon
increase also below the euphotic zone. The possible occurrence of a similar effect below
the euphotic zone in the open ocean would be consistent with observed vertical profiles
showing increasing 8'°Npon in the suspended PON fraction with ocean depth (Altabet et
al. 1991; Voss et al. 1996; Casciotti et al. 2008; Sigman et al. 2009). Within the euphotic
zone, nitrification maxima are often observed seasonally in winter (Murray et al. 1998;
Herfort et al. 2007; Galand et al. 2010; Pitcher et al. 2011; El-Swais et al. 2015). As
previously noted by Mino et al. (2016), assimilation of partially nitrified ammonium and
subsequent export of °N-enriched PON might therefore explain the winter-time maxima
of ' Npon that are frequently observed also below the euphotic zone (Altabet et al. 1991;
Voss et al. 1996; Pefia et al. 1999; Wu et al. 1999; Lourey et al. 2003; Mino et al. 2016).
Studies in open ocean systems are necessary to address the question of whether the §'°Npon
increase due to assimilation of partially nitrified ammonium found in Bedford Basin is

indeed relatable to open ocean settings.

4.5.2. Evidence for Dark Ammonium Assimilation Throughout the

Stratified Period

Based on coincidence of the start of 3'°Npox and 8'°Nnwua increases in September 2014 it is
tempting to speculate that nitrifiers, which are chemolithoautotrophs, were directly
responsible for the '’N-enrichment in the particulate matter of BB bottom water. However,
the coincidence of the start of the 8'°Npon and §'°Nnna increases in September 2014 does
not necessarily imply that nitrifiers were directly responsible for both. As pointed out

above, the increase of 8'°Nnn4 due to nitrification is a necessary condition for the §'*Npon
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increase. Therefore, assimilation by non-nitrifiers occurring at a constant rate throughout
the year could also explain the observed behavior of §'°Npon.

In support of this, the data show that between April and late August 2014, 5"’ Nnus was
consistently higher than §'*Npon by 7.9%o (SD: 2.6%o; Figure 4.4C, Figure 4.5C). Since N
remineralization would be expected to result in a §'"*Nnua close to the §'°N of substrate
organic matter (Mobius 2013), this suggests the occurrence of one or more ammonium-
utilizing processes with associated N isotope fractionating, such as ammonia oxidation or
assimilation (Delwiche and Steyn 1970; Hoch et al. 1992). A cycle of ammonium
assimilation and N remineralization, in which ammonium and PON each act as both
substrate and product, should increase 5! Nnn4 and decrease 5'*Npon in the absence of other
processes, because ENH4assimilation > EN-remineralization (Hoch et al. 1992; Mobius 2013). Hence,
PON originating from near-surface waters should become depleted in '°N after sinking into
the bottom water, yet we observed consistently higher 8'°Npon in bottom water than in
surface water (Figure 4.4C). An influence of nitrification (through increasing 8'°Nnus) and
a possible inter-annual memory effect of ’N-enriched PON leftover in the bottom water
from the previous year may act to increase 8'°Npon in bottom water relative to that in near-
surface water. This implies that ammonium assimilation may also occur prior to September
2014.

Using radioisotope labeling techniques, Taguchi and Platt (1977) demonstrated light-
independent (“dark”) ammonium assimilation in subsurface waters of BB at 30 m in
February and, with less confidence, at 40-50 m in August. The occurrence of dark
ammonium assimilation in the BB bottom water is, however, consistent with the detection
of enzymes associated with ammonium assimilation in metaproteomics from BB bottom
water in January 2011, when the vast majority of protein sequences, including some related
to ammonium assimilation, were affiliated with ammonia oxidizing archaea (Georges et al.
2014).

Georges et al. (2014) found no metaproteomic evidence for nitrate assimilation in May
2010 or January 2010, despite relatively high nitrate (6.83 umol L") and low ammonium
(0.44 pmol L!) concentrations in January (no metaproteomic data for Summer or Fall).

Given this metaproteomic data, a generally observed preference for ammonium over nitrate
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assimilation (Ludwig 1938; Harvey 1953; Middelburg and Nieuwenhuize 2000; Veuger et
al. 2004; Glibert et al. 2016; Yan et al. 2019), as well as the agreement between Rayleigh
models based on ammonium and nitrate (discussed below), we conclude that there is no
evidence for significant nitrate assimilation in addition to the observed ammonium

assimilation in the bottom water of BB.

4.5.3. Fitting a Closed-system Rayleigh Model to Identify the Isotopic
Enrichment Factor of Ammonia Oxidation (13¢40)

The high temporal resolution of the BB dataset allowed selection of specific time periods
for which bottom water conditions were indicative of a closed system to which Rayleigh
models of isotope fractionation could be applied (gray-shaded periods; Figure 4.4, Figure
4.5). Steady DIN concentrations (Figure 4.4A, B) during these periods indicated that
nitrification strongly exceeded N remineralization. This was supported by modeled rates
(Figure 4.5A, B). Furthermore, O» concentrations during these periods were too high
(>85umol kg'!; Figure 4.4A, B) to allow for significant rates of denitrification or anammox
in the bottom water (Jensen et al. 2008, 2009). DIN assimilation by photoautotrophs can
also be excluded given that light is unavailable in BB bottom water (Taguchi and Platt
1977). The insignificance of new input or removal of DIN during these segments of the
stratified period in both years justified our assumption that the BB bottom water
represented a temporarily closed system for nitrification.

For both years, the “Rayleigh closed-system period” was defined to start when DIN
reached a plateau and ammonium concentrations began to drop, and to end when
ammonium concentration stopped decreasing. The amounts of ammonium left at the end
of each year’s nitrification period (2014: ~1 umol kg™, <5% of maximum; 2017: 2 pmol
kg, 11% of maximum) were lower than in some laboratory studies of nitrification (e.g.
Casciotti et al. 2003).

The isotopic enrichment factor for AO, ga0, can be approximated by the slope of the
linear fit applied to the ammonium series on the Rayleigh model (Figure 4.6), expressed as

follows (Mariotti et al. 1981):
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s = e X Inf 4.4

with 8s denoting the §!°N of the substrate and f the fraction of unreacted substrate. The
slope determined for the 2014 and 2017 Rayleigh model fits in Figure 4.6A and C
represented the isotopic enrichment during ammonium utilization ('>gau). For 2014, it
could be corrected for the influence of ammonium assimilation to represent the isotopic
enrichment factor for AO, ga0, as discussed in Appendix C and shown in Figure 4.6B and
Table 4.1.

Alternatively, the isotopic enrichment factor of AO can be approximated by the
difference between the values of the y-intercepts of the products’ (nitrate + nitrite) and
substrate’s (ammonium/ammonia) curves on the Rayleigh model (Mariotti et al. 1981). In
the case of 2014 (Figure 4.6B), this difference (20.6 £1.7%o) was not significantly different
from the ®gao determined via the ammonium slope (21.8 £2.2%o; Table 4.1). However, in
2017 (Figure 4.6C), a slightly larger, significant difference was observed between the two
estimates (slope: 24.1 £1.1%o; intercepts: 31.3 £1.6%o0). Given that an underestimation of
the ammonium slope due to a small influence of ammonium assimilation, ammonification
and/or the NH4"/NH3 isotope effect was unlikely (Appendix C), one explanation for this
discrepancy may be the possible loss of nitrification product, e.g. via denitrification, later
in the Rayleigh closed-system period, which would have increased the slope of the nitrate

curve and thereby decreased its intercept (Figure 4.6C).
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Figure 4.6: Rayleigh models for nitrification during the closed-system periods in fall 2014
model for fall 2014 including the effects of ammonium assimilation;
B) Rayleigh model for fall 2014 after correction for ammonium assimilation (see
discussion); C) Rayleigh model for fall 2017 including the effects of ammonium
assimilation. The uncertainties given for slope and intercept of the linear regressions
represent the 95% confidence interval and take into account isotope method precision (see
4.3.4), which was adjusted for concentration-dependency for '°Nnos (Appendix C).
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Table 4.1: Isotopic enrichment factors determined by Rayleigh closed system models or
best fit within numerical models for the years 2014 (AOA dominance, nitrite accumulation
<0.5 pmol kg!) and 2017 (crucial AOB influence, nitrite accumulation of 8 pmol kg™!).
The uncertainties (+) represent the 95% confidence interval.

'é;’to‘)'c Enrichment Factor 514 101 2017 %]  Estimated by

Ammonium Utilization ("%eav)! 21.6+2.2 24.1+1.1 Rayleigh slope (NH4*; Figure 4.6A, C)
Ammonia Oxidation ("5eao) 21.8+2.2 - Rayleigh slope (NH4*; Figure 4.6B)?
Ammonia Oxidation ('°¢ao) 17.0+1.5 24.0%2.2 Rayleigh slope (NOx; Figure 4.7)
Ammonia Oxidation ("5¢a0) 206+1.7 31.3+1.6 Rayleigh intercept (NH4+*-NOx; Figure 4.6)

Ammonia Oxidation ('°eao) 214 26.0 Best fit numerical model

Nitrite Oxidation ('°eno) -11.1 Best fit numerical model

'Likely insignificantly different from gao also for 2017 (see 4.5.3)
°Based on Rayleigh model corrected for ammonium assimilation (see Appendix C)

To assess a possible influence of processes other than nitrification during the Rayleigh
closed system period on nitrite or nitrate, the isotope effect associated with AO can also be
assessed from the change in the 8'°N of the product. This can be calculated as follows
(Mariotti et al. 1981):

fNHIXH<fNHI)

1_fNHI

8p = 65(0) — expronoy X 4.5
with 8p denoting the !°N of the product (nitrate + nitrite = NOy") and 8s(0) the initial §'°N
of the substrate (ammonium). The slopes of the linear regression in Figure 4.7A and B thus
approximate the '*ga0. These linear regressions were started at the datapoint representing
the respective annual 8'°Nnos minimum (Figure 4.5G, H). This was 1-2 weekly time points
after the start of the Rayleigh-closed system period as defined for the Rayleigh models
shown in Figure 4.6, because the subsequent increase in '’ Nnos could be attributed to N-
enrichment from the increasingly '°N-enriched nitrification substrate (ammonium).
Inclusion of the preceding §'°Nnos decrease (gray datapoints in Figure 4.7), which was
likely a consequence of isotopic dilution of the pre-existing nitrate pool (discussed below),
would have decreased the accuracy of the g0 estimation.

For 2017, the gao determined in Figure 4.7B (24.0 £2.2%o) was similar to the gay

determined via the slope of the ammonium curve in the Rayleigh model shown in Figure
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4.6C (see also Table 4.1). This supports the assumption that the influence of ammonium

assimilation on "

eau was insignificant also during the 2017 Rayleigh closed system period
so that it can be assumed that Pgau = Peao. It also suggests that the observed increase in
5" Nnox during the Rayleigh closed-system period of 2017 was caused primarily by
nitrification and that the influence of other processes (e.g. denitrification, nitrate
assimilation) on the observed fractionation was negligible.

For 2014, the g0 determined by the slope of the product (17.0 £1.5%o; Figure 4.7A)
was 4.7%o smaller than the 'Sga0 determined by the ammonium slope (Figure 4.6B). This
might indicate an influence on 8'°Nnox by processes other than nitrification during the
Rayleigh closed-system period of 2014. However, an influence of processes such as
denitrification or nitrate assimilation would cause a steeper than expected slope in Figure
4.7A, since additional nitrate consumption would lead to higher '°Nnos enrichment than
expected due to nitrification alone.

It remains possible that the relatively large and significant differences between the 2017
ammonium slope and ammonium-NOy intercepts (Figure 4.6C) as well as the 2014 NOy
slope and the estimates via other approaches (Table 4.1) reflect measurement uncertainty
in one of the isotope pools. Even in controlled laboratory incubation experiments, with pure
AOB cultures, differences of a similar magnitude have been observed when determining
the >ea0 with these different approaches (Mariotti et al. 1981).

As established above and in Appendix C, the influence of other processes
(ammonification, ammonium assimilation) on the ammonium pool was likely negligible
during the relevant periods (see above and Appendix C). Since the approaches via the NOx
slope (Figure 4.7) and ammonium-NOx™ intercepts require the additional assumption of the
negligibility of NOx™ utilizing processes during the Rayleigh closed system periods, the
Sga0 value determined by the ammonium slope is likely the most accurate estimate (Table
4.1). Hence, the highest (31.3 £1.6%0) and lowest (17.0 £1.5%o) estimates of *ga0 may
have been outliers and the most accurate estimates were likely achieved via the ammonium
slope of the Rayleigh curve, 21.8 £2.2%0 (2014) and 24.1 £1.1%. (2017).

Steady oxygen decrease during the Rayleigh closed system periods indicated stable

stratification, but also indicated heterotrophic remineralization of organic matter, a possible
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source of ammonium. Potentially, this could indicate an opening in the Rayleigh system
due to N remineralization, and if N remineralization rates were balanced by denitrification
rates, it could conceivably result in the observed, steady DIN concentrations. However,
heterotrophic respiration can also produce nitrogenous products other than ammonium,
such as urea (Bronk et al. 1998). Moreover, significant remineralization-denitrification
would be expected to cause §'’Npv increase due to the strong isotopic enrichment effect
of denitrification (Granger et al. 2008), but steady "°Np (Figure 4.6A,C) was observed
during the Rayleigh closed system periods. This suggests a negligible role for
denitrification and validates the assumption of a closed system during these periods.
Similarly, a violation of the closed-system assumption due to significant feedback on
8'"Nnm4 via N remineralization of the increasingly '*N-enriched PON (discussed above) is
unlikely. This is because i) the §'°Npon increase is small compared to the 8'°Nnua increase,
and ii) the PON fraction that is being enriched in '°N due to ammonium assimilation during
the Rayleigh closed system period must represent an actively growing population and is
therefore unlikely to simultaneously contribute significantly to the PON fraction being

remineralized.
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Figure 4.7: Rayleigh models based on the combined change in §'°N in the nitrification
products nitrate and nitrite (8'°Nnox-) during ammonium depletion, for the Rayleigh
closed-system periods in A) 2014, and B) 2017. The gray datapoints are part of the
Rayleigh closed-system period but ignored by the linear regressions, as discussed in the
main text. The uncertainties given for slope and intercept of the linear regressions represent
the 95% confidence interval and take into account isotope method precision (see 4.3.4),
which was adjusted for concentration-dependency for §'Nnos (Appendix C).
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4.5.4. Interpretation of 8'Nno2 and 8" Nno3 Minima

In both years, periods of parallel §'°Nno2 and 8'°Nnos decrease ended in minima only two
weeks apart (Figure 4.5E-H). Both minima were likely caused by nitrification but may
have differing explanations at the level of isotope fractionation. The steady &'°Nwos
decrease leading to the September minimum in both years can be explained by the
continuous preferential transfer of '*N from ammonium to the pre-existing (2.7 umol kg™)
nitrate pool (Sebilo et al. 2006). Since §'°Nnwus was approximately constant between April
and September, this led to a decrease in §'°Nnos (Figure 4.4G,H). This 8'°Nnos decrease
continued until its difference to 8'’Nnus approximated the isotopic enrichment factor of
nitrification.

Since the nitrite pool was always much smaller than the nitrate pool, the §'’Nno2 minima
of September 2014 and 2017 may be more readily explained as an expression of the inverse
isotope effect associated with NO (Casciotti, 2009; Buchwald and Casciotti, 2010). In
2014, nitrite, which had accumulated to 0.4 umol kg™!, decreased in parallel with 8'*Nno2
until both reached their minima in early September (Figure 4.5E). In 2017, nitrite
accumulation started prior to the beginning of the strong nitrification period (Figure 4.5F).
Despite the opposite trend of nitrite concentrations, NO was likely active in both cases
(Figure 4.5A,B) and its inverse isotope effect may have caused the observed §'°Nnoz
decrease leading to the annual minima. Subsequent to the minima, steep increases in
8""Nno2 and §'°Nnos followed the rapid increase of §'°Nnna that was observed in September
of both years and can therefore be explained by N transfer from the increasingly °N-

enriched ammonium pool (Figure 4.5).

4.5.5. Best Fit of a Numerical Model Consistent with Isotopic
Enrichment Factors Determined by the Rayleigh Models

To further explore these and other features of the DIN isotope time series and to compare
isotopic enrichment factors between numerical models that cover the full-year time series
and the Rayleigh models which are restricted to a relatively short period, we used a

modified version of the numerical model for BB bottom water described in Chapter 3. The

126



model was optimized to fit observed trends in DIN concentrations in 2014 and 2017, and
subsequently amended with isotope fractionation functions.

To model the large nitrite accumulation in September 2017, the AO rate constant was
multiplied by a factor of 3.5 during the time period in which AOB growth was observed
(Chapter 3). This reflects faster AO kinetics in AOB compared to AOA, which dominate
AO in BB bottom water at most other times (Chapter 3; Bollmann et al. 2005; Martens-
Habbena et al. 2009; Peng et al. 2016). Rate constants for N remineralization, AO and NO
were adjusted for each year to fit the observed timing of ammonium decrease and nitrate
increase in September (Table C4).

The model reproduced the general trends in DIN concentrations of both years (Figure
4.5C-H). Next, the °gx0 and Peno combination that produced the best fit to the time series
5N observations were chosen by a least-square fitting function from the R package FME
(Soetaert and Petzoldt 2010). Using these isotope enrichment factors, the model also
reproduced the overall trends observed in the N stable isotope time series (Figure 4.5C-H).

The "Peao values producing the best model fit to each year’s observation were very
similar to the gr0 and gau determined by Rayleigh models (Table 4.1). This was
reflected by the model fit closely matching the steep 8'°Nnna increase in the fall of each
year, i.e. during the closed system periods to which the Rayleigh models were applied
(Figure 4.5C,D).

The model also matched the §'°Nnoz increase at the end of each year that was driven by
the transfer of ammonium-N by AO from the increasingly '*N-enriched ammonium pool
(Figure 4.5E,F). However, the model did not capture the small-scale variations in nitrite
concentration prior to July 2017 and throughout most of 2014, which were likely driven by
small-scale variations in AO and NO. Therefore, the resulting §'’Nno variations during
these periods were not reflected in the model either (Figure 4.5E.F) and the eno values
determined by best fit to each year’s observations (-0.4 and -4.6%o for 2014 and 2017,
respectively) should not be considered meaningful. Instead, we determined a '®eno for the
period following the July-2017 mid-depth intrusion during which modeled nitrite
concentrations were close to observations (Figure 4.5F). Holding the remaining parameters

of the model constant, the *exo producing the best fit for the July-December 2017 period
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was determined (as described above) to be -11.1%o (Figure 4.5F). This is close to the eno

~ -13%o0 determined by laboratory experiments (Casciotti 2009).

4.5.6. Inter-Annual Similarity in 8'SN Patterns Despite

Biogeochemical Dissimilarities

Remarkably, few significant differences were observed in the timing and quality of the
overall trends in 8'°N of ammonium, nitrite and nitrate between the two years, despite
biogeochemical differences (ammonia oxidizer type, nitrite accumulation). Even though
significant nitrite accumulation only occurred in 2017, the relatively flat §'°Nnua that
suddenly increased rapidly in September (Figure 4.5C,D), the minima of §'*Nno2 and
5! Nnos at the beginning of the §'°Nnna increase and the eventual steep increase also of
5'"Nno2 and 8'*Nwos (Figure 4.5E,F) were each observed in both 2014 and 2017. This
suggests that there was only a minor influence of the 2017 nitrite accumulation and the
dominance of either AOB or AOA on the major trends in isotope fractionation during
nitrification.

Inter-annual differences in magnitude or rate of change in the 8'°N parameters were
observed, however, and these may be associated with higher AO and NO rates in 2017
compared to 2014. This difference was probably caused by high AO rates catalyzed by the
AOB that temporarily dominated AO in 2017 but not in 2014 (Chapter 3). Fast AO enabled
fast NO, causing more rapid '’N-enrichment of the ammonium pool in September/October
2017 than during the corresponding period in 2014. This led to higher maximum &'*Nnna
values and steeper 8'°Nno2 and 8'°Nos increase in 2017 (Figure 4.5E-H).

Small inter-annual differences in '“eao were observed between the Rayleigh closed
system periods of each year using different approaches based on Rayleigh models and the
numerical model (Table 4.1). The small trend of lower *gs0 values in 2014 compared to
2017 was significant for some of the individual approaches, but overall, the 95%
confidence intervals of the upper-range Seao estimates of 2014 overlapped with the lower-
range estimates for 2017. Hence, these inter-annual differences in *ea0 were statistically
not significant and were also small in comparison to the large, overlapping ranges of ga0

reported in both AOB and AOA (Casciotti et al. 2003; Santoro and Casciotti 2011).
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4.5.7. Significance of In Situ Isotopic Enrichment Factors for

Nitrification from a Natural Experiment

Several studies have estimated isotopic enrichment factors for nitrification in aquatic water
columns on the basis of in situ data (Horrigan et al. 1990a; Sebilo et al. 2006; De
Brabandere et al. 2007; Sugimoto et al. 2008, 2009). The challenge such studies face is to
discern the many processes that can influence the §'°N of ammonium, nitrite and nitrate,
which usually prevents a high-confidence estimation of *¢a0. The present study relies on
high data density, isotopic information from PON and the three main DIN species as well
as favorable environmental conditions (dark, sufficiently oxygenated) that minimize the
impact of confounding processes (denitrification, N assimilation by phototrophs). This is
necessary for estimates that approximate the accuracy with which these factors can be
measured in laboratory-based studies and to discern any influence from processes other
than nitrification.

The N isotopic enrichment factors for AO and nitrification determined here (Table 4.1)
are well within the range (13-42%o) reported previously from culture-based studies
(Delwiche and Steyn 1970; Mariotti et al. 1981; Yoshida 1988; Casciotti et al. 2003;
Santoro and Casciotti 2011; Nishizawa et al. 2016). They are at the high end of the much
smaller range (7-25%o) of Pga0 or *eau determined on the basis of in situ observations,
environmental sample incubations or models fit to environmental observations (Horrigan
et al. 1990a; Brandes and Devol 1997; Sebilo et al. 2006; De Brabandere et al. 2007;
Southwell et al. 2008; Sugimoto et al. 2008, 2009; Nishizawa et al. 2013; Buchwald et al.
2018).

It remains unclear why some culture-based studies yield such high estimates of "ga0
(Mariotti et al. 1981; Casciotti et al. 2003; Santoro and Casciotti 2011; Nishizawa et al.
2016), but it is noteworthy that field studies consistently find values <31%o (this study;
Horrigan et al. 1990a; Brandes and Devol 1997; Southwell et al. 2008; Sugimoto et al.
2008, 2009; Nishizawa et al. 2013). A possible explanation for any overestimation of *gao
in studies with laboratory cultures might be the accumulation of an AO intermediary
product induced by experimental conditions such as high substrate provision (Santoro and

Casciotti 2011). Evidence for nitrification intermediary products between ammonia and
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nitrite now exists for both AOB and AOA (Vajrala et al. 2013; Martens-Habbena et al.
2015; Caranto and Lancaster 2017; Stein 2019). High ""eao determined under laboratory
conditions may also be explained by the rate of AO relative to the rate of ammonium
entering the cell (Casciotti et al. 2010a). Inherent in each of these explanations is the
possibility that they cause an artificial bias under experimental conditions that may render
the upper bounds of the '’eao range determined in such way inapplicable to in situ
conditions. The high-confidence, field-based '“ga0 estimates reported here provide further
indication that the environmentally relevant '“gao range may comprise only a smaller
subset (<31%o) of the large range determined by culture-based studies. Given that AOA
dominated in 2014 whereas AOB played a dominant role in 2017 (Chapter 3), this holds
true for both groups.

4.5.8. Conclusions

We analyzed two different realizations of nitrification “experiments” occurring in the
closed-system natural laboratory setup provided by the bottom water of a nitrogen-rich,
seasonally stratified basin. The high resolution of the available time series and the long
summer-fall stratified period allowed observation and interpretation of the in situ isotope
fraction patterns in BB bottom water that are comparable with the confidence attainable
with laboratory experiments. In each of the two years, a nitrification-dominated period
started in September. During these periods the BB bottom water could be viewed as a
closed system in which nitrification proceeded with little interference from other N cycle
processes, allowing isotopic enrichment factors for ammonia oxidation to be determined
with high confidence using Rayleigh closed-system models (Table 4.1). Near the beginning
of these nitrification-dominated periods, distinct §'°Nnos and §'°Nno2 minima were caused
by isotope fractionation during AO and inverse isotope fractionation during NO,
respectively.

Isotopic enrichment factors for ammonia oxidation were determined by the best fit of a
numerical model to the entire time series and found to be similar to those determined by
Rayleigh models applied to a more limited time period (Table 4.1). This suggests that these

factors can, in principle, be determined with reasonable accuracy by numerical models,
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which are well-constrained by observations and take into account the relevant physical and
biogeochemical processes. This adds confidence to the determination of isotopic
enrichment factors by such well-designed numerical models, which may be more
applicable than Rayleigh models in situations in which the absence of influence from other
biogeochemical processes cannot be assumed.

The overall trends of N isotope signatures were similar between the two years, despite
differences in nitrifier community (AOA vs AOB) and nitrite accumulation due to
nitrification decoupling. Yet, the high-frequency time series allowed detection of some
subtle inter-annual differences. The significant role of AOB in 2017 but not 2014 likely
resulted in steeper increase of 3'°Nnn4, 8!’ Nno2 and §'°Nnos near the end of the nitrification
period as a consequence of higher AO rates facilitated by the AOB. Despite decoupling of
nitrification leading to nitrite accumulation in September 2017 but not in 2014, a
pronounced &'°Nno2 minimum followed by steep increase was observed during both
periods, suggesting that temporary nitrification decoupling does not produce a distinct
pattern in 8'’Nno2 signatures (or 3'°N of other DIN species).

Parallel §'°Npon increase to the §'°Nnna4 increase caused by nitrification in sub-euphotic
zone water suggested "N-enrichment of suspended particulate organic matter via dark
assimilation of partially nitrified ammonium by chemolithoautotrophs or heterotrophs.
This effect should be considered when interpreting profiles or time series of '°Npon.

It would be worthwhile to further explore this influence of partial nitrification on
815 Npon. Furthermore, results from this study emphasize discrepancies between laboratory-
and field-based isotopic enrichment factors that should be explored further by more careful
laboratory analyses and by additional detailed in situ time series studies in diverse

environments.
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5. CHAPTER S
CONCLUSION

The findings and biogeochemical characterizations presented in Chapters 2, 3 and 4
contributed to our knowledge of biogeochemical cycling in Bedford Basin and Powell
Lake. The highly resolved measurements by interdisciplinary approaches in these two
natural laboratories resulted in novel insights into biogeochemical cycling of N and
associated elements.

The first geomicrobiological characterization and detailed description of geochemical
zones along the redox gradient of Powell Lake’s water column presented in Chapter 2
established a basis for further investigation into the biogeochemistry of this unusual and
extreme system. Our results confirmed, in large parts, the expected alignment between
geochemical zonation and microbiological potential, but also showed interesting
exceptions. For example, we identified candidate micro-aerobic nitrifiers related to the
clades Sagma-X (Thaumarchaota) and Nitrosomonadaceae (Betaproteobacteria). Their
potential production of oxidized N under micro-aerobic conditions may sustain autotrophic
N reduction even in the presence of a broad suboxic zone. Moreover, we identified
anaerobic adaptations in the acl lineage (Actinobacteria), which emphasizes their role as
freshwater analogues of the ubiquitous marine SAR11 lineage. Divergent lineages from
several phyla (Atribacteria, Bacteroidetes, Deltaproteobacteria and Phycisphaerae) were
identified in the ancient seawater zone at the bottom of Powell Lake, which may suggest
unexplored functional traits. Genetic potential for BNF provided further indications for the
occurrence of this process in meromictic lakes and at high ammonium concentrations and
DIN:phosphate ratios (GroBkopf and LaRoche 2012; Knapp 2012; Bombar et al. 2016).
Interestingly, no genetic potential for the anammox process could be identified despite the
presence of ammonium and nitrite at the top of the suboxic zone. Finally, the strong
observed overlap between the ferruginous and manganous zones may point to bathymetric
peculiarities of Powell Lake or to poorly understood manganese biogeochemistry.

Chapter 3 identified a potentially widespread and important physical mechanism
controlling nitrifier biomass, diversity and, as a consequence, product composition and

rates of nitrification. Dilution of nitrifier biomass as a control on nitrification and an effect
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of nitrifier diversity on nitrification product composition are poorly explored or even novel
concepts. All types of nitrifiers were shown to be subject to dilution by physical mixing,
which can lead to delayed nitrification following periods of strong mixing. Additionally,
our results showed that the favourability of AOB over AOA in more turbulent, high-
ammonium environments can lead to transient nitrite accumulation. Moreover, we
identified ammonium and temperature as controls on nitrification rates in Bedford Basin.
The detailed, long-term time series employing both geochemical and microbiological
measurements was crucial for reaching these conclusions, because it revealed the different
dynamics in nitrite, nitrate, amoA, AOA and AOB concentrations in different years. In
conjunction with the empirical data, the numerical model simulating geochemical changes
as function of physical and functional gene variations was instrumental in identifying the
mechanism and making it more intuitively comprehensible. These findings are particularly
relevant, because physical mixing is a climate-sensitive variable and it is conceivable that
global climate change may indirectly affect nitrification below the euphotic zone in
Bedford Basin and other aquatic systems via the identified mechanism.

Building on the findings and numerical model from Chapter 3, Chapter 4 explored the
effect of transient AOB dominance and resulting nitrite accumulation on the isotope effects
associated with nitrification, using two natural experiments provided by observations from
the years 2014 and 2017. Interestingly, we found little influence of this nitrification
decoupling on the isotope effect. Instead, we identified similar isotopic enrichment factors
for AO and NO in both years. These isotopic enrichment factors uniquely combine the
benefits of laboratory and field experiments, as they were observed under environmentally
realistic in situ conditions while confounding processes could be controlled for effectively
due to high measurement density and variety. Therefore, the reported factors will be of
important use in the interpretation of N isotope effects associated with nitrification in field-
and laboratory-based studies. Moreover, the analyzed time series of different N species
during nitrification in Bedford Basin and the evidence for N-isotopic enrichment of PON
caused by the light-independent assimilation of partially nitrified ammonium will facilitate

interpretation of similar datasets even if they are of lower temporal resolution.
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5.1.Potential Future Research on the Biogeochemistry of Powell Lake

The findings presented in Chapters 2—4 also suggested hypotheses and raised questions for
further research and identified mechanisms with more global implications. One promising
line of research emerging from the study of Powell Lake (Chapter 2) is an inquiry into any
active biological nitrogen fixation and what makes it ecologically feasible in this high-
ammonium, high-nitrogen-to-phosphorus environment. While phosphorus (P) rather than
N limitation of primary production is the norm in lakes (Hecky et al. 1993), Powell Lake’s
DIN:phosphate ratio is extremely high (Guildford and Hecky 2000). Numerous meromictic
lakes have a DIN:phosphate ratio exceeding the “Redfield ratio” of 16:1 despite their
anoxic water column portions that allow for denitrification (Tezuka 1985; Priscu 1997;
Klepac-Ceraj et al. 2012; Llorens-Mar¢s et al. 2015). A plausible explanation for the high
DIN:phosphate ratio in meromictic lakes like Powell Lake, may be the scavenging of P by
the formation of minerals like vivianite observed in similar lakes (Xiong et al. 2019).
However, given the genetic potential for BNF in Powell Lake, it would be worthwhile to
test the hypothesis of an additional, quantitatively significant contribution of BNF to
Powell Lake’s high DIN:phosphate ratio in future research.

In this context, an intriguing observation not presented in this text are exceptionally high
excess-N2 concentrations in Powell Lake’s anoxic zone inferred from N2/Ar ratio
measurements (Haas, Bristow, Wallace, et al.: unpublished data). Investigations into the
source of this excess N2, a potential fertilizing effect of high N> on BNF, as well as the
cause of the high observed DIN:phosphate ratios and a possible role for BNF contributing
to excess N compared to P, represent highly intriguing future lines of research. No/Ar and
BNF rate measurements as well as a search for nifH gene transcripts from within the ancient
seawater zone are recommended to address these questions. A wider issue such research
could address by using Powell Lake as a natural mesocosm model system, is the stability
of the postulated feedback loop between denitrification and BNF that is thought to stabilize
the oceanic N:P ratio over geological time frames (Falkowski 1997; Tyrrell 1999; Gruber
2008; Landolfi et al. 2013).

Furthermore, due to its stability, the chemocline-region of Powell lake provides a good

natural laboratory to investigate differential distribution of the N-reducing process DNRA,
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denitrification and anammox along gradients of oxygen, nitrate, organic carbon and sulfide.
In this context, the connection between nitrogen and methane cycling, epitomized by the
well-described MAG1, deserves further investigation. The chemocline area also provides
the opportunity for detailed studies of nitrification within a spatially well-defined suboxic
zone on the basis of the identified potential nitrifiers occurring there. Promising methods
for this research include measurement of natural abundance N and C stable isotope
signatures, distributions of RNA from functional genes, detailed oxygen profiles and rate
measurements. Finally, despite the tentative nature of the existing metagenomic evidence
for anoxygenic photosynthesis, an investigation into the occurrence of this process in the
chemocline of Powell Lake would be of significant interest given the similarity in depth
and therefore light levels of the Black Sea chemocline, in which some of the most low-
light adapted phototrophs on the planet have been identified (Manske et al. 2005; Marschall
et al. 2010).

5.2. Potential Future Research on Nitrification in Bedford Basin and Beyond
The results from the studies on Bedford Basin (Chapters 3 and 4) should be followed up
by research both inside the basin and in other aquatic systems. The global distribution of
the dilution-regrowth mechanism as a control on nitrification as described in Chapter 4
should be assessed by time-series studies in other coastal, shelf and lacustrine
environments, as pointed out in the discussion section of Chapter 4.

The detailed characterization of N stable isotope fractionation during nitrification in
Bedford Basin described in Chapter 4 can help future studies in interpreting similar but less
detailed datasets. Further attention should be paid to the unexpected finding of §!'°Npon
increase due to '’N-enrichment caused by the light-independent assimilation of partially
nitrified ammonium. Extension of the numerical model by the addition of an ammonium
assimilation term and the addition of PON concentration and §'°N as state variables is
likely to be a valuable tool in exploring this effect further within Bedford Basin. A possible
effect of nitrification on the §'°Npon of sinking organic matter should be considered and
tested also in other systems, given accumulating evidence for incomplete nitrification under
various conditions (Chapter 3; Yoshikawa et al. 2005; Granger et al. 2011; Morales et al.

2014). Incomplete nitrification may represent a mechanism that could explain the increase
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of suspended organic N, which is typically observed below the euphotic zone (Altabet et
al. 1991; Voss et al. 1996; Casciotti et al. 2008; Sigman et al. 2009). In addition to the
suspended matter (Chapter 4), the pool of sinking organic N could conceivably also be
affected by this: sinking chemolithoautotrophs or, in the case of euphotic-zone nitrification,
phytoplankton enriched in >N due to uptake of incompletely nitrified ammonium might
transport this signal to the sediments, altering the sedimentary &'°Npon signal. This may
have implications for paleo-oceanographic studies interpreting sediment records. A recent
meta-analysis suggests that the direct relationship between sedimentary 8'°Nponx and
surface water 8'°Nnos holds true on a global scale and indicates that water-column
alteration does not usually affect paleo-oceanographic sedimentary 8'°Npon analyses
(Robinson et al. 2012). However, a possible influence of nitrification on §'°Npon increase
below the euphotic zone in open ocean settings should be further investigated, since, in
specific cases, it might influence even the sedimentary §'°N. One possible way of further
investigating this effect is by use of sediment traps at the bottom of Bedford Basin or
elsewhere in the ocean, where strong, (temporarily) incomplete nitrification occurs to
assess the §'°N of sinking PON in addition to that of suspended PON. Another approach
could be the application of nanoSIMS (nano scale secondary ion mass spectrometry)
technology (applied e.g. by Kitzinger et al. 2020), which could allow taxonomic
identification of the microbes that take up incompletely nitrified, ’N-enriched ammonium
in Bedford Basin.

Together, Chapters 3 and 4 suggested that Bedford Basin could be used as a natural
laboratory for a better understanding of the competition and succession between AOB and
AOA and the biogeochemical consequences. It was observed that AOB outcompete AOA
in times of high substrate availability and following physical disturbances, marking AOB
as r-selected and AOA as K-selected. To address this question and to understand the
identified effect mixing has on nitrification in Bedford Basin in more detail, the model
presented and used in Chapters 3 should be further developed to allow for the competition
of two or more kinetically distinct ammonia oxidizer types; one with the capability of fast,
AOB-type and one with slower, AOA-type AO kinetic properties. If combined with direct

AO and NO rate measurements and enrichment or culturing efforts of the dominant
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nitrifiers, this would be particularly promising for further exploration of the mechanics of
delayed nitrification and nitrite accumulation caused by the effect of physical mixing on
nitrifier biomass and diversity. Since their discovery, AOA have taken center-stage in
marine nitrification research because of their dominant role in the oligotrophic open ocean
(Wuchter et al. 2006; Robidart et al. 2012; Tolar et al. 2013; Hollibaugh et al. 2014; Santoro
et al. 2017). While a role for AOB in some more ammonium-rich coastal and lacustrine
systems is recognized (Li et al. 2015b; Happel et al. 2018; Massé et al. 2019), the necessity
of a more detailed understanding of the conditions favoring one group over another is
highlighted by the biogeochemical implications of the findings presented in Chapter 3. Due
to their faster kinetics, AOB likely played a crucial role in mitigating the observed
nitrification delay in Bedford Basin. Had any secondary, adverse environmental conditions
prohibited AOB growth in BB, nitrification would have likely been delayed even more than
observed. Further elucidation of environmental factors that may affect AOB growth and
their competition with AOA is therefore of high interest. Promising factors of interest
include temperature, oxygen and ammonium concentration. The effect of variations in
these parameters on nitrification by AOA and AOB in Bedford Bains should be tested
experimentally, using Bedford Basin bottom water, ideally sampled during a stratified
period before the fall nitrification peak when nitrifier populations have not yet reached their
maxima. A further step could be the enrichment and cultivation of Bedford Basin nitrifiers
and the use of enrichment cultures for physiological tests.

The combined impacts of climate change and anthropogenic N input on nutrient cycling
in coastal systems are complex and multi-variate: climate change may affect nutrient
cycling in estuaries by modifying freshwater input, stratification patterns, storm patterns
and phytoplankton ecology among other factors (Statham 2012). Therefore, it is difficult
to assess whether the nitrification delay mechanism described in Chapter 3 will be
reinforced as a result of climate change. For example, weaker mixing due to warmer winter
atmospheric temperatures could lessen the frequency and intensity of its occurrence, but
stronger and more frequent storms during winter may have the opposite effect. A better
understanding of the physical oceanography of Bedford Basin and how exactly it interacts

with nitrifier biomass is necessary for an effective prediction of nitrification delay in this
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model system. Is nitrifier biomass most effectively removed from Bedford Basin bottom
water by short and intense, possibly storm-driven, events, or by longer-term atmospheric
forcing better described by the average winter temperatures, or does nitrification delay as
observed in 2015 require both a cold winter and late-winter storms? Similarly, the
mechanism of intrusion events and susceptibility of their frequency to climate change needs
to be better understood, since they represent a mechanism by which DIN of a given

ammonium:nitrate ratio could be supplied to phytoplankton.

5.3. Possible Further Implications of Bedford Basin Results
While there are many differences between the ammonium-rich bottom water of the coastal
Bedford Basin and the base of the euphotic zone in the oligotrophic open ocean, the
dilution-regrowth mechanism might also help to understand the primary nitrite maximum
consistently observed in the latter areas (Lomas and Lipschultz 2006). The seasonal
movement of the base of the euphotic zone and the mixed layer due to seasonal changes in
light and temperature stratification could provide the basis for continuously shifting
location of maximum nitrifier biomass growth (Figure 5.1). The base of the euphotic zone
may be optimal for nitrifier growth because of the lack of competition for ammonium from
phytoplankton and the availability of ammonium from organic matter remineralization
(Zakem et al. 2018). Bacteria and archaea cannot actively swim, hence their population
maxima move to the optimal location by actively growing there via cell division. Chapter
3 shows that such growth can cause transient nitrite accumulation by temporarily
decoupling AOO from NOB growth. On this basis, I speculate that fast growth of AOA at
the constantly moving optimal depth for nitrification could help to explain the feature of
primary nitrite maxima (Figure 5.1). This adds to existing hypotheses that postulate the
excretion of nitrite by stressed phytoplankton (Vaccaro and Ryther 1960), differential light
inhibition of AOO and NOB (Olson 1981), or differences in substrate affinity or yield
between AOO and NOB (Zakem et al. 2018). Zakem et al. (2018) additionally propose a
role for advective transport of NOB away from the site of optimal nitrification. This is
different from the mixing-based model hypothesized here, which presumes that the PNM
might be a temporary feature that constantly re-emerges at different depths, rather than a

constant, spatially moving feature (Figure 5.1). A mechanism based on differences in AOO
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and NOB biomass would be consistent with maximum AO rates and relatively high ratios
of AOA vs NOB in the primary nitrite maximum off Costa Rica (Buchwald et al. 2015).
However, time-series studies of nitrifier biomass as well as DIN concentrations at relevant
oceanic sites are necessary to test this hypothesis. In the open ocean, this is feasible with
nitrite and nitrate sensors installed on a moored profiler (Atamanchuk et al. 2020). A
moored profiler may not be necessary in Bedford Basin, where weekly sampling is possible
and was shown to resolve the transient nitrite accumulations well (Chapter 3). However,
the addition of nitrite sensor profiles to the weekly sampling regime or water sampling with
higher vertical resolution within the bottom half of the water column are necessary to

understand possible vertical variations in the accumulation of nitrite over time.

Winter mixing Summer stratification Winter mixing

+t + ~ + N +t

G o2 o0

Water depth

Relocation of nitrifier population maximum

Figure 5.1: Speculative application of the nitrifier dilution-regrowth mechanism identified
for Bedford Basin in Chapter 3 to the primary nitrite maximum observed at the base of the
euphotic zone in the Open Ocean. Nitrifier biomass grows fastest at the ever-changing
optimal location in the water column. This, as shown in Chapter 3, can cause temporary
nitrite accumulation.

There may also be applied uses of the dilution-regrowth mechanism. Harmful algal
blooms are known to be fueled by ammonium and there is evidence to suggest that they
may be prevented or decelerated by lowering ammonium:nitrate ratios (Glibert et al. 2016).

In Chapter 3 we provide evidence that in Bedford Basin, nitrifier biomass can be a limiting

factor for nitrification, the key process for lowering this ratio. By extension, low nitrifier
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biomass could limit nitrification in other coastal systems. Addition of viable nitrifier
biomass to systems at risk for harmful algal blooms may present a preventative
management tool. The viability and nitrification efficiency of the nitrifier biomass in a
given environment would be a key factor for this: biological adaptations of the nitrifier
biomass such as substrate affinity, low-oxygen tolerance, salinity and temperature

adaptation might determine the success of such an application.

5.4. Concluding Remarks

In conclusion, this thesis highlights the importance of accessible model systems from
which well-resolved, multi-disciplinary data can be extracted. Particularly, highly resolved
biogeochemical time series with a strong component of functional microbial biomass are
identified here as crucial tools that have the potential to link understanding in the realms of
aquatic microbiology, geochemistry, physical oceanography and atmospheric forcing
within dynamic systems. Notably, the technology to apply such time series also to less
accessible parts of the ocean is starting to become available (Robidart et al. 2012;
Atamanchuk et al. 2020).

Bedford Basin presents a typical, anthropogenically impacted coastal system, which can
be assumed to be a model for contemporary systems of quantitative importance.
Conversely (yet complementary), the value of much more unusual systems like Powell
Lake lies in their potential analogy with Early-Earth oceans, but also in their status as
conceptual end-members or extremes. Powell Lake’s ancient seawater community
demonstrates the microbiological and biogeochemical consequences of isolating seawater
from the atmosphere for millennia. Inquiry into such systems can teach us the conditions
under which paradigms about feedback and interactions between biogeochemical processes

that are valid in most environments cease to hold true.
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APPENDIX A: SUPPORTING
INFORMATION TO CHAPTER 2

THREE PARALLEL APPROACHES TO THE CHARACTERIZATION OF THE
GEOMICROBIOLOGY OF POWELL LAKE USING NEXT GENERATION
SEQUENCING OF DNA

Three types of analyses were carried out to characterize the microbial community along
the vertical geochemical gradient of Powell Lake, each with their associated benefits and
limitation. First, the high throughput [llumina sequencing of small subunit (ssu) rRNA (16S
and 18S) amplicons was used primarily to assess the variation in overall microbial
community structure associated with each geochemical zone along the stratified water
column. Primer bias associated with ssu rRNA amplicons sequencing is a known limitation
of this type of analysis (Suzuki and Giovannoni 1996; Hugerth et al. 2014; Walters et al.
2016). However, it is considered a useful approach for comparing the overall taxonomic
composition of communities along chemical or environmental gradients (Crowe et al.
2011; Hollibaugh et al. 2014; Gies et al. 2014; Bristow et al. 2015; Andrei et al. 2015;
Baatar et al. 2016), while restricted in providing information on the metabolic potential of
these communities. Second, to address the latter, we carried out metagenomic sequencing
of the microbial community at selected depths exhibiting specific chemical properties.
Unlike ssu amplicon sequencing, metagenomic reads are not subject to primer bias but
reflect the relative abundance of microorganisms in the community more accurately, with
most of the reads belonging to the abundant microorganisms. Annotation of the
metagenomic reads (bulk metagenome) allows the assignment of functions, however, the
taxonomic affiliation of functional genes is not as well curated as that of ssu rRNA
amplicons, for which large databases are available (DeSantis et al. 2006; Yilmaz et al.
2014). Third, we used metagenomic bins to link taxonomy and function. However, the
assembly of genomes from metagenomes is restricted to the microorganisms with high
relative abundance within the microbial community, again reducing the taxonomic
coverage to the 72 (= number of metagenomic bins identified) most abundant
microorganisms. Each type of analysis yields slightly different information about the

microbial diversity at the taxonomic and functional levels.
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We examined the congruence between the ssu rRNA and the metagenomic approaches
by comparing the taxonomic diversity based on 16S rRNA amplicon sequencing to that
based on metagenome generated bins (Figure A2). As indicated by the slope of the linear
fit, several phyla were over- (Thaumarchaeota, Chloroflexi, Actinobacteria) or
underestimated (Chlorobi/lgnaviabacteria, Planctomycetes) by metagenomic binning as
compared to the 16S rRNA amplicon approach (Figure A2B). This is to be expected given
differential biases mentioned above and reflects under- or overestimation of the relative
abundance. Importantly, however, for most phyla, high positive correlations (high R?) were
shown between the relative abundance based on 16S rRNA amplicons as compared to
relative abundance based on the metagenomic bins (Figure A2B). The only exception
(negative correlation) was the phylum Spirochaetes for which only a single bin was
available, and which was quantitatively insignificant based on both approaches (Figure
2.3B, Figures S2A). The high correlation for most phyla indicates that the changes in
relative abundance of a given phylum across the vertical profile were reflected similarly by

both methods.

ALPHA-DIVERSITY INDICES AS FUNCTIONS OF DEPTH IN THE POWELL
LAKE WATER COLUMN

Alpha-diversity based on rarefied 16S rRNA gene sequence data showed a distinct
minimum at the chemocline (130 m; Figure A1A). Similar observations have been made
for more shallow chemoclines and explained by the dominance of anoxygenic phototrophs.
In the deep chemocline of Powell Lake such microorganisms were absent, and the diversity
minimum was probably due to the predominance of the actinobacterial lineage acl (34.8%).
Below the chemocline minimum, a notable increase was observed to the zone of highest
diversity that roughly overlapped with the ferruginous zone. Diversity was highest at the
surface and at 200-230 m, coinciding with the dissolved iron and manganese peaks. Alpha-
diversity decreased again in the deep water below 230 m. Overall, diversity in Powell
Lake’s water column was extremely high compared to other meromictic lakes (Lehours et
al. 2007; Dimitriu et al. 2008; Casamayor et al. 2013; Tiodjio et al. 2015; Andrei et al.
2015; Baatar et al. 2016). Moreover, observations in other meromictic lakes have

frequently shown consistently elevated diversity in the monimolimnion compared to the
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oxic and hypoxic parts of the water column (Lauro et al. 2011; Klepac-Ceraj et al. 2012;
Gies et al. 2014; Andrei et al. 2015; Baatar et al. 2016). In this study, only results based on
the Shannon-Weaver index were consistent with this report pattern. Evenness and Simpson
index showed lower values below 230 m compared to parts of the oxic zone. Interestingly,
the previous observations were on lakes much shallower than Powell Lake. Here we
observed declining diversity in the deeper half of the monimolimnion with lower Simpson
diversity and Evenness than in parts of the oxycline zone (Figure A1A,B). This pattern is
similar to marine sediments, where the upper meters harbor much higher microbial
diversity than deep sediments (> 10 m below surface; Walsh et al., 2016). It may thus be
speculated whether the geochemical zones that promote low diversity in deeper marine
subsurface sediments and Powell Lake’s deep monimolimnion are located within the
sediments of shallower lakes. Observations of high diversity in shallow monimolimnia are
most convincingly explained by a need for a more diverse community to degrade
increasingly refractory organic carbon at depth (Lauro et al. 2011; Baatar et al. 2016). DOC
accumulation increased with depth in Powell Lake (Figure 2.2D), which is analogous to
marine sediments where organic matter becomes increasingly refractory with age
(Middelburg 1989; Katsev and Crowe 2015). Thus, the observed increase in the ferruginous
zone, but not the observed decrease in microbial diversity in parts of the deep
monimolimnion was consistent with the explanation stated above. In Powell Lake’s deep
monimolimnion, this principle may be offset by reduced diversity commonly associated
with extreme environments (Frontier 1985; Li et al. 2015¢). Thus, the observed variations
in diversity in the monimolimnion may reflect a balance between the increasingly extreme
conditions (e.g. high H>S) driving reduced microbial diversity and the parallel increase in

the relative complexity of the available organic matter, warranting increased diversity.

METAL CYCLING BETWEEN THE FERRUGINOUS AND EUXINIC ZONES

Microbial groups that are potentially involved in metal oxidation were identified by

correlation analysis to identify correlation of microbial groups (based on 16S rRNA

amplicon sequencing) with dissolved iron (Fe) and manganese (Mn) accumulation. For

this, a simple correlation function implemented in MATLAB (MathWorks, USA) was used

to determine correlation of microbial groups on the phylum and genus levels with dissolved
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Fe and Mn concentrations (Table A8, Table A9).Given the unusually broad manganous
zone with the dissolved manganese maximum at the top of the euxinic zone, this aids in
the identification of microbial groups potentially associated with manganese reduction,
which may be found in the manganous, ferruginous or euxinic zone.

The phyla OD1 and Chlorobi showed the strongest positive correlation with dissolved
manganese (Table A8). Among the Chlorobi, Ignavibacteriales showed the strongest
correlation (Table A9). Additionally, several OTUs affiliated with the Deltaproteobacteria
showed maxima coinciding with the dissolved Mn peak (Table A9). This included
Desulfobacca, affiliated with the most abundant OTU (NCBI: AB426203.1) at the depth
of the dissolved Mn peak (3.7%) as well as Desulfovibrio (max. 1.0%), a genus previously
linked to Mn reduction (Sass and Cypionka, 2004). Of the taxonomic groups affiliated with
other indicator OTUs from the ferruginous and euxinic zones (Table 2.1), C20 (Chlorobi)
showed relatively strong correlation with dissolved manganese concentration, while SB-
45 (Atribacteria) and SHA-114 (AC1) showed weak or no correlation, suggesting that the
latter were not involved in manganese reduction outside of the manganous zone.

Aminacenantes, NC10 and Chlorobi were among the phyla that were both abundant and
whose distribution correlated with dissolved Fe concentration (Figure 2.3B, Table AS8).
Among the Chlorobi, Ignavibacteriales and the lineage BSV26/C20 correlated well with
dissolved Fe (Table A9). 16S rRNA gene sequences affiliated with BSV26/C20 best
matched with Ignavibacterium album strain JCM 16511 (86% ID; blastN against NCBI
16S ribosomal RNA gene sequences database; Liu et al., 2012) and were affiliated with the
most abundant OTU (NCBI: HM243831.1) at the depth of the dissolved Fe peak, indicating
possible involvement of Ignavibacteria in Fe reduction. Ferric iron reduction capability
has been found among the Ignavibacteria, a heterotrophic, non-phototrophic class in the

phylum Chlorobi (Iino et al. 2010; Podosokorskaya et al. 2013).
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INDICATIONS FOR SYNTROPHIC INTERACTIONS BASED ON
CORRELATIONS BETWEEN FORMER CANDIDATE PHYLA AND
METHANOGENS AND DISTINCT SYNTROPHIC COMMUNITIES IN THE
TWO DEEPEST ZONES

A simple correlation function implemented in MATLAB (MathWorks, USA) was used to
determine correlation between microbial groups (based on 16S rRNA amplicon
sequencing) on the phylum and genus levels (Table A8, Table A9).

Results from a study at Sakinaw Lake, a meromictic lake geographically close to Powell
Lake with a similar geological history (Perry 1990; Perry and Pedersen 1993), suggested
syntrophic interactions between certain candidate phyla and archaeal methanogens in the
deep water (Gies et al. 2014). Co-occurrence of Methanomicrobiales with Atribacteria and
Aminacenantes, respectively, was interpreted by Gies et al. as acetate-oxidizing
Aminacenantes and Atribacteria supplying H> to hydrogenotrophic Methanomicrobiales.
Consistent with that, we observed correlations on the genus level between
Methanomicrobiales and each of these two groups, respectively (Table A9). Meanwhile,
maxima of Aminacenantes and Atribacteria were separated by depth (Figure 2.3B, Table
A8, Table A9), which supports previously suggested niche partitioning based on
competition for acetate by these groups (Gies et al. 2014). However, despite putative
competition for acetate with these groups (Gies et al., 2014), Methanosaeta
(Methanosarcinales) did correlate with lineages of the Aminacenantes and Atribacteria on
the genus level (Table A8), suggesting independence of acetate utilization by at least one
of these groups. Weak correlation was found between Cloacimonetes and subgroups of
Aminacenantes and Methanosarcinales, respectively, not clearly supporting previously
suggested syntrophy through acetate provision by Cloacimonetes to these groups (Table
A9; Gies et al., 2014).

Significant difference in the community structure between the euxinic and ancient
seawater zones of Powell Lake suggested that the syntrophic partners and interactions
within each zone are distinct (Figure 2.3A; Table Al). The syntrophic interactions of the
euxinic zone might be centered around Syntrophaceae, while members of the
Miscellaneous Crenarchaeota Group, Omnitrophica and Cloacimonetes may play the

dominant roles in the syntrophic community of the ASW zone (Table 2.1, Table A3). A
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simple, bottom-up explanation for this distinction may be the different quantity of reduced
compounds (DOC, ammonium, sulfide and presumably methane) between the two zones
(Figure 2). Other factors like the differences in salinity and the composition of organic
matter may also play a role. While the genetic potential for methanogenesis is similar in
these zones (Figure 2.4A), it is also possible that active methanogenesis occurs in only one

of the two zones, which may greatly affect the microbial community composition.

ABSENCE OF CLEAR EVIDENCE FOR ANAMMOX POTENTIAL

Only tentative evidence for anammox potential was found in Powell Lake. Despite high
relative abundance of 16S rRNA gene sequences affiliated with Planctomycetes (Figure
2.3B), no Planctomycetes OTUs of abundance > 0.7% in any sample clustered with known
anammox strains (Figure A7). The marker gene hao was at low relative abundance in the
metagenomes from the nitrogenous and manganous zones, where the occurrence of
anammox would be most plausible (Thamdrup and Dalsgaard 2002; Kuypers et al. 2003;
Jensen et al. 2008; Algar and Vallino 2014). Furthermore, hao may also be affiliated with
Nitrosomonadales-AOBs, which were more abundant than Planctomycetes at these depths
(Figure 2.3B, Figure A3A; Kozlowski et al., 2016; Maalcke ef al., 2016). Blast searches of
functional gene sequences from known anammox bacteria (hdh, hzs) against the two
Planctomycetes-affiliated bins (Bin55, MAG15) yielded no significant matches.

Lifestyles as heterotrophic degraders in the Planctomycetes of Powell Lake would be
consistent with the distribution of the abundant Planctomycetes-affiliated 16S rRNA gene
sequences. They were of highest relative abundance in the lower oxycline and in the ancient
seawater (Figure 2.3B), i.e. zones of organic matter degradation. The largest relative
abundance of 4ao was found in the metagenome from 310 m, where the absence of oxygen,
nitrite and the presence of high concentrations of sulfide provide hostile environments for
both AOBs and anammox bacteria. This may be explained by the high relative abundance
of 16S rRNA gene sequences affiliated with the Planctomycetes lineage MSBL-9 at 310 m
(11.8% of 16S rRNA gene sequences; data not shown). Members of the lineage may
contain hao as an evolutionary relict or for different metabolic purposes. MSBL-9 was first
found in a deep-sea hypersaline lake where no sign of anammox was found (Pachiadaki et
al. 2014).
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Hao was found in two metagenomic bins, one unrelated to Planctomycetes (MAG11),
another (MAG13) not confidently assigned beyond kingdom level (Table AS), leaving
open the possibility that the latter is in fact affiliated with Planctomycetes. PSI-blast
suggested that the hao from MAGI11 was unrelated to anammox genes, but that both zao
genes contained in MAG13 were closely related to hydroxylamine oxidoreductase from
Cd. Brocadia sp. (NCBI: RIK00143), a known anammox lineage. However, other genes
typical for anammox bacteria, including nirK, hzs or genes for the acetyl-CoA carbon
fixation pathway (Strous et al. 2006; Berg et al. 2010; Kuypers et al. 2018), were not found
in MAG13. Metagenomic reads mapping to MAG13 were almost exclusively from the
ferruginous zone with a maximum in the metagenome from 200 m (Table AS5), where
anammox would be expected to be unfavorable due to high amounts of organic carbon and
sulfide (Jensen et al. 2008; Algar and Vallino 2014). While potential for anammox may

occur in Powell Lake, this dataset does not provide clear evidence for it.

VERTICAL PROFILES OF N20 IN POWELL LAKE AND THE DETECTION OF
nosZ CLADE 11 IN METAGENOMIC BINS WITH ANAEROBIC METABOLISM

Duplicate or triplicate nitrous oxide samples were collected along a vertical profile in
Powell Lake’s Southern Basin, without headspace, in 20 ml Wheaton borosilicate glass
vials using tubing that inserts the sample to the bottom of the vial. Each sample was allowed
to overflow gently several times to avoid any influence from bubbles inserting atmospheric
gasses. Subsequently, any biological activity within the samples was stopped by the
addition of 0.1 mL concentrated HgCl» and vials were then capped with PTFE-lined flat
butyl septa and aluminum crimped seals (Wheaton cat #: seals: 20-0000as, vials: 20-2300,
septa: 22-4168). In the laboratory, 10 ml of water sample was displaced by 10 ml ultra-
pure helium to create the headspace. The vials were then shaken for gas equilibration and
subsequently analyzed on a gas chromatograph coupled to a headspace sampler (GCHS;
Agilent 789B GC and 7697A Headspace Sampler).

The vertical profile of N2O in the Southern Basin of Powell Lake created from these
measurements showed a distinct maximum of 20.3 nM around 120 m depth (Figure AS).
Similar maxima have been frequently found in meromictic water columns and are often

associated with N>O production associated with nitrification (Cohen 1978; Westley et al.
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2006; Wenk et al. 2016). Similarly, the depth of the N> O maximum in Powell Lake,
suggested an association with nitrification, given that it coincided with the depth of the
nitrate maximum and at which oxygen was available at concentrations of ~80 puM
precluding a significant role for N>O production by incomplete denitrification.

At 135 m and below, concentrations were consistently below 4 nM and the strong
decrease between 120 and 135 m indicated N>O consumption around the depth of the oxic-
suboxic interface, probably by biological N>O reduction. This is consistent with the
maximum genetic potential for denitrification (including nosZ) in the 130 m metagenome
(Figure 2.4). Such a decrease at the base of the oxycline has also been documented in other
meromictic water columns (Cohen 1978; Westley et al. 2006).

The nosZ subunit of the gene coding for the nitrous oxide reductase is commonly used
to detect the genetic potential for N2O reduction, the final step of the denitrification process
(Lauro et al. 2011; Llorens-Mares et al. 2015; Hallin et al. 2018). Interestingly, it was the
sole dissimilatory N reduction marker gene in several metagenomic bins isolated from
Powell Lake. These bins were affiliated with Sphingobacteriales (Bacteroidetes; Bin53,
Bin64), Ignavibacteria (MAG6), Planctomycetaceae (MAG15), Actinobacteria (MAG30)
and unspecified Bacteria (MAG38). Among these groups, the nosZ gene has not previously
been observed in Actinobacteria and Planctomycetes (Graf et al. 2014; Hallin et al. 2018)
and both MAG15 and MAG30 also contain nos maturation protein genes (nosF, nosY plus
nosL in MAGI15 and nosD in MAG30). They both have the genetic makeup of
heterotrophic degraders (central carbohydrate metabolism, fermentation) and contain
cytochrome ¢ oxidases I, II and III, indicating a potential for aerobic respiration despite
their exclusive occurrence in the deeper half of the water column (Table 2.2, Table A3).
Based on a PSI-Blast against the NCBI nucleotide database, the best matching sequences
were affiliated with cytochrome ¢ and nosZ genes from Chloroflexi, respectively, which
contain nosZ clade II (Hallin et al. 2018). Similarly, the nosZ of bins 53 and 64 as well as
MAG6 matched best with nosZ from clade II taxa Bacteroidetes and Ignavibacteria,
respectively. A lower half-saturation constant for clade II NosZ has been suggested to
functionally distinguish it from conventional NosZ (Yoon et al. 2016), which is consistent

with the occurrence of these five bins in the low-N>O (<4 nM) water below the chemocline
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of Powell Lake (Figure A8; Table A3). Further research is recommended to inquire whether
N2O might be used as an electron donor by some of the microbial groups represented by

these bins.

VERTICAL PROFILES OF CH4 IN POWELL LAKE INDICATED THAT THE
“ASW” IS A METHANOGENIC ZONE

Samples for methane (CH4) concentration measurements were taken in June 2018 from the
center of South Basin of Powell Lake, approximately at the same site at which samples
were taken in 2016 (Chapter 2). Samples were taken in the same way as described for N>O
concentration samples and analyzed on the same gas chromatograph.

Methane concentrations were lowest in the oxic water column (<0.50 uM, 80—-131 m) and
started to increase below 131 m to maxima of 2340-4680 uM in the ancient seawater
(ASW) zone (Figure A8). The variations in measured methane concentrations in samples
from within the ASW zone may be due to problems with outgassing from these samples
following sampling. However, the sharp increase of methane below the halocline along
with the peak in genetic potential for methanogenesis (Figure 2.4A) suggest that the ASW
zone may be a zone of active methanogenesis (Figure AS8). Within the framework of
Cantield and Thamdrup (2009), this indicates that the ASW zone of Powell Lake represents

a methanogenic zone.
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Table Al. Comparison (ANOSIM) of the microbial community composition between
groups of samples predicted by geochemical zonation. The significance level quantifies the
probability of the null hypothesis that no differences between groups exist.

Zones predicted by R Significance Possible Actual
geochemistry statistic level [%] permutations permutations
surface, oxycline 1.0 6.7 15 15
surface, nitrogenous 1.0 333 3 3
surface, manganous 1.0 6.7 15 15
surface, ferruginous 1.0 10.0 10 10
surface, euxinic 1.0 10.0 10 10
surface, ancient seawater 1.0 6.7 15 15
oxycline, nitrogenous 1.0 20.0 5 5
oxycline, manganous 1.0 2.9 35 35
oxycline, ferruginous 1.0 2.9 35 35
oxycline, euxinic 1.0 2.9 35 35
oxycline, ancient seawater 1.0 2.9 35 35
nitrogenous, manganous 1.0 20.0 5 5
nitrogenous, ferruginous 1.0 25.0 4 4
nitrogenous, euxinic 1.0 25.0 4 4
nitrogenous, ancient seawater 1.0 20.0 5 5
manganous, ferruginous 0.8 2.9 35 35
manganous, euxinic 1.0 2.9 35 35
manganous, ancient seawater 1.0 2.9 35 35
ferruginous, euxinic 0.9 10.0 10 10
ferruginous, ancient seawater 1.0 2.9 35 35
euxinic, ancient seawater 1.0 2.9 35 35
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Table A2. Metagenome summary statistics

Metagenomes (from depth [m])

120 m 130 m 150 m 160 m 180 m 200 m 280 m 310 m 330 m 350 m
Sequencing type NextSeq  MiSeq NextSeq MiSeq NextSeq NextSeq NextSeq NextSeq NextSeq MiSeq
Reads (initial) 4.22E+06 5.56E+06 4.77E+06 6.23E+06 8.00E+06 4.58E+06 1.54E+06 3.18E+05 4.50E+06 5.44E+06
Sﬁg‘;ﬁ:r?rfged rimming 3 75E406  5.53E+406 4.17E+06 6.19E+06 7.00E+06 3.97E+06 1.20E+06 2.62E+05 3.83E+06 5.41E+06
Passed reads [%] 88.79 99.37 87.39 99.39 87.45 86.68 84.02 82.27 85.02 99.41
Sequencing depth [Gb]  0.58 1.78 0.63 1.93 1.06 0.59 0.18 0.04 0.54 1.68
Reads mapped to

KEGG pathay [%] 26.45 53.33 23.88 43.59 22.41 21.38 19.21 18.04 17.56 35.68
Reads mapped to 41.97 68.91 41,60 2534 2957 26.62 5.06 11.71 20.02 14.79

Metagenomic bins [%]
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Table A3. Indicator OTUs distinguishing the microbial communities between geomicrobiological zones (Figure 2.3A), where
high percentage of contribution to between-zone dissimilarities (SIMPER) indicates OTUs that are highly distinct between zones.
For each combination of geomicrobiological zones outlined in Table 2.1, the three OTUs with the largest contributions are
shown. They are rank-ordered (highlighted by heat-color-coding) and are specified by their taxonomic affiliation and NCBI
accession numbers if existent. The zone projected on the x-axis of the matrix is the zone in which a given OTU was abundant
compared to the corresponding zone on the y-axis, where it was rare.
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Table A4. Distribution of marker genes for anoxygenic photosynthesis (derived from HUMAnNN) as well as additional functional
marker genes for other processes derived from Hidden Markov Models over the metagenomes from different water column
depths. Gene numbers are normalized to total gene numbers per metagenome and color-coded to highlight gene distributions.

Metagenome depth 155\ 430  150m  160m  180m  200m  280m  310m  330m  350m

[m]
Soluble methane
monooxygenase 1.1E-06 | 9.3E-06 2.6E-07 7.6E-07 1.5E-07 5.4E-07 0.0E+00 0.0E+00 0.0E+00 1.0E-06
Methane (mmoX)
oxidation Particulate methane
monooxygenase 12E-05 35E-05 54E-06 55E-06 1.8E-06 24E-06 8.3E-07 O0.0E+00 8.5E-07 2.3E-06
(pmoA)
Methanol Methanol
oxidation Dehydrogenase 39E-04 28E-04 1.1E-04 24E-04 7.4E-05 6.7E-05 64E-05 6.2E-05 6.2E-05 2.2E-04
(xoxF)
Denitrification ?:::trrg‘)a reductase 1.7E-05 | 9.7E-05 5.2E-05 6.4E-05 1.2E-05 O.7E-06 25E-06 4.1E-06 56E-07 2.1E-06
Suffur Cystathionine 81E-04 | 17E-03 62E-04 11E-03 54E-04 54E-04 40E-04 36E-04 28E-04 7.0E-04
mineralization gamma-lyase (mccB)
Sulfur Sulfide-quinone
196 reduction/ - q 6.5E-04 | 1.8E-03 5.1E-04 9.9E-04 42E-04 3.7E-04 3.6E-04 29E-04 3.3E-04 7.9E-04

oxidation reductase (sqr)
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Metagenome depth
[m]

120 m

130 m

150 m

160 m

180 m

200 m

280 m

310 m

330 m

350 m

Anoxygenic
Photosynthesis

K11336: 2-vinyl
bacteriochlorophyllide
hydratase (bchF)
K11337: 3-
hydroxyethyl
bacteriochlorophyllide
a dehydrogenase
(bchC)

K08944:
bacteriochlorophyll a
protein (fmoA)
K09879:
isorenieratene
synthase

K08940: photosystem
P840 reaction center
large subunit (pscA)
K08941: photosystem
P840 reaction center
iron-sulfur protein
(pscB)

K08942: photosystem
P840 reaction center
cytochrome c551
(pscC)

K08943: photosystem
P840 reaction center
protein (pscD)
K08928:
photosynthetic
reaction center L
subunit (pufL)
K08929:
photosynthetic
reaction center M
subunit (pufM)

1.8E-06

2.1E-06

0.0E+00

7.8E-06

0.0E+00

0.0E+00

9.9E-07

0.0E+00

3.5E-06

1.1E-05

4.5E-06

5.6E-06

0.0E+00

5.2E-06

0.0E+00

0.0E+00

3.5E-06

0.0E+00

1.6E-06

4.2E-06

1.8E-06

1.7E-06

0.0E+00

3.5E-06

0.0E+00

0.0E+00

0.0E+00

0.0E+00

3.4E-06

4.0E-06

7.1E-07

3.9E-06

0.0E+00

8.9E-06

0.0E+00

0.0E+00

1.0E-06

0.0E+00

6.6E-07

5.6E-07

0.0E+00

7.3E-07

0.0E+00

3.5E-06

0.0E+00

0.0E+00

9.3E-07

0.0E+00

7.7E-07

6.0E-07

2.3E-06

0.0E+00

0.0E+00

5.0E-06

0.0E+00

0.0E+00

0.0E+00

0.0E+00

3.0E-06

9.0E-07

0.0E+00

3.9E-06

0.0E+00

6.9E-06

0.0E+00

0.0E+00

0.0E+00

0.0E+00

4.2E-06

3.9E-06

3.4E-05

0.0E+00

0.0E+00

4.8E-07

0.0E+00

0.0E+00

0.0E+00

0.0E+00

2.2E-05

0.0E+00

0.0E+00

4.3E-06

0.0E+00

1.5E-06

0.0E+00

0.0E+00

0.0E+00

0.0E+00

3.3E-06

1.4E-06

0.0E+00

2.9E-06

0.0E+00

4.2E-06

0.0E+00

0.0E+00

0.0E+00

0.0E+00

1.3E-06

1.9E-08




Table AS. Taxonomic classification and vertical distribution of metagenomic bins
including metagenome-annotated genomes (MAGs) over the ten metagenomes from
different depths. Taxonomy and nearest neighbor are based on CheckM and SEED,
respectively. Vertical distribution of each bin is represented by percentage of reads
recruited from a given metagenome that map to the contigs of a given bin and visualized
by gray background if percentage >0.5%. For each bin, completion and redundancy based
on number of unique and redundant marker genes are also provided. (Electronic
Supplement)
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Table A6. OTUs forming isolated clades in the phylogenetic tree of 16S rRNA sequences from then ancient seawater zone
(Figure AS5). Occurrence in a given zone is indicated if the OTU is >0.5% in at least one sample from this zone.

OTu ID OTU ID

Local OTU ID (Greengenes) (NCBI) Occurrence Taxonomic affiliation (phylum)

- 4297148 JQ087016 Euxinic, ASW Atribacteria

- 4410644 JQ816281 ASW Atribacteria

New.ReferenceOTU15 - - Euxinic, ASW Unaffiliated

New.ReferenceOTU50 - - ASW Unaffiliated

- 581539 GQ259268 ASW Bacteroidetes

- 548731 EU592421 ASW Deltaproteobacteria

- 3003711 HQ395178 ASW Deltaproteobacteria

New.ReferenceOTU6 - - ASW Planctomycetes (Phycisphaerae)
199 New.ReferenceOTU25 - - Euxinic, ASW Planctomycetes (Phycisphaerae)

New.ReferenceOTU37 - - Ferruginous, Euxinic ASW  Planctomycetes (Phycisphaerae)




Table A7. Marker genes used to quantify genetic potential for processes in the carbon, nitrogen and sulfur cycles.

Carbon cycle

Process KEGG Gene
orthology name Marker gene
K02256 coxl cytochrome c oxidase subunit | (coxl)
Aerobic respiration K02262 coxlll cytochrome c oxidase subunit 11l (coxIIl)
((K02256+K02262)/2)+((K02274+K02276)/2) K02274 CoxA cytochrome c oxidase subunit | (coxA)
K02276 coxC cytochrome c oxidase subunit Il (coxC)
High-O2 affinity respiration K00404 ccoN, fixN cb-type cytochrome c oxidase subunit |
K00425 cydA cytochrome bd-| oxidase subunit |
Calvin cycle (K00855+K01602)/2 K00855 PRK, prkB  phosphoribulokinase
K01602 rbcS ribulose bisphosphate carboxylase small chain
Aerobic methane oxidation K08684 methane monooxygenase
200 Aerobic methanol oxidation K14028 mxaF methanol dehydrogenase (cytochrome c) subunit 1
K03518 coxS aerobic carbon-monoxide dehydrogenase small subunit
CO oxidation (K03518+K03519+K03520)/3 K03519 coxM aerobic carbon-monoxide dehydrogenase medium subunit
K03520 coxL aerobic carbon-monoxide dehydrogenase large subunit
K00174 korA, oorA  2-oxoglutarate:ferredoxin oxidoreductase subunit alpha
K00175 korB, oorB  2-oxoglutarate:ferredoxin oxidoreductase subunit beta
Anaerobic C fixation Reductive Tricarboxylic Acid K00244 frdA fumarate reductase flavoprotein subunit
Cycle: (K00174+K00175+K00244+K01648)/4;
Reductive Acetyl-CoA: (K00194+K00197)/2 K01648 aclY adenosinetriphosphate (ATP) citrate lyase
K00194 g(ifslg CO dehydrogenase subunit delta
K00197 cdhE, acsC CO dehydrogenase subunit gamma
Fermentation K00016 LDH,Idh  L-lactate dehydrogenase
K00400 mcrA methyl coenzyme M reductase system, component A2

Methanogenesis (K00400+K00401)/2
K00401 mcrB methyl-coenzyme M reductase beta subunit
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Nitrogen cycle

Process KEGG Gene
orthology name Marker gene
K00360 nasB assimilatory nitrate reductase
K00367 narB ferredoxin-nitrate reductase (assimilatory)
N assimilation )
(K00360+K00367+K01915+K00265+K00284)/3 K01915 ginA glutamine synthetase
K00265 gltB glutamate synthase (NADPH/NADH) large chain
K00284 gltS glutamate synthase (ferredoxin-dependent)
K00260 gudB, rocG glutamate dehydrogenase
e . o gdhA,
Ammonification (Remineralization) K00261 glud1 glutamate dehydrogenase
(K00260+K00261+K00262+K01428)/2
K00262 gdhA glutamate dehydrogenase
K01428 ureC urease alpha subunit
K00531 anfG nitrogenase delta subunit
N fixation (K00531+K02586+K02588+K02591)/3 K02586 nifD nitrogenase molybdenum-iron protein alpha chain
K02588 nifH nitrogenase iron protein NifH
K02591 nifk nitrogenase molybdenum-iron protein beta chain
K10944 amoA ammonia monooxygenase subunit A
Ammonium oxidation
(K10944+K10945+K10946)/3 K10945 amoB ammonia monooxygenase subunit B
K10946 amoC ammonia monooxygenase subunit C
Nitrite reduction (to NO) K00368 nirk nitrite reductase (NO-forming)
Nitrate reduction / nitrite oxidation K00370 narG, nxrA nitrate reductase / nitrite oxidoreductase, alpha subunit
K00370+K00371)/2
( ) K00371 narH, nxrB__ nitrate reductase / nitrite oxidoreductase, beta subunit
Nitrate reduction (K02567+K02568)/2 K02567 napA periplasmic nitrate reductase NapA
K02568 napB cytochrome c-type protein NapB
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Nitrogen cycle (continued)

Process KEGG Gene
orthology name Marker gene
K02305 norC nitric-oxide reductase, cytochrome c-containing subunit Il
Denitrification (K02305+K04561+K00376)/3 K04561 norB nitric-oxide reductase, cytochrome b-containing subunit |
K00376 nosZ nitrous-oxide reductase
Anammox/ bacterial ammonium oxidation K10535 HAO, hdh  hydroxylamine oxidoreductase / hydrazine dehydrogenase
formate-dependent  nitrite reductase, periplasmic
DNRA (K03385+K05904) K03385 nrfA cytochrome ¢552
K05904 nrfA cytochrome c nitrite reductase
Sulfur cycle
Process KEGG Gene
orthology name Marker gene
K00860 cysC adenylylsulfate kinase
Assimilatory sulfate reduction
(K00860+K00956+K00957)/3 K00956 cysN sulfate adenylyltransferase subunit 1
K00957 cysD sulfate adenylyltransferase subunit 2
S mineralization (K00456+K01011) K00456 CDO1 cysteine dioxygenase CDO1
K01011 sseA thiosulfate/ 3-mercaptopyruvate sulfurtransferase
K00394 aprA adenylylsulfate reductase, subunit A
Dissimilatory sulfate reduction/ sulfide oxidation
(K00394+K00395+K11180)/3 K00395 aprB adenylylsulfate reductase, subunit B
K11180 dsrA sulfite reductase, dissimilatory-type alpha subunit
Thiosulfate/ Polysulfide reduction K08352 phsA thiosulfate reductase / polysulfide reductase chain A




Table AS8. Correlations among different phylum-level taxonomic groups based on 16S
rRNA gene sequences and between taxonomic groups and geochemical parameters in
different samples over the vertical range of the water column. The table shows correlation
coefficients with negative correlations color-coded in blue. (Electronic Supplement)

Table A9. Correlations among different genus-level taxonomic groups based on 16S rRNA
gene sequences and between taxonomic groups and geochemical parameters in different
samples over the vertical range of the water column. The table shows correlation
coefficients with negative correlations color-coded in blue. (Electronic Supplement)
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Figure Al. Prokaryotic and eukaryotic diversity based on small subunit rRNA gene
sequencing. (A) Vertical profile of Evenness, Shannon-Weaver and Simpson diversity
indices based on 16S rRNA gene sequencing. (B) Rank-dominance plot of 16S rRNA gene
sequencing based OTUs in samples from different geomicrobiological zones. (C) Vertical
profile of relative abundance of eukaryotic phyla based on 18S rRNA gene sequences. The
I-meter bar represents the average of a duplicate sample. The oxic-suboxic interface is
indicated by a dotted line. Note that samples below 135 m fell below the rarefication
threshold. (D) Rank-dominance plot of 18S rRNA gene sequencing based OTUs in samples
from different geomicrobiological zones. (E) Unrarefied 18S rRNA amplicon reads as a
function of depth. (F) Non-parametric multidimensional scaling (NMDS) plot of
eukaryotic community composition based on Bray-Curtis similarity, showing the
clustering of microbial communities from different depths referenced to predicted
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geomicrobiological zones (Table 2.1). Geomicrobiological zones are indicated by different
symbols and colors. Numbers in the plot indicate sample depths [m] and samples from
neighboring depths are connected by a line. The 60%-threshold of between-sample
similarity is indicated.
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Figure A2: Vertical distribution of the relative abundance of microbial phyla based on
affiliation with metagenomic bins and their correlation with phyla distribution based on
16S rRNA gene sequencing. (A) Percentage of metagenomic reads mapping to
metagenomic bins with identical taxonomic affiliation at the phylum level (CheckM; Table
AS) were summed up to construct the phylum-level depth profile. (B) For each phylum,
the relative abundances were correlated with relative abundances based on 16S rRNA gene
sequencing (Figure 2.3B) and the R? of the linear regression was provided. The dashed
black line indicates a slope of 1. Logarithmic scales were used for better readability.
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Figure A3. Relative abundance of 16S rRNA gene sequences affiliated with (A) potential
nitrifiers and (B) potential methylotrophs and methanotrophs by depth. The oxic-suboxic
interface is indicated by dashed lines.
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Figure A4. Phylogenetic tree (Kimura two-parameter model) of 16S rRNA gene sequences
affiliated (based on Greengenes) with Nitrosomonadaceae and
Betaproteobacteria that had a quantitatively significant presence (>0.2%) in the oxycline,
nitrogenous and manganous zones as well as their closest neighbors (>80% similarity) from
the SILVA database. Powell Lake OTUs with highest shares in the manganous zone are
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highlighted. The numbers at the branching nodes represent bootstrap support based on
maximum likelihood (1000 replications). NCBI accession numbers are given in brackets
behind ‘PowLak’ (indicating sequences from this study) or the NCBI descriptor (reference
sequences). Sequences that could not be assigned to an existing sequence at the 97%
similarity level are labeled ‘New.ReferenceOTU’. The branch identifiers are based on
SILVA annotation.

Figure AS. Phylogenetic tree of the 16S rRNA gene sequences representing the top
indicator OTUs for the Ancient Seawater Zone. The top 30 indicator OTUs (based on 16S
rRNA gene sequencing) for the ancient seawater zone were chosen based on SIMPER
analysis. SINA was used to identify and align the ten closest neighbors (>80% identity) for
each OTU from the SILVA database. A maximum likelihood tree (100 bootstraps) was
then constructed in RAXML, visualized and annotated in iTOL. Bootstrap support (0-
100%) is indicated by numbers at the branch nodes. Powell Lake OTUs are highlighted
and represented by the Greengenes accession number of their closest relative or labeled
‘New.ReferenceOTU' for OTUs that could not be assigned to an existing sequence at the
97% similarity level. Reference sequences are identified by their NCBI accession number
and their SILVA-based taxonomic affiliation (left-hand color spectrum) and isolation
source (right-hand color spectrum) are indicated. (Electronic Supplement)
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Figure A6. Phylogenetic tree (Kimura two-parameter model) of 16S rRNA gene sequences
affiliated with Thaumarchaeota, their closest neighbors (>90% similarity) from the SILVA
database as well as handpicked reference sequences from the NCBI RefSeq database. The
numbers at the branching nodes represent bootstrap support based on maximum likelihood
(1000 replications). NCBI accession numbers are given in brackets behind ‘PowLak’
(indicating sequences from this study) or the NCBI descriptor (reference sequences). The
branch identifiers are based on SILVA annotation.
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APPENDIX B: SUPPORTING
INFORMATION TO CHAPTER 3

BEDFORD BASIN: STUDY SITE

The BB is a fjord-like embayment within the Halifax Regional Municipality (Nova Scotia),
the largest urban center in Atlantic Canada. The 17 km? basin is connected to the Halifax
Harbour and ultimately the Scotian Shelf (North Atlantic) via a narrow channel, forming a
~20 m deep sill. The main freshwater inflow is from the Sackville River, which is small in
volume (5.3 m* s'') compared to the mean tidal volume entering the basin (2.5x10” m*) and
the total basin volume of 5.1x10® m® (Petrie and Yeats 1990; Gregory 1993). BB has a 2-
layer estuarine type circulation, with relatively fresh water leaving the basin toward the
harbor near-surface and relatively saline water entering the basin in the deeper layer
(Huntsman 1924; Petrie and Yeats 1990; Fader and Miller 2008; Shan et al. 2011). The
basin and adjacent harbor are subject to intense anthropogenic use, most importantly a
municipal wastewater treatment plant drains into the BB and four additional ones can be

found in the extended harbor area (Kerrigan et al. 2017).

SENSOR MEASUREMENTS, WATER SAMPLING AND ATMOSPHERIC
DATA

Sampling for this study was conducted within the framework of the BB Monitoring
Program led by the Bedford Institute of Oceanography (BIO), which has conducted a
weekly oceanographic monitoring (1992 to present) at the Compass Buoy Station,
(44°41°37”N, 63°38°25”W), situated at the central deep point of the basin (~70 m; Li
2014). From this time series, data from weekly CTD measurements with a Seabird SBE-
25 CTD (including SBE-43 O; sensor) as well as particulate organic carbon (POC),
particulate organic nitrogen (PON), chlorophyll a and nutrient data from four discrete
depths (5 m, 60 m) were used in the present study. As of March 2015, the O> sensor data
were cross-calibrated against discrete water samples analyzed by Winkler titration. Starting
in 2014, the BIO monitoring has been augmented with additional measurements used in
this study. Nitrate sensor (SUNA, Seabird Scientific; accuracy range: 2 pumol L7,

manufacturer information) water column profiles were taken almost weekly, corrected for
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salinity and dissolved organic matter as previously described (Sakamoto et al. 2009), and
calibrated against nitrate concentrations analyzed in discrete water samples (see below).
Beginning in January 2014, weekly water samples for molecular analyses were
transported to the laboratory in cooled, dark bottles. Samples for DNA extraction were pre-
filtered through 160 um nylon mesh and concentrated on polycarbonate filters (0.2 um, 47
mm; Isopore, Millipore) by a peristaltic pump. Filters were flash-frozen in liquid N> and
stored at -80°C until DNA extraction. Samples for cell counts were analyzed on the same
day or fixed in 1% paraformaldehyde for 10 minutes, flash-frozen in liquid N> and stored
at -80°C for later analysis. Atmospheric data (temperature and wind speed) were retrieved
from the Environment and Climate Change Canada database
(https://climate.weather.gc.ca/historical data/search historic_data e.html, Bedford Basin

station, 44°42'36"N, 63°37'48"W).

ANALYSIS OF BULK NUTRIENT, PARTICULATE AND CHLOROPHYLL A
CONCENTRATIONS

DIN concentrations were analyzed using standard analytical methods for total ammonium
(NH3+NH4"; Kérouel and Aminot, 1997), nitrite (NO2") and nitrate (NO3"; Hansen and
Koroleff, 1999) with a precision (determined as the average standard deviation of all
duplicate sample measurements) of 0.11 pmol kgsw! (ammonium), 0.13 pmol kgsw
(nitrate) and 0.01 umol kgew ! (nitrite). For the years 20162017, DIN concentrations were
analyzed in the Canada Excellence Research Chair for Ocean Science and Technology
(CERC.OCEAN) laboratory at Dalhousie University on a continuous flow auto-analyzer
(San++, Skalar). For the years 2014-2015, mostly publicly available data from BIO were
used, which were produced on similar instruments (Technicon II, Alpkem RFA300 or Seal
Analytical AA3). Additional data from produced by BIO according to standard methods
(phosphate and silicate (Murphy and Riley 1962; Hansen and Koroleff 1999; Mitchell et
al. 2002), chlorophyll a (Lorenzen 1966; Li and Dickie 2001), POC and PON (Perkin
Elmer Series II CHNS/O Analyzer 2400; Li and Harrison, 2008; Li 2014) were used for

statistical evaluation of the long-term dataset.
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STATISTICAL ANALYSES

Annual mean values as well as weekly standard anomalies, the weekly anomaly of a given
parameter compared to the inter-annual weekly average of this parameter, standardized by
the week-appropriate standard deviation (Li and Harrison 2008), were calculated for
various parameters from the BB time series, 1994 to 2018 (Li 2014). Years for which a
parameter was incompletely monitored (i.e. several consecutive weeks without
measurements) were excluded from annual averaging but not from the standard anomalies.
As a mixing proxy, the water spiciness was calculated from salinity, temperature and
pressure, using the command ‘swSPICE’ from the R package OCE (Kelley 2018). The
minimum spiciness during the winter mixing period (January—April) for each year was then
used as a proxy for winter mixing intensity. Since winter mixing decreases temperature and
salinity in BB bottom water (Figure 3.1A; Shan et al. 2011; Li 2014), spiciness represents
a more relevant proxy than density. Sackville River water discharge data (at Bedford
station: 44°43'53"N, 63°39'37"W) were retrieved from the Environment and Climate
Change Canada website
(https://wateroffice.ec.gc.ca/mainmenu/historical data index e.html). Statistical tests
were implemented in R software, using the command ‘shapiro.test’ for the Shapiro-Wilk
normality test, ‘corr.test’ from the ‘psych’ package for Pearson, Spearman’s rho and

Kendall’s tau correlation tests, and the command ‘Im’ for multiple regressions.

MICROBIAL CELL COUNTS

For cell counting, water was filtered through a 35 pm mesh and stained with 1x SYBR™
Green I (Invitrogen) for 10 min in the dark at room temperature. Cells were enumerated on
an Accuri C6 (BD) flow cytometer with excitation at 488nm and detection using FL1

(533/30) and FL3 (670LP).

ANALYSIS OF 16S rRNA AMPLICON SEQUENCES

16S rRNA amplicon sequences were processed using a QIIME-2 based workflow (Bolyen
et al. 2019). Paired-end sequences were joined using VSEARCH (Rognes et al. 2016) and

low-quality reads were filtered out using the Demux command and its default parameters.
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Deblur (Amir et al. 2017) was applied, with a trim-length of 354 bp, to correct reads and
assign amplicon sequence variants (ASVs). Taxonomy was assigned to ASVs using a
Naive-Bayes approach implemented in the scikit learn Python library and the SILVA
database (Yilmaz et al. 2014) using a QIIME 2 associated full-length 16S rRNA gene
classifier (available online: https://docs.qiime2.org/2019.7/data-resources/#taxonomy-
classifiers-for-use-with-q2-feature-classifier). The dataset was refined by removal of rare
(<0.1% of mean sample depth; likely due to MiSeq (Illumina) between-run bleed-through)
and mitochondrial ASVs, as well as those unclassified at the phylum level. Samples were
rarefied to a sequencing depth of 2995 reads, a value which allowed to retain all samples
from 60 meters. For further analysis, the ASVs assigned by SILVA to taxonomic groups
of known nitrifiers (Thaumarchaeota, Nitrosomonadaceae, Nitrosococcaceae,
Nitrospinaceae and Nitrospirae) were subset and their share in total 16S rRNA amplicon
sequences scaled to total cell counts.

Representative sequences closely related to the nitrifier ASVs were collected from the
NCBI ‘Nucleotide’ and ‘RefSeq Representative Genomes’ databases through comparison
via BLAST (Pruitt et al. 2007) for the phylogenetic tree depicted in Figure B2. The
accession codes for all previously published reference sequences used in the phylogenies
are provided in a version of the bacterial tree without any collapsed nodes (Figure B12).
For Figure B9 and Figure B10, sequences of operational taxonomic units affiliated with
Thaumarchaeota and Nitrospina, respectively, identified by Kitzinger et al. from samples
taken in the Gulf of Mexico were added (Kitzinger et al. 2019, 2020). For each tree, these
sequences along with the ASVs from BB were aligned using MUSCLE (Edgar 2004) and
maximum-likelihood phylogenies were constructed in MEGA7 (Kumar et al. 2016). Trees

were then visualized in iTOL (Letunic and Bork 2016).

QUANTITATIVE PCRs

Quantitative PCR (qPCR) was used to measure the abundance of the ammonia

monooxygenase subunit A gene (amoA). Using Primer Express 3.0.1 software (Applied

Biosystems), de novo assays were developed to target representative sequences for each of

the six oceanic phylotypes of archaeal amoA defined in reference 26. Table B7 lists for

each assay: designed primers, the accession code corresponding to the relevant phylotype
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representative, and the nucleotide sequence of the dsDNA (gBlock; Integrated DNA
Technologies). qPCR reactions were carried out on a ViiA 7 real time PCR system with
QuantStudio software (Applied Biosystems); cycling conditions were: an initiation/hold
step of 50°C for 2 min then 95°C for 10 min, followed by 45 qPCR cycles of 95°C for 15
sec and 60°C for 1 min. Additionally, a melt curve for temperatures between 60°C and
95°C was run to determine any non-specific amplification. The 16-uL reactions included:
8 uL 1x Power SYBR Green PCR Master Mix (Applied Biosystems), 200 nM of each
primer (IDT), 6.4 ng BSA (NEB), and SuL of template (either time-series DNA or standard
DNA). Ultrapure DNase/RNase-free water (Invitrogen) was used for no-template controls.
A standard curve of 10'-107 gene copies per reaction was used to determine gene copy
numbers; dsDNA stocks were freshly quantified on a Qubit 4 Fluorometer using the 1%
dsDNA HS Assay Kit (both from Invitrogen). The range of average qPCR efficiencies for
the six assays as calculated from standards was 86—91%, as determined using LinRegPCR
software (Ruijter et al. 2009). We also confirmed the specificity of each qPCR amoA assay
to its intended amoA phylotype target by testing all combinations of primer sets and
standards (Table BS8). Due to limited DNA volume and since amoA phylotypes amoA-A3
to A6 were consistently much rarer than phylotypes amoA-A1l and amoA-A2 (based on
DNA from the years 2015-2017), we did not run qPCR assays for these much rarer types
in 2014.

SUPPLEMENTARY DISCUSSION B1: THE TEMPORAL DISTRIBUTION OF
THE ARCHAEAL amoA PHYLOTYPES QUANTIFIED BY qPCR

Six phylotypes of archaeal amoA were quantified by qPCR in 60-meter BB samples.
AmoA-A3, amoA-A4, amoA-AS and amoA-A6 were measured in 2015, 2016 and 2017.
Gene copies of amoA-A1l and amoA-A2 were measured additionally in 2014. The different
phylotypes displayed very different quantitative and qualitative temporal distributions
(Figure B3). AmoA-Al, the most abundant phylotype (up to 4.4x10° copies gsw'; Figure
B3A), decreased in copy numbers during major mixing events (winter mixing, intrusions),
while it increased in number during each stratified period with maxima coinciding with
periods of maximum nitrate increase, suggesting that it represented the overall dominant

ammonia oxidizer as discussed in the main text. Its abundance was well described as a
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function of temperature (positive), dissolved oxygen and POC concentrations (negative;
Table B1), reflecting the conditions at the end of stratified periods when nitrification tended
to be strongest and amoA-A1 tended to be most abundant (Figure B3).

AmoA-A2 was the second most abundant phylotype (up to 1.1x10* copies gsw™'). Like
amoA-Al, it has previously been associated with the surface ocean, whereas the remaining
four phylotypes examined here have been associated with the deep ocean (Sintes et al.
2016). Interestingly, amoA-A2 displayed a distribution very similar to amoA-A6 and
amoA-A3, which are associated with the deep oceanic realm (Sintes et al. 2016). With the
exception of the year 2014, when only low amoA-A2 copy numbers were present
exclusively during the stratified period, each of these phylotypes tended to appear at their
highest numbers during the winter mixing period of each year (Figure B3B, E, F). This is
reflected by the statistically significant and positive association of each of these phylotypes
with dissolved oxygen concentration (Table B1). The sharp increases in copy numbers of
amoA phylotypes A2, A3 and A6 coinciding with sharp salinity increases (shelf water
intrusion events) in November 2016, March 2017 and December 2017 indicate that they
may be brought to the BB bottom water from the Scotian Shelf by physical transport and
mixing. Additionally, the growth of AOAs that are represented by these phylotypes may
be favored by the conditions prevailing during the winter mixing period and they may
represent ammonia oxidizers that are active in BB bottom waters during those times, but
further research is necessary to establish this. The covariation of the surface-ocean
associated amoA-A2 with the deep-ocean associated amoA-A6 and amoA-A3,
respectively, is intriguing and further research may reveal why their appearance in BB
bottom water is linked with the same mixing events.

AmoA-A4 displayed exceedingly low copy numbers (<2 copies gsw') and no clear
temporal pattern (Figure B3D). AmoA-AS was among the more abundant phylotypes (0—
6.5x10% copies gew " but had no clear temporal distribution pattern (Figure B3E; Table B1).

SUPPLEMENTARY DISCUSSION B2: THE RATE INCREASING EFFECT OF
WARMER WATER FROM INTRUSION EVENTS

Based on our observations, the intrusion events during the time period 2014-2017

decreased nutrient concentrations and amoA-A1l copy number, but in no case did they
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deplete ammonium and/or the AOO community enough to significantly delay nitrification
in their aftermath (Figure 3.2). This suggests that the mixing induced by intrusion events
affected nitrification less than strong winter mixing. Following intrusion events, the
associated temperature and oxygen increase may partly compensate for the small observed
nitrifier biomass dilution by allowing for increased AO, NO and N remineralization rates.
Both marine AOA and AOB have AO rate maxima at much higher temperatures (20-35°C;
Groeneweg et al. 1994; Ruijter et al. 2009; Qin et al. 2014) than occur in BB bottom water
(0.6-5.9°C). The temperature range in BB bottom water is small during stratified periods
(~1-4°C) with the largest increases associated with the intrusion events (0.5-2.3°C; Figure
B3). A very high Qo value (Table B4) provided the best fit for the model, accounting for
a strong nitrification rate increase after the intrusion events. The applied Q1o value is much
higher than found in other AOA dominated, oligotrophic systems (Horak et al. 2013, 2018;
Baer et al. 2014), but is similar to Q1o values observed in nutrient-rich parts of marine
Narragansett Bay (Berounsky and Nixon 1990). This may suggest that high ammonium
availability can lead to higher temperature-dependence of AO rates in AOA than has been
observed in oligotrophic AOA (Horak et al. 2013, 2018; Qin et al. 2014; Baer et al. 2014).

SUPPLEMENTARY DISCUSSION B3: STATISTICAL VALIDATION OF
CONCLUSIONS USING LONG-THERM BB TIME SERIES DATA

The findings for the years 2014-2017 were further constrained in the context of the long-
term BB time series, for which weekly measurements started in 1994 (temperature, salinity,
nitrate, phosphate, silicate, chlorophyll a), 1999 (dissolved oxygen) or 2002 (ammonium,
nitrite, POC, PON). Statistical tests (SI Materials and Methods) suggested an important
role for mixing intensity on nitrification indicators in BB bottom water. The annual average
nitrate:ammonium ratio correlated negatively with the annual averages (all at 60 m) of POC
and dissolved oxygen concentrations, and positively with high silicate concentrations
(Table BS). Rather than reflecting a direct connection of these parameters with nitrification,
these factors may both co-vary with winter mixing intensity, reflecting the delaying effect
of intense winter mixing on nitrification as demonstrated by the empirical results and model
observations in the years 2014-17 (Figure 3.2C,D,E). Indeed, each of these factors was

also correlated with minimum spiciness, which was used as a proxy for winter mixing
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intensity (Table B5). Quantification of mixing intensity is not straightforward, especially
since winter mixing brings colder and fresher water to BB bottom water (Figure 3.1; Figure
B1), therefore working approximately orthogonal to density. This is captured by spiciness,
a parameter that is directly proportional to both temperature and salinity (Flament 2002;
McDougall and Krzysik 2015). Annual spiciness minima appeared in the late phases of the
winter mixing periods in each year 2014—17 due to mixing of low-temperature-low-salinity
surface water into the bottom water (Figure 3.1A). Therefore, we used the minimum
spiciness observed during annual winter mixing of each recorded year as a proxy for annual
winter mixing intensity. Low intensity of winter mixing (indicated by less negative
minimum spiciness) correlated significantly with low annual average Oz, POC and PON
concentrations at 60 m, as well as high annual average nitrate:ammonium ratio, salinity,
nitrate, and silicate concentrations (Table B5). The correlations of minimum spiciness with
high nitrate concentrations and nitrate:ammonium ratios are consistent with a controlling
influence of winter mixing on nitrification, with more intense mixing causing weaker
nitrification.

Since the annual averages of POC and dissolved O> correlated positively, variations in
annual O; are likely driven primarily by variations in mixing-induced reoxygenation and
only secondarily by variations in remineralization. Winter mixing may also cause higher
POC concentrations in the BB bottom water, explaining the correlation of POC with
minimum spiciness. Measurements by Hargrave and Taguchi (Hargrave and Taguchi 1978)
suggested that winter destratification favored sedimentation to 60 m relative to shallower
depths in BB. The same authors report a chlorophyll ¢ maximum within sedimented
material in January. While it is not clear that stronger winter mixing increases the positive
effect of destratification on POC deposition at 60 m observed by Hargrave and Taguchi
(Hargrave and Taguchi 1978), this may provide an explanation for the correlation of intense
winter mixing (low minimum spiciness) with increased POC concentrations observed here.

A multiple regression of weekly standard anomalies throughout the long-term time series
suggested positive effects of temperature and negative effects of POC and oxygen
concentrations on the nitrate:ammonium ratio (Table B6). The positive effect of

temperature may reflect nitrification rate increase due to warmer temperatures (Appendix
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B). As discussed above, low salinity and high dissolved oxygen and POC are probably
caused primarily by high intensity winter mixing (Table B5). Hence, this test also suggests

a role for the winter mixing intensity as a negative control on nitrification in BB (Table

B6).
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Figure B1. Monthly averages using weekly long-term time series data until 2018, starting
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(ammonium, nitrite, DIN).
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Figure B2. Phylogenetic maximum likelihood trees (1000 bootstraps) of A) bacterial and
B) archaeal ASVs from 16S rRNA amplicon sequencing of the Bedford Basin bottom water
community (bold) affiliated by SILVA with known nitrifier taxa, and their abundances in
total 16S rRNA genes shown as heatmaps. Bedford Basin ASVs within collapsed branches
(marked by *) were all quantitatively insignificant (<0.2% in each sample) or, in the case
of Gammaproteobacteria, blasting did not support their functional classification as
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nitrifiers. Gray nodes indicate >80% bootstrap support. Collapsed nodes containing type
species of a relevant AOB or NOB genus are marked with 1 and the full bacterial tree (A)
can be seen in Figure B12. Relative ASV abundances are shown in chronological order and
the weekly time steps are interrupted only at the end of each year and in March 2016 due
to missing samples.
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Figure B3. Temporal distribution of the phylotypes of archaeal amoA4, A1 — A6, quantified
by qPCR as well as salinity at 60 m in Bedford Basin, 2014-2017. Dotted lines indicate

shelf water intrusion events.

225



+ ADA: p= 00000, r=036

WL

* NOB: p= 0.0000, r= 0.58
w + T
A 4+
= '-I)E
g .!++ L) - ,:;-
— L ]
L8| e Tt T
e} o .'i - =2
w2 1= 4 ]
o E_ . & —
g o ' L 3
° g
w
=0 S
o

150 200 250 300 350
Dz[umulkg1]

+ ADA: p= 0.0001, r= 0.08
* NOB: p= 0.0002, r= 0.07

® Amnd_f 0 =

20000 40000

0

-20000

"';x!
# =
+ v F .
_T_I
+

0 5 10 15
d0,/ dt fumol kg 'd ]

Figure B4. Concentrations (A) and time derivatives (B) of oxygen plotted against nitrifier
abundances. Results from a Spearman’s Rho correlation test (Table 3.1) are shown in the

panel legends.
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Figure B5. Time series of nitrifier abundance at the surface (5 m) and in the bottom water
(60 m) of Bedford Basin: A) Thaumarchaeota (AOA), B) Nitrospinaceae (NOB), C)
Nitrosomonadaceae (AOB). Note the different scale for Nitrosomonadaceae.
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Figure B6. Network of biogeochemical reactions (solid arrows) and transport in and out of
the 60-meter box of the model by physical mixing (dashed arrows). Direction of dashed
arrows indicates the typical net flow of a given substance caused by mixing, which could
be reversed in cases where the concentration gradient is reversed. As indicated by the red
arrows, amoA and nxr increase reinforces the reactions catalyzed by them, AO and NO,
respectively. Arrows toward ‘X’ indicate losses from the model. Norg (organic nitrogen) as
well as all concentrations in the surface box are based on observations at 5 m depth (bold),
the remaining variables in the 60-meter box are modeled. R.remin = remineralization rate;
R.AO = ammonia oxidation rate; R.NO = nitrite oxidation rate; R.Nloss = N loss rate (=
denitrification + assimilation + loss to sediment); R.O2 = respiration rate + loss to
sediment.
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Figure B7. Time series of observed (scatter or bar) and modeled (lines: “mod”)
biogeochemical parameters at 60 m in Bedford Basin, 2014-2017, with modeled AO rate
parameters adjusted to fit the observations in the year 2016 but otherwise identical to the
model shown in Figure 3.3. A) Observed and modeled ammonium, nitrite and nitrate
concentrations. B) AmoA-A1l (modeled and observed) and nxr (modeled) gene abundance.
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Figure B8. Model output for the year 2002 compared to empirical ammonia oxidation rates
(“AO obs”) from Punshon and Moore (Punshon and Moore 2004). Scatter plots represent
data, line plots represent model output. To ensure accurate comparability with rates from
Punshon and Moore (Punshon and Moore 2004), volumetric units were used for
concentrations and rates in this model. Since POC data for 2002 were only available as of
October 2002 this model is forced by a the weekly POC average 2014-2017 prior to
October 2002. Note that two positive outliers (April 2", May 1) were omitted from the

oxygen data plotted in panel A, after we verified based on the full water column profiles
that they most likely stemmed from methodological error.
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Figure B9. Phylogenetic Maximum Likelihood tree (1000 bootstraps) of Nitrospina-
affiliated ASVs from this study, the reference sequences from Figure B2 and additional
Nitrospina-aftiliated reference sequences from the Gulf of Mexico, identified by Kitzinger

et al. (Kitzinger et al. 2019, 2020) and shown in Table B9. Gray nodes indicate >50%
bootstrap support.
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4431375 GoM16-SV-C6C-18 20016
CP011070.1 Nitrosopumilus adriaticus strain NF5
CP010868.1 Nitrosopumilus piranensis strain D3C

810 GoM16-SV-CP1-10 938
= . — 2324 GoM16-SV-C6C-18 13526
© ) 1886 GoM16-SV-13-16 8100
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This Study €| ——— 4369009 GoM16-SV-C6C-16 13339
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- LAOA-BB-ASV3 (Nitrosopumilus sp.)
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TNR 159207 1 Nitrosopumilus oxyclinae strain HCE1
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— 155526 GoM16-5V-C6C-16 19095
— 540244 GoM16-SV-C6C-18 10551
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Figure B10. Phylogenetic Maximum Likelithood tree (1000 bootstraps) of
Thaumarchaeota-aftiliated ASVs from this study, the reference sequences from Figure B2
and additional Thaumarchaeota-affiliated reference sequences from the Gulf of Mexico,

identified by Kitzinger et al. (Kitzinger et al. 2019, 2020) and shown in Table B9. Gray
nodes indicate >50% bootstrap support.
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Figure B11. Observed Difference between DIN and phosphate concentrations corrected for
the Redfield Ratio (factor 16) in the BB bottom water (60 m).
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Figure B12. Phylogenetic maximum likelihood trees (1000 bootstraps) of bacterial and
archaeal ASVs from 16S rRNA amplicon sequencing of the Bedford Basin bottom water
community (bold) affiliated by SILVA with known nitrifier taxa. Same as bacterial tree in
Figure B2A without any collapsed clades to show the names of all used sequences from
Bedford Basin and reference database.
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Table B1. Multiple regression analyses with each amoA phylotype quantified by qPCR tested as a dependent variable against
independent variables that may predict their presence in Bedford Basin bottom water. Significant parameters (p<0.01) are
highlighted in bold font.

Dependent: amoA-A1 amoA-A2 amoA-A3 amoA-A4 amoA-A5 amoA-A6

tvalue Sign. tvalue Sign. tvalue Sign. tvalue Sign. tvalue Sign. tvalue Sign.

(Intercept) -0.74 0.46 -2.66 0.01 -3.49 6E-04 -0.03 0.97 -0.27 0.79 -2.02 0.04

Temperature [°C] 4.74 4E-06 2.50 0.01 -1.60 0.11 0.72 0.47 -0.60 0.55 -0.69 0.49

Dissolved Oz [umol

kgsw''] -3.99 1E-04 4.31 3E-05 3.62 4E-04 1.50 0.14 0.45 0.65 4.91 2E-06

NHa4* concentration

[umol kgsw''] -1.30 0.19 -1.89 0.06 -2.06 0.04 -0.19 0.85 -0.08 0.94 -2.05 0.04
236 POC concentration

[umol kgsw'] -3.08 2E-03 -2.96 3E-03 -1.57 0.12 -0.53 0.60 0.63 0.53 -2.18 0.03

Salinity [PSU] 0.81 0.42 2.63 0.01 3.51 6E-04 0.07 0.95 0.27 0.79 2.02 0.04

Multiple R2 0.48 0.26 0.26 0.03 0.01 0.24
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Table B2. Model equations.

d0o?2 1
? = —R.remin— 15X R.A0 — 0.5 X R.ON — R.02 +; X (OZSW - 02)
dNH4 1

I =rNC><R.remin—R.A0+;>< (NH4.sw — NH4)
dNO2 1

=R.A0O —R.NO +—-X (NO2.sw — NO2)

dt T
dNO3 1

It =R.N0—R.Nloss+;><(NOS.SW-NOB)
dAmoA 1

= R.A0 + =X (0 — AmoA)

dt T
der—R N0+1>< 0—N

7 = R . ( Xr)
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Table B3. Reaction terms used in the numerical box model. Modeled state variables are shown in
bold.

R.remin = k.remin X (exp(T) X In(Q10,41min) /10) X POC X 02
02

K..02.A0 + 02
02

K..02.NO + 02

R.AO = k.AO x (exp(T) x In(Q10,;,) /10) X AmoA x NH4 x

R.NO = k.NO x (exp(T) X In(Q10,;,) /10) X Nxr X NO2Z X

R.Nloss = k.Nloss X NO3

R.02 = k.sedi.o2 X 02
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Table B4. Kinetic parameter values used in the numerical box model.

Parameter Description Value Unit Reference
k.remin rate constant for N remineralization 0.0002 kg ymol d-’ -
k.AO rate constant for ammonia oxidation 0.0011 kg. (ge_?e_1 -
copies)' d
k.NO rate constant for nitrite oxidation 0.0091 kg. (ge_?e_1 -
copies)' d
ks.02.A0  Half-saturation constant for O, in AO 3 pumol kgsw™ a,b
ks.O2.NO  Half-saturation constant for O, in NO 22 umol kgsw™ a
kNioss ot constantfor N loss. 0.0014 d" -
(denitrification, assimilation)
K sedi.02 rate. consta.nt for O, up.take by 0.0014 4 i
sediment/higher organisms
NC Redfield ratio for nitrogen/carbon 015 i i
Q10 Q1o-t¥pe tempe.rature. dependence 20 i i
affecting N remineralization
Qio-type temperature dependence
Q10nitr affecting ammonia and nitrite 20 - -
oxidation
194
T Residence time (lowered d C
by mixing)

References: “Laanbroek and Gerards (1993); "Martens-Habbena et al. (2009); “Burt et al. (2013).
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Table BS. Results from Spearman’s Rho and Kendall’s Tau and Pearson’s, tests, testing the correlation between oceanographic
parameters from the long-term Bedford Basin time series with i) the annual NOs/NH4", and ii) winter mixing proxied by the
minimum spiciness during each annual winter mixing period. With the exception of the minimum spiciness during winter mixing,
all parameters represent annual means from n tested years between 1994 and 2018. Results from the parametric Pearson’s test
are given if both tested parameters are normally distributed (Shapiro-Wilk test p>0.05). Bold numbers highlight significance
below the 5% level.

annual (NO3/NH,*) ratio (60 m) Minimum spiciness during winter (60m)
Spearman Kendall Pearson Spearman Kendall Pearson
n r p r p r p n r p r p r p
Minimum spiciness during winter 15 0.53 0.041 037 0173
(60m)
Stratification [kg m™] 17 0.32 0.213 0.22 0.395 17 0.64 0.874 -0.03 0911 0.08 0.756
Dissolved O, (60 m) [umol kgsw'l 17 -0.59 0.012 -0.41 0.101 17 0.2‘)2 0.034 -0.37 0.147 -0.53 0.029
Nitrate (60 m) [umol kgsw™] 17 0.91 0.000 0.74 0.001 18 0.57 0.014 040 0.101 0.65 0.00
Phosphate (60 m) [umol kgsw'] 17 0.48 0.051 0.34 0.184 18 044 0.070 0.32 0.195 SW p<0.05
Salinity (60 m) [PSU] 17 0.30 0.244 0.18 0.498 19 0.80 0.000 0.60 0.006 0.81 0.000
Silicate (60 m) [umol kgsw ] 17 0.72 0.001 0.49 0.048 18 049 0.038 035 0.159 0.55 0.018
Temperature (60 m) [°C] 17 0.41 0.103 0.31 0.228 19 012 0.637 0.06 0.794 0.17 0.474
Ammonium (60 m) [umol kgsw'] 17 -0.93 0.000 -0.81 0.000 SW p<0.05 15 0.214 0.098 -0.30 0.285 -0.58 0.024
Nitrite (60 m) [umol kgsw™] 17 -0.33 0.191 -0.24 0.363 16 0.;17 0.068 -0.35 0.184 SW p<0.05
DIN (60 m) [umol kgsw™ 17 0.05 0.837 0.01 0.955 15 024 0398 012 0660 023 041
POC (60 m) [umol kgsw ] 15 -0.61 0.016 -0.45 0.094 14 0.-57 0.034 -041 0.149 -0.63 0.015
PON (60 m) [umol kgsw ™ 15 -0.21 0.451 -0.14 0.612 14 0_'53 0.049 -041 0.149 -0.53 0.050
POC (5 m) [umol kgsw'] 15 -0.32 0.243 -0.26 0.355 14 0_'11 0.714 -0.08 0.794 -0.21 0.465
PON (5 m) [umol kgsw™ 15 -0.29 0.289 -0.24 0.393 14 0_69 0.771 -0.03 0911 -0.05 0.875
Chlorophyll a (5 m) [ug kgsw ] 17 -0.27 0.286 -0.21 0.428 18 0_'24 0.341 -0.18 0.484 -0.18 0.484
Sackville River discharge [m®s™] 16 0.24 0.368 0.15 0.579 17 0.236 0.154 -0.26 0.317 -0.33 0.191




Table B6. Results from a multiple linear regression using weekly standard anomalies for
each variable. The multiple R? of the regression was 0.25. Significant parameters (p<0.01)

are highlighted in bold font.

Dependent Independent Estimate Stderror tvalue  Significance
(Intercept) 0.04 0.03 1.31 0.191
dissolved Oz [umol 4 33 0.03  -10.62  2.00E-16
kgsw]
NO?,'/[NO:{
+NH4*] Temperature [°C] 0.22 0.03 7.62 7.76E-14
POC [umol kgsw™] -0.08 0.03 -2.46 0.014
Salinity [PSU] 0.14 0.03 4.47 9.04E-06

241



Table B7. Primer sets and dsDNA standards used to quantify archaeal amoA phylotypes.
Primers and standards are written 5’ to 3’. GenBank accession codes for larger reference
sequences used to design primers and their standards are provided in parentheses.

Assay

Forward Primer

Name: sequence

Reverse Primer

Name: sequence

dsDNA Standard

Name (reference sequence): nucleotides

amoA-A1

amoA-A1-F:

GGCGGCGTACTGGT
AGGA

amoA-A1-R:

TGGGTCTGCTACT
GTTATCAGGTTTA

amoA-A1-STD (KJ807556):

TTCGTACACGGTATTTTCAGTATCGCAAACGTT
GATGCTAATTGTAGGTGCATGTTATTACTTGAC
ATTTACAGGCGTTCCAGGCACAGCGACGTACT
ACGCTCTAATTATGACAGTATACACATGGGTAG
CAAAAGCCGCATGGTTTTCGCTAGGATATCCAT
ATGACTTCATTGTAACTCCAGTTTGGCTTCCAT
CAGCAATGCTGTTGGACTTGGTCTACTGGGCG
ACAAAGAAGAACAAGCACTCCTTGATACTGTTT
GGCGGCGTACTGGTAGGAATGTCTTTACCATT
ATTCAACATGGTAAACCTGATAACAGTAGCAGA
CCCACTAGAAACGGCATTCAAATA

amoA-A2

amoA-A2-F:
GCGGAGTCTTAGTT
GGAATGTCA

amoA-A2-R:
GGGTCAGCCACT
GTGATCAA

amoA-A2-STD (KF727168):
ATCGTTTGTAGTATTCTCAATATCTCAAACACTT
ATGCTCACTGTAGGTGCGTGTTACTATCTCACC
TTCACTGGAGTTCCAGGAACCGCAACGTATTAT
GCACTTATCATGACAGTCTACACTTGGATTGCA
AAAGGTGCATGGTTCGCATTAGGTTACCCATAT
GACTTCATCGTTACACCAGTTTGGCTACCATCA
GCAATGCTGTTGGATTTGGCGTACTGGGCAAC
AAAGAAGAATAAGCACTCTCTGATACTGTTCGG
CGGAGTCTTAGTTGGAATGTCATTACCACTATT
CAACATGGTCAATTTGATCACAGTGGCTGACC
CACTAGAGACTGCATTCAAGTA

amoA-A3

amoA-A3-F:
TGATGACGGTAGTC
GGAGCTG

amoA-A3-R:
AATACGCGCCTGT
ACCAGGAA

amoA-A3-STD (KF727043.1):
ATCATTCGTAGTTTTCTCTATCGCCAACACTTT
GATGACGGTAGTCGGAGCTGTGTATTACATTA
CATTTACGGGTGTTCCTGGTACAGGCGCGTAT
TACGGCTTAATAATGCAGGTCTATACATGGGTC
GCTAAAGTTGCATGGTTTGCACTTGGTTATCCG
GTGGATTTCATTGTTCATCCAATGTGGATTCCA
TCATGCATGTTGTTGGATTTGGCATATTGGGCT
ACGAAGAAGAATAAGCACTCGCTGATATTCTTT
GGAGGAGTTTTGGTCGGTATGTCAATGCCGCT
GTTCAATATGGTACAGCTGATGCTGATCGCCG
ATCCGCTAGAAACTGCATTCAAATA

242




Assay

Forward Primer
Name: sequence

Reverse Primer
Name: sequence

dsDNA Standard
Name (reference sequence): nucleotides

amoA-A4

amoA-A4-F:
CCTTGATGACAGTG
GTAGGTGCT

amoA-A4-R:
GCCATAATATGCG
CCTGTGC

amoA-A4-STD (KF727066.1):
ATCATTTGTAGTATTTTCCATAGCTAATACCTTG
ATGACAGTGGTAGGTGCTGTTTACTATATCACG
TTTACAGGTGTTCCTGGCACAGGCGCATATTAT
GGCCTAATTATGCAAGTCTATACTTGGGTTGCT
AAAGTTGCATGGTTTGCACTTGGCTATCCTGTG
GATTTCATTGTTCATCCAATGTGGATTCCATCTT
GTATGCTATTGGACTTGGCGTATTGGGCTACAA
AGAAGAATAAGCACTCGCTGATATTCTTTGGTG
GAGTTTTGGTTGGTATGTCAATGCCGCTGTTCA
ATATGGTACAGTTGATGTTGATCGCCGATCCG
CTAGAAACTGCATTCAAGTA

amoA-A5

amoA-A5-F:
TGACAGTCGTCGGA
GCAGTC

amoA-A5-R:
TTGGCGACCCAAG
TATACACC

amoA-A5-STD (KF727042):
TTCCTTTGTAGTTTTCTCCATTGCCAACACTCTC
ATGACAGTCGTCGGAGCAGTCTATTATATCACA
TTTACAGGCGTGCCTGGAACAGGCGCATATTA
TGGTTTAATTATGCAGGTGTATACTTGGGTCGC
CAAAGTGGCATGGTTTGCACTTGGCTATCCTG
CAGATTTCATCGTTCATCCAATGTGGATTCCAT
CATGCATGTTGTTGGATTTGGCATATTGGGCTA
CGAAGAAGAATAAGCACTCGCTGATATTCTTTG
GTGGGGTTTTAGTTGGAATGTCAATGCCACTGT
TCAATATGGTACAGTTGATGTTGATAGCAGATC
CACTAGAAACTGCATTCAAGTA

amoA-A6

amoA-A6-F:
TTGATGACTATTGTT
GGTGCTGTG

amoA-A6-R:
TCAGACCATAGTA
CGTTGCAGTACC

amoA-A6-STD (KF727089):
ATCATTTGTCGTATTCTCAATTGCCAATACTTTG
ATGACTATTGTTGGTGCTGTGTATTATCTTACAT
TTACGGGCGTACCTGGTACTGCAACGTACTAT
GGTCTGATTATGCAAGTCTATACTTGGGTTGCA
AAAGTTGCATGGTTTGCACTTGGCTATCCAGTA
GATTTCATCGTTCATCCGATGTGGATTCCATCT
TGTATGTTATTGGACTTGGCGTATTGGGCTACG
AAGAAGAATAAGCACTCGCTGATATTCTTTGGA
GGAGTTTTGGTCGGTATGTCAATGCCGCTGTT
CAATATGGTACAGTTGATGTTGATCGCCGATCC
GCTAGAAACTGCATTCAAGTA
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Table B8. Target specificity of qPCR assays analyzed by cross-reaction test. F/R = Primers,
STD = double stranded DNA standard, green = positive amplification. 107 copies of each
standard were added to each reaction. With the ViiA7 and SYBR chemistry, 107 copies of
amoA were typically detected after 14 cycles of DNA amplification. Detection at >31
cycles would equate to approximately <0.01% copies as false positives.

Approximate Number of Cycles to Detection
dsDNA Standard Template
A1STD | A2STD | A3STD | A4 STD | A5 STD | A6 STD

Assay /
Primer Set
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Table B9. 16S rRNA gene sequences of OTUs affiliated with Thaumarchaeota and
Nitrospina found in the Gulf of Mexico (Kitzinger et al. 2019, 2020). These sequences are
used in Figure B9 and Figure B10, respectively. Raw sequences these OTUs were picked

from were deposited by the authors of the original publication at NCBI under Bioproject
PRINA397176 and BioSample numbers SAMNO07461114-SAMNO07461122.

Thaumarchaeota

>1005844 GoM16-SV-C6C-14 2
AACCAGCACCTCAAGTGGTCAGGATGATTATTGGGCCTAAAGCATCCGTAGCCG
GCTCTGTAAGTTTTCGGTTAAATCTGTACGCTCAACGTACAGGCTGCCGGGAATA
CTGCAAAGCTAGGGAGTGGGAGAGGTAGACGGTACTCGGTAGGAAGGGGTAAA
ATCCTTTGATCTATTGATGACCACCTGTGGCGAAGGCGGTCTACCAGAACACGTC
CGACGGTGAGGGATGAAAGCTGGGGGAGCAAACCGG

>1080410 GoM16-SV-CP1-14_8655
AACCAGCACCTCAAGTGGTCAGGAGGATTATTGGGCCTAAAGCATCCGTAGCCG
GCTCTGTAAGTTTTCGGTTAAATCTATGCGCTCAACGTATGGGCTGCCGAAAATA
CTGTAGAGATAGGGAGTGGGAGAGGTAGACGGTACTCGGTAGGAAGGGGTAAA
ATCCTTTGATCTATCGATGACCACCTGTGGCGAAGGCGGTCTACCAGAACACGTT
CGACGGTGAGGGATGAAAGCTGGGGGAGCAAACCGG

>152483 GoM16-SV-C6C-16_4155
AACCAGCACCTCAAGTGGTCAGGATGATTATTGGGCCTAAAGCATCCGTAGCCG
GCTCTGTAAGTTTTCGGTTAAATCTGTACGCTCAACGTACAGGCTGCCGGGAATA
CTGCAAAGCTAGGGAGTGGGAGAGGTAGACGGTACTCGGTAGGAAGGGGTAAA
ATCCTTTGATCTATTGATGACCACCTGTGGCGAAGGCGGTCTACCAGAACACGTC
CGACGGTGAGGGATGAAAGCTGGGGAGCAAACCGG

>154353 GoM16-SV-C6C-18 9666
AACCAGCACCTCAAGTGGTCAGGATGATTATTGGGCCTAAAGCATCCGTAGCCG
GCGCTATAAGTTTTCGGTTAAATCTGTACGCTCAACGTACAGGCTGCCGGGAATA
CTGTAGCGCTAGGGAGTGGGAGAGGTAGACGGTACTCGGTAGGAAGGGGTAAA
ATCCTTTGATCTATTGATGACCACCTGTGGCGAAGGCGGTCTACCAGAACACGTC
CGACGGTGAGGGATGAAAGCTGGGGGAGCAAACCGG

>155526 GoM16-SV-C6C-16_19095
AACCAGCACCTCAAGTGGTCAGGATGATTATTGGGCCTAAAGCATCCGTAGCCG
GCTCTGTAAGTTTTCGGTTAAATCTGTACGCTCAACGTACAGGCTGCCGGGAATA
CTGCAGAGCTAGGGAGTGGGAGAGGTAGACGGTACTTGGTAGGAAGGGGTAAA
ATCCTTTGATCTATTGATGACCACCTGTGGCGAAGGCGGTCTACCAGAACACGTC
CGACGGTGAGGGATGAAAGCTGGGGGAGCAAACCGG

>1692591 GoM16-SV-C6C-16_6014
AACCAACACCTCAAGTGGTCAGGATGATTATTGGGCCTAAAGCATCCGTAGCCG
GCTCTGTAAGTTTTCGGTTAAATCTGTACGCTCAACGTACAGGCTGCCGGGAATA
CTGCAAAGCTAGGGAGTGGGAGAGGTAGACGGTACTCGGTAGGAAGGGGTAAA
ATCCTTTGATCTATTGATGACCACCTGTGGCGAAGGCGGTCTACCAGAACACGTC
CGACGGTGAGGGATGAAAGCTGGGGGAGCAAACCGG
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Thaumarchaeota

>4369009 GoM16-SV-C6C-16_13339

AACCTGCACCTCAAGTGGTCAGGATGTTTATTGGGCCTAAAGCATCCGTAGCCG
GCGCTGTAAGTTTTCGGTTAAATCTGTACGCTCAACGTACAGGCTGCCGGGAATA
CTGCAAAGCTAGGGAGTGGGAGAGGTAGACGGTACTCGGTAGGAAGGGGTAAA
ATCCTTTGATCTATTGAGGACCACCTGTGGCGAAGGCGGTCTACCAGACCACGT
CCGACGGTGAGGGATGAAAGCTGGGGGAGCAAACAGG

>4431375 GoM16-SV-C6C-18_20016

AACCAGCACCTCAAGTGGTCAGGATGATTATTGGGCCTAAAGCATCCGTAGCCT
GCTTTGTAAGTTTTCGGTTAAATCTATACGCTCAACGTATGGGCTGCCGGGAATA
CTGCAAAGCTAGGGAGTGGGAGAGGTAGACGGTACTCGGTAGGAAGGGGTAAA
ATCCTTTGATCTATTGATGACCACCTGTGGCGAAGGCGGTCTACCAGAACACGTC
CGACGGTGAGGGATGAAAGCTGGGGGAGCAAACCGG

>540244 GoM16-SV-C6C-18_10551

AACCAGCACCTCAAGTGGTCAGGATGATTATTGGGCCTAAAGCATCCGTAGCCG
GCTCTGTAAGTTTTCGGTTAAATCTGTACGCTCAACGTACAGGCTGCTGGGAATA
CTGCAGAGCTAGGGAGTGGGAGAGGTAGACGGTACTCGGTAGGAAGGGGTAAA
ATCCTTTGATCTATTGATGACCACCTGTGCGAAGGCGGTCTACCAGAACACGTCC
GACGGTGAGGGATGAAAGCTGGGGGAGCAAACCGG

>544745 GoM16-SV-I3-14_5715

AACCAGCACCTCAAGTGGTCAGGATGATTATTGGGCCTAAAGCATCCGTAGCCG
GCTCTGTAAGTTTTCGGTTAAATCTGTACGCTCAACGTACAGGCTGCCGGGAATA
CTGCAGAGCTAGGAGTGGGAGAGGTAGACGGTACTCGGTAGGAAGGGGTAAAA
TCCTTTGATCTATTGATGACCACCTGTGGCGAAGGCGGTCTACCAGAACACGTC
CGACGGTGAGGGATGAAAGCTGGGGGAGCAAACCGG

>New.CleanUp.ReferenceOTU1886 GoM16-SV-I3-16_8100

AACCAGCACCTCACTTGGTCAGGATGATTATTGGGCCTAAAGCATCCGTCGCCG
GCTCTGTAAGTTTTCGGTTAAATCTGTACGCTCAACGTACAGGCTGCCGGGCCTC
CGGCAGAGCTAGGGAGTGGGAGAGTTCTACGGTCCTCGGTAGGAAGGGGTAAA
ATCCTTTGATCTATTGATGACCACCTGTGGCGAAGGCGGTCTACCAGAACACGTC
CGACGGTGAGGGAGGAAAGCTGGGGGAGCCCCCCGG

>New.CleanUp.ReferenceOTU2177 GoM16-SV-CP1-14_13306

AACCAGCACCTCCCGTGGTCAGGATGATTATTGGGCCTAAAGCATCCGTCGCCG
GCTCTGTAAGTTTTCGGTTAAATCTGTACGCTCAACGTACAGGCTGCCGGGCATC
CGGCAAAGCTAGGGAGTGGGAGAGGTCTCCGGTACTCGGTAGGAAGGGGTAAA
ATCCTTTGCTCTATTGATGACCACCTGTGGCGAAGGCGGTCTACCAGAACACGT
CCGACGGTGAGGGAGGAAAGCTGGGGGAGCCCCCCGG
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Thaumarchaeota

>New.CleanUp.ReferenceOTU2324 GoM16-SV-C6C-18_ 13526

AACCAGCACCTCAATTGGTCAGGATGATTATTGGGCCTAAAGCATCCGTCGCCG
GCTCTGTAAGTTTTCGGTTAAATCTGTACGCTCAACGTACAGGATGCCGGGCATC
CGGCAGAGCTAGGGAGTGGGAGAGGTATCCGGTACTCGGTAGGAAGGGGTAAA
ATCCTTTGATCTATTGATGACCACCTGTGGCGAAGGCGGTCTACCAGAACACGTC
CGACGGTGAGGGAGGAAAGCTGGGGGAGCCACCCTG

>New.CleanUp.ReferenceOTU668 GoM16-SV-CP1-12_18933

AACCAGCACCTCAAGTGGTCAGGATGATTATTGGGCCTAAAGCATCCGTAGCCG
GCTCTGTAAGGGGAAGGGAAAATCAGTACGCTCAACGTACAGGCTGCCGGGAAT
ACTGCAGAGCCAGGGAGAGGGAGAGGTAGACGGTACTCGGTAGGAAGGGGTAA
AATCCTTTGATCTATTGATGACAACCTGTGGCGAAGGCGGTCTACCAGAACACGT
CCGACGGTGAGGGATGAAAGCTGGGGGAGCAAACCGG

>New.CleanUp.ReferenceOTU810 GoM16-SV-CP1-10_938

AACCAGCACCTCAAGTGGTCAGGATGATTATTGGGCCTAAAGCATCCGTAGCCG
GCTCTGTAAGTTTTCGGTTAAATCTGTACGCTCAACGTACAGGCTGCCGGGAATA
CTGCAGAGCTAGGGAGTGGGAGAGGTCGCCGGTGCTCGGTAGCCCCCGGTAAA
ATCCTTTGATCTATTGATGACCACCTGTGGCGAAGGCGGTCTACCAGAACACGTC
CGACGGTGAGGGATGAAAGCTGGGGGAGCAAACCCG

>244523 GoM16-SV-C6C-14_5016

TACGGAGGGGGCAAGCGTTGTTCGGAATCATTGGGCGTAAAGAGTATGTAGGCG
GCTGAATAAGTCAGACGTGTAAGCCCACGGCTCAACCGTGGAATTGCGTTTGAA
ACTGTTTAGCTTGAGTGCAGAAGAGGAAAGCGGAATTCCCAGTGTAGCGGTGAA
ATGCATTGATATTGGGAAGAACACCGGTGGCGAAGGCGGCTTTCTGGTCTGCTA
CTGACGCTGAGATACGAAAGCCAGGGGAGCAAAGGGG

>549675 GoM16-SV-C6C-14_1983

TACGGAGGGGGCAAGCGTTGTTCGGAATCATTGGGCGTAAAGAGTATGTAGGCG
GCTATTTAAGTCAGACGTGTAAGCCCACGGCTCAACCGTGGAATTGCGTTTGAAA
CTATTTAGCTTGAGTTCGGGAGAGGAAAGCGGAATTCCCAGTGTAGCGGTGAAA
TGCATTGATATTGGGAAGAACACCGGTGGCGAAGGCGGCTTTCTGGTCCGATAC
TGACGCTGAGATACGAAAGCCAGGGGAGCGAACGGG

Nitrospina

>571236 GoM16-SV-CP1-12_4243

TACGGAGGGGGCAGGCGTTGTTCGGAATCATTGGGCGTAAAGAGTATGTAGGC

GGCTATTTAAGTCAGACGTGTAAGCCCACGGCTCAACCGTGGAATTGCGTTTGA
AACTATTTAGCTTGAGTTCGGGAGAGGAAAGCGGAATTCCCAGTGTAGCGGTGA
AATGCATTGATATTGGGAAGAACACCAGTGGCGAAGGCGGCTTTCTGGTCCGAT
ACTGACGCTGAGATACGAAAGCCAGGGGAGCGAACGGG
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Nitrospina

>581695 GoM16-SV-C6C-14_5816

TACGGAGGGGGCAAGCGTTGTTCGGAATCATTGGGCGTAAAGAGTATGTAGGCG
GCTGGATAAGTCAGACGTGTAAGCCCACGGCTCAACCGTGGAATTGCGTTTGAA
ACTGTTTAGCTTGAGTGCAGAAGAGGAAAGCGGAATTCCCAGTGTAGCGGTGAA
ATGCATTGATATTGGGAAGAACACCGGTGGCGAAGGCGGCTTTCTGGTCTGCTA
CTGACGCTGAGATACGAAAGCCAGGGGAGCAAAGGGG

>727834 GoM16-SV-C6C-14_810

TACGGAGGGGGCAAGCGTTGTTCGGAATTATTGGGCGTAAAGAGTATGTAGGCG
GTTAGGTAAGTCAGGCGTGTAAGCCCTCGGCTCAACCGAGGAATTGCGTTTGAA
ACTACCTAACTTGAGTACGAAAGAGGAAAGCGGAATTCCCAGTGTAGCGGTGAA
ATGCATTGATATTGGGAAGAACATCGGTGGCGAAGGCGGCTTTCTGGTTCGATA
CTGACGCTGAGATACGAAAGCCAGGGGAGCAAACGGG

>838006 GoM16-SV-C6C-18_5275

TACGGAGGGGGCAAGCGTTGTTCGGAATTATTGGGCGTAAAGAGTATGTAGGCG
GCTGGATAAGTCAGACGTGTAAGCCCACGGCTCAACCGTGGAATTGCGTTTGAA
ACTATTCAGCTTGAGTGCAGGAGAGGAAGGCGGAATTCCCAGTGTAGCGGTGAA
ATGCATTGATATTGGGAAGAACACCGGTGGCGAAGGCGGCCTTCTGGTCTGTTA
CTGACGCTGAGATACGAAAGCCAGGGGAGCAAAGGGG

>936371 GoM16-SV-C6C-14_5612

TACGGAGGGGGCAAGCGTTGTTCGGAATTATTGGGCGTAAAGAGTATGTAGGCG
GCTGGATAAGTCAGGTGTGTAAGCCCACGGCTCAACCGTGGAATTGCACTTGAA
ACTATTCAGCTTGAGTACAGGAGAGGAAAGCGGAATTCCCAGTGTAGCGGTGAA

ATGCATTGATATTGGGAAGAACACCGGTGGCGAAGGCGGCTTTCTGGTCTGTTA

CTGACGCTGAGATACGAAAGCCAGGGGAGCAAAGGGG

>New.CleanUp.ReferenceOTU1134 GoM16-SV-CP1-14_15914

TACGGAGGGGGCAAGCGTTGTTCGGAATCATTGGGCGTAAAGAGTATGTAGGCG
GCTGGATAAGTCAGACGTGTAAGCCCACGGCTCAACCGTGGAATTGCGTTTGGA
ACTGTTTAGCTTGAGTGCAGAAGAGGAAAGCGGAATTCCCAGTGTAGCGGTGAA

ATGCATTGATATTGGGAAGAACACCGGTGGCGAAGGCGGCTTTCTGGTCTGCTA

CTGACGCTGAGATACGAAAGCCAGGGGAGCAAAGGGC

>New.CleanUp.ReferenceOTU2406 GoM16-SV-C6C-16_960

TACGGAGGGGGCAAGCGTTGTTCGGAATCATTGGGCGTAAAGAGTATGTAGGCG
GTTAGATAAGTCAGGTGTGTAAGCCCAGGGCTCAACCTTGGAATTGCACTTGAAA
CTGTTTAACTTGAGTTCAGGAGAGGAAAGCGGAATTCCCAGTGTAGCGGTGAAA
TGCATTGATATTGGGAAGAACATCGGTGGCGAAGGCGGCTTTCTGGTCTGATAC
TGACGCTGAGATACGAAAGCCAGGGGAGCGAACGGG
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Nitrospina

>New.CleanUp.ReferenceOTU3068 GoM16-SV-CP1-14_3158

TACGAAGGGGGCAAGCGTTGTTCGGAATCATTGGGCGTAAAGCGTATGTAGGCG
GCCGAATAAGTCGGGCGTGCAAGCCCATGGCTCAACCATGGAATTGCGTTTGAA
ACTGTTCGGCTTGAGTGCAGGAGAGGAAGGCGGAATTCCCAGTGTAGCGGTGA
AATGCGTTGATATTGGGAAGAACACCGGTGGCGAAGGCGGCCTTCTGGCCTGCT
ACTGACGCTGAGATACGAAAGCCAGGGGAGCGAACGGG

>New.CleanUp.ReferenceOTU662 GoM16-SV-C6C-16_18431

TACGGAGGGGGCAAGCGTTGTTCGGAATTATTGGGCGTAAAGAGTATGTAGGCG
GTTAGGTAAGTCAGGCGTGTAAGCCCTCGGCTCAACCGAGGAATTGCGTTTGAA
ACTACCTACCTTGAGTACGAAAGAGGAAAGCGGAATTCCCAGTGTAGCGGTGAA
ATGCATTGATATTGGGAAGAACATCGGTGGCGAAGGCGGCTTTCTGGTTCGATA
CTGACGCTGAGATACGAAAGCCAGGGGAGCAAACGGG

>New.CleanUp.ReferenceOTU723 GoM16-SV-C6C-18_1601

TACGGAGGGGGCAAGCGTTGTTCGGAATCATTGGGCGTAAAGAGTATGTAGGCG
GCTATTTAAGTCAGACGTGTAAGCCCACGGCTCAACCGTGGAATTGCGTTTGAAA
CTATTTAGCTTGAGTTCGGGAGAGGAAAGCGGAATTCCCAGTGTAGCGGTGAAA
TGCATTGATATTGGGAAGAACACCAGTGGCGAAGGCGGCTTTCTGGTCCGATAC
TGACGCTGAGATACGAAAGCCAGGGTAGCGAACGGG

>New.CleanUp.ReferenceOTU748 GoM16-SV-C6C-14_9025

TACGAAGGGGGCAAGCGTTGTTCGGAATCATTGGGCGTAAAGCGTATGTAGGCG
GCTAGATAAGTCGGGCGTGCAAGCCCGCGGCTCAACCGCGGAATTGCGCTCGA
AACTGTCTGGCTTGAGTGCAAGAGAGGGAAGCGGAATTCCCAGTGTAGCGGTGA
AATGCGTTGATATTGGGAAGAACACCAGTGGCGAAGGCGGCTTTCTGGCTTGCA
ACTGACGCTGAGATACGAAAGCCAGGGGAGCGAACGGG
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APPENDIX C: SUPPORTING
INFORMATION TO CHAPTER 4

POST-ANALYSIS CORRECTIONS AND ADJUSTMENT OF THE ERROR
MARGIN AROUND 6!5Nno3 VALUES

A decrease in accuracy of §'°Nnos with decreasing nitrate concentrations was observed for
in-house standards (Figure C1). We corrected for this by increasing the error margin around
each 5'°Nnos datapoint based on the nitrate concentration of a given sample. For this, we
first quantified the relationship between initial nitrate concentration of a given sample and
the deviation from the accurate '°N value based on in-house data obtained over many
different batches of analysis (Figure C1). The average value (-5.04%o) of §'°Nno3 in-house
standards, which was determined over many mass-spectrometer runs with standards run at
20 uM, was taken as the accurate 8'°Nnos value. Available in-house standard 8'°Nwos
values measured at initial concentrations from 1 to 20 uM (Figure C1) were binned on the
basis of their initial nitrate concentrations into 10 bins between 1 and 20 uM. Next, a
Wilcoxon Signed Ranks test was used to identify bins significantly different from the 20-
puM bin. Most bins <5 pM, but no bin >5uM fell below the 10% significance level
suggestive of a significant difference to the 20-uM bin. We therefore applied an adjustment
of the error margin around §'°N values only for samples with nitrate concentrations < 5
uM.

The adjustment of the error margin was based on the regression line fitted through
available §'°N values of in-house standards with different nitrate concentrations (Figure
C1). If a sample had a nitrate concentration <5 uM, the §'°N offset between the sample’s
nitrate concentration and the §'°N at 20 uM nitrate was calculated using the equation of the
regression line. This offset was then added to the error margin. In all cases, the other error
margin component was the precision of analysis, instantiated as the standard deviation

between duplicates of a given sample.
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OVERVIEVW OF IMPROVEMENTS MADE TO STABLE ISOTOPE METHODS
THROUGHOUT THE BEDFORD BASIN TIME SERIES 2014-2017

Throughout the duration of the time series (2014—2017), improvements and additions were
made to the previously published methodology for chemical conversion of nitrate and
nitrite (Mcllvin and Altabet 2005; Ryabenko et al. 2009) to N»O for stable isotope analysis.
These methodological adjustments are summarized below for each compound.

For nitrate, there were variations in the approach with which nitrate concentrations of
samples were adjusted to those of standards prior to the cadmium reduction step. Samples
were either 1) adjusted to the concentration of calibration standards, or ii) run with standards
at 20 uM despite a nitrate concentration of <20 uM in the standards. Samples run with
approach 1) warranted no further corrections (Figure C3), while for samples run with
approach 1ii), we increased the margin of error around samples with low nitrate
concentrations as described above. For future analyses, we recommend the adjustment of
nitrate concentrations in calibration standards and samples (approach i) for optimal,
concentration-independent accuracy (Figure C3).

Additionally, we determined that using 1M NaCl solution instead of deionized water for
sample dilution before the azide reduction step resulted in an improved calibration slope
(closer to 1.0) for §!80, while not affecting '°N values (Figure C2). This approach was
suggested by Dr. Mark A. Altabet (personal communication). It was implemented for BB
time series samples from August 10", 2016, and after.

For nitrite, a methodological change was instantiated as of August 2016, which allowed to
preserve (Casciotti et al. 2007) and measure the 8'%0 signature in nitrite. For this purpose,
samples were alkalinized to pH13 using 6 M NaOH after sampling and prior to frozen
storage. Additionally, sample dilution to achieve uniform nitrite concentration was
performed with 1 M NacCl solution instead of deionized water, as discussed for nitrate
above. To properly adjust the pH during the azide reaction, the recipe for the azide-acetic
acid mixture was modified to allow for a higher concentration of acetic acid in the reagent
(following suggestions by M. Altabet; personal communication). For calibration, three new
nitrite isotope standards were created from commercial NaNO; salts as well as from a pre-

existing calibration standard (MAA1; Bourbonnais et al., 2017). The §'°N and §'%0 of these
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salts was altered by adding commercially available '*N-enriched NaNO; salts and '80-
enriched H,0 (10% H»'80), respectively. The newly created nitrite isotope standards were
calibrated against the standards WILIS10, WILIS11, WILIS20 (Buchwald et al. 2016) and

the determined isotope values are summarized in Table C1.

DOCUMENTING THE LINEARITY OF THE DIN STABLE ISOTOPE
METHODS

Linearity corrections for isotope methods for the determination of the 3'°N and §'%0 in
nitrate, nitrite and ammonium were usually made using the linearity of the N>O reference
gas on the mass spectrometer. For this, the N>O reference gas linearity was determined
prior to each mass spectrometer run, by taking a §!°N and §!80 sample at different reference
gas pressures over a range corresponding to the expected peak heights of the standards and
samples about to be measured. Using linear or polynomial regressions in the N2O reference
gas linearity, the 8'°N and §'®0 of each sample deviating from the average peak height of
the corresponding standards could then be corrected according to the degree of its
deviation.

For samples for which no reference gas linearity test was available (samples from the
year 2014 as well as January-May 2015), any linearity effects either remained uncorrected
for (ammonium until April 29", 2015; nitrate until May 20", 2015), or were corrected
(nitrite until April 1%, 2015) via in-house standards of varying nitrite concentrations run in
parallel. To ensure data quality for samples that could not be linearity-corrected in any way,
samples <75% of standard size in the resulting N>O amplitude were not reported
(ammonium, nitrate).

Long-term linearity effects Linearity effects were small in the isotope methods for nitrite
and ammonium after instrument linearity corrections. This was shown by a compilation of
3!°N values of in-house standards at different initial ammonium and nitrite concentrations,
respectively, measured with standards at 20 pM, which showed no significant slope in the
linear regression, respectively (Figure C4, Figure C5). For nitrate, however, it proved
crucial that sample concentration be adjusted to standard concentration prior to the

cadmium reduction step (Figure C3). If this was not done, linearity effects that could not
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be corrected for by instrument linearity (Figure C1) and necessitated an increased margin

of error as described above.

AMMONIUM ASSIMILATION CORRECTION

The steady increase of 8'°Npon observed in fall 2014, which we have attributed to
assimilation of the increasingly '"N-enriched ammonium (see 4.5.1), was associated with
only a minor increase (<1 pmol kg!) in PON (Figure 4.4C). This PON increase was an
order of magnitude smaller than the simultaneous increase of nitrate due to nitrification
(13.9 pmol kg overall, 7.5 pmol kg'! during the “Rayleigh closed-system period”).
Despite this indication that the effect of ammonium assimilation was likely to be small,
we corrected for its influence on the isotopic enrichment factor for AO ('°ga0). In a first
step, the estimated amount of PON that was added by ammonium assimilation at each

weekly time point # was subtracted from the ammonium pool:

NHas*ao(t) = NHA(t) + (PON(t) — PON(t-1)) C.1

with PON(t-1) representing the PON concentration in the previous week. However, this
correction was only applied for weeks at which PON(t) > PON(t-1); otherwise: NH4"-AO(t)
= NH.4"(t). We also estimated a 8'°NnusAO for each weekly time point during this period,
which equaled 8'*Nna if 8'°Npon(t) < 8'°Npon(t-1), but was calculated as follows for time

points at which §'°Npon(t) > 8" Npon(t-1):

BNH{(t) — (PON(t) — PO™N(t — 1))
MNH}(t) — (PO™N(t) — POMN(t — 1))
0.0036765

615NammoniumA0(t) = —1|x1000 C.2

with 0.0036765 representing the atom percentage of '°N in air-N», and with "NH4*, “NH,4",
PO'>N and PO!N representing concentrations [pmol kg™'] of the light and heavy stable
isotope in ammonium and PON, respectively, which were derived from each compound’s
8'°N and concentration values at a given time point #. Assuming that all of the increase in

PON during that period is due to ammonium assimilation, any effect of ammonium
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assimilation on the ammonium pool and on 8"°Nnms is thus removed in the inferred
parameters NHs a0 and §'’NnmsAO, respectively, so that changes in these parameters
should solely reflect AO. If §"*"NnusAO is substituted for 3'°Nnu4 in the Rayleigh model
and NH4 a0 is used to calculate f(NH4"), the slope of the ammonium curve becomes 21.8

Seao which is

+2.2%0 (Figure 4.6B; Table 4.1). This represents a corrected, accurate
statistically indistinguishable from 'Sgau which reflects the combined effects of AO and
ammonium assimilation (Figure 4.6A; Table 4.1). In the absence of 3'°Npon data for 2017,
this negligible difference observed for the 2014 data was assumed to hold similarly during
the Rayleigh closed-system period of 2017 so that we assume that the >y determined for

that year (24.1 £1.1%o; Figure 4.6C) is similarly close to the *gao0.

NEGLIGIBLE OR SMALL INFLUENCE OF N:20 PRODUCTION AND THE
NH4*/NH3" EQILIBRIUM ISOTOPE EFFECT ON g0

The equilibrium isotope effect (€eq-amm = -21%0) between NH4" and NH3 is another
potential source of inaccuracy in estimating >0 (Bigeleisen 1965; Hermes et al. 1985;
Casciotti et al. 2003). However, as in laboratory-based studies (Casciotti et al. 2010a), this
effect is subsumed under the reported *ga0, because §'°N of total ammonium (NH3+NH4")
is measured by standard methods, including the method employed here (high pH during
bromate oxidation turns all ammonium into NH3; Zhang et al., 2007).

Finally, N2O production during nitrification (Santoro et al. 2011; Wenk et al. 2016)
might impact the Rayleigh fits. N2O concentrations in BB bottom water increased steadily
as nitrification proceeded, however, peak concentrations did not exceed 26 nmol kg
(unpublished data for 2014 and 2017; see also Punshon and Moore, 2004), which is
negligible compared to the ~1000% higher ammonium and nitrate concentrations. We
conclude that the influence of N>O production and the NH4"/NH3 equilibrium isotope effect

on the g0 determined during the “Rayleigh closed-system periods” was likely negligible.
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Figure C1. The §'°Nnos3 of in-house standards as a function of initial nitrate concentration
before cadmium and azide reduction when measured with standards of 20 uM initial nitrate
concentration.
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Figure C2. Range of differences in §'°N measured if samples were diluted with deionized
water compared to dilution with 1 M NaCl solution prior to azide reduction, for A) §'*Nno2
(n=6), and B) '’ Nno3 (n = 12).
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Figure C3. The concentration-dependence §'°Nnos in our in-house standard as a function
of initial nitrate concentration before cadmium and azide reduction if measured with
calibration standards adjusted to nitrate concentration of the in-house standard.
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Figure C4. The 8"*Nnua of in-house standards analyzed with calibration standards at 20 uM
as a function of initial ammonium concentration in the in-Aouse standards.

258



y=0.00913x-0.431
R2 = 0.0097495

_3 | 1 | |
0 5 10 15 20

Initial NO, [umol L]

Figure C5. The §'°Nno2 of in-house standards analyzed with calibration standards at 20 uM
as a function of initial nitrite concentration in the in-house standards.

Table C1. Isotopic composition (8'°N, 8'80) of NaNO; salts calibrated for isotope
standardization, including standard deviation (SD).

5N SD(B'N) &8'%0  SD(5'°0)
SHA1 17.51 0.21 35.90 0.08
SHA2 118.88  0.07 46.14 0.10
MAA1 NEW -59.18  0.32 19.72 0.09

259



Table C2. Model equations. Sw = surface water.

dNH4
BT rNC X R.remin — R.AO + k.mix(t) X (NH4.sw — NH4)
dN15H4
- rNC X R.remin X a. PON.d15N.60m — R.AO + k.mix(t) X (N15H4.sw — N15H4)
dNO2

T R.AO — R.NO + k.mix(t) X (NO2.sw — NO2)
dN1502
ST R.A0.15—R.NO.15 + k.mix(t) X (N1502.sw — N1502)
dNO3

P R.NO — R.Nloss + k.mix(t) x (NO3.sw — NO3)
dN1503 )
—a - R.NO.15 — R.Nloss.15 + k.mix(t) X (N1503.sw — N1503)
dAmoA

- (R.A0 + R.A0.15) + k.mix(t) X (0 — amoA)

dNxr

- (R.NO + R.NO.15) + k.mix(t) x (0 — Nxr)
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Table C3. Model reactions. Modelled state variables shown in bold.

R.remin = k.remin X (exp(T) X In(Q10,¢mn) /10) X POC x 02

02
R.AO = k.AO0 % (EXp(T) X ln(QlOnitr) /10) X AmoA X NH4 X m
R.40.15 = A% o (exp(T) x In(Q10,1,) /10) x AmoA X N15H4 x oz

+A0-15 =77 X (exp n(Q10ni;r) /10) x Amo K,.02.A40 + 02
R.NO = k.NO X (exp(T) X In(Q10,0.) /10) x N1 X — 2% oz

Y= (exp(T) X In(Q10nir) /10) X Nx1 X o s X K 02.N0 + 02
e No.15 = N0 ryx QIO L A5NO2  NO2_ 02

NO.15 = 2735 < | exp( 10 T *"No2 “K.NO+N02 " K,.02.NO + 02

R.Nloss = k.Nloss X NO3

k.Nloss
R.Nloss.15 =— x N1503
a.Nloss
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Table C4. Model parameters

Parameter Description 2014 2017 Unit Ref.
193.9 193.9
T Residence time (lowered (lowered Days a
by mixing) = by mixing)
-1
k.remin rate constant for 0.00014  0.00016 <Gswmmol
remineralization day
rate constant for ammonia kgsw (gene
kAO oxidation (AO) 0.00143 0.00114 copies)' day!
rate constant for nitrite kgsw (gene
k.NO oxidation (NO) 0.03857 0.03857 copies) day"
ks.NO Haolf saturation constant for 08 08 umol kgew™
£.AO Enrichment factor for 214 26.0 %o
ammonia oxidation
£ NO En_rlch_ment factor for nitrite 04 4.6, 111 %,
oxidation
Enrich. fac. for
&.Nloss denitrification (not 0 0 %o

considered)
k.Nioss rate constant for N loss 0.0014  0.0014 day"
(denitrification, assimilation)

Abundance of ®N in PON Empirical = Empirical

1 k-1

a-PON.d15N - culated from 5'5Neon (dynamic) (dynamic) MM kg
Half-saturation constant for b,c,

ks.02.A0 O, in AO 3 3 d
Half-saturation constant for A

ks.0O2.NO O, in NO 22 22 pmol kgsw b
Redfield ratio for

rNC nitrogen/carbon 0.15 0.15 -

Quo-type temperature
Q710remin dependence affecting 20 20 -
remineralization

Quo-type temperature
Q710nir dependence affecting AO 20 20 -
and NO.

References: 2Burt et al. (2013); "Laanbroek and Gerards (1993); “Martens-Habbena et al. (2009);
dQin et al. (2017).
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APPENDIX D: DATA DEPOSITION

All data produced in the context of my doctoral research, including data not presented in
this thesis, has been deposited on the Scholars Portal Dataverse platform and can be
accessed under the following DOI: https://doi.org/10.5683/SP2/0QQOX9. It contains a
description of the deposited data (file: Appendix D data deposition description.docx) as
well as files containing data and protocols.
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