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Abstract

Spatiotemporal patterns of dissolved organic matter in Boreal Shield lakes and ice of the
Laurentian Great Lakes

Anthony J. Arsenault

Dissolved organic matter (DOM) plays a vital role in lake ecosystems, yet its temporal and
spatial variations in lakes remain poorly understood. This study investigates DOM dynamics in
boreal lakes during the warm season and the Laurentian Great Lakes ice during winter. Sampling
10 boreal lakes in early and late June 2022, revealed subtle changes in DOM in the epilimnion
and hypolimnion related to factors such as water residence time and stratification strength. In ice
from the Great Lakes, lower dissolved organic carbon concentrations and a higher proportion of
protein-like DOM were found compared to water, which mostly contained terrestrial-like DOM.
Ice DOM composition varied with factors such as ice thickness, water nutrients, and DOM
concentration in ice and water. In addition, we found that the potential release of protein-like
DOM from ice to the water during spring melt is considerable and may fuel heterotrophic

microbial metabolism.
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characteristics, seasonal transformations, lake ice, microbial metabolism
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This thesis is structured in manuscript format. For Chapters 2 and 3, Chapter 1 serves as a
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Additionally, due to conceptual similarities between Chapters 2 and 3, efforts were made to

minimize repetition.
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Chapter 1: General Introduction

Dissolved organic matter: an overview

Dissolved organic matter (DOM) is a heterogeneous mixture (e.g., humic acids, fulvic acids,
tannins, proteins, lipids, and carbohydrates) derived primarily from the decomposition of
terrestrial plant matter but also from aquatic plants and phytoplankton. DOM in lakes that is
terrestrially derived, e.g., from terrestrial plant detritus or organic soils, is referred to as
“allochthonous DOM” and is often aromatic (flat, ring-shaped organic molecules with alternating
single and double bonds). DOM that is aquatically derived, e.g., from phytoplankton, is referred
to as “autochthonous DOM” and is often aliphatic (organic molecules with straight or branched
chain structures). Moreover, DOM represents a large portion of the global carbon pool; for
instance, the total amount of carbon contained in DOM within freshwaters and the oceans
combined is roughly the same as the amount of carbon in the atmosphere (Hedges, 1992). Hence,
it is important to consider DOM in climate change models, especially in freshwaters as they are

usually net emitters of carbon to the atmosphere (Pollard, 2022).

Benefits to aquatic ecosystems

DOM provides many benefits to aquatic ecosystems. For instance, chromophoric DOM
(CDOM), which is the fraction of DOM that absorbs light, attenuates ultraviolet (UV) radiation
near the surface of lakes that could otherwise damage the DNA of aquatic organisms (Tedetti &
Sempéré, 2006). Also, light attenuation by CDOM can reduce the amount of heating in the

profundal zone of lakes which can shift the thermocline to shallower depths providing a larger



habitat for cold-water fish species, such as lake trout (Tanentzap et al. 2008; Gunn et al. 2003).
Moreover, DOM plays an important role in binding heavy metals, such as aluminum, which
reduces metal availability to aquatic organisms (Graham et al., 2013). In addition, DOM
provides a source of food for aquatic food webs and in some lakes, the base of the food web is
primarily derived from DOM via heterotrophic bacterial production instead of autotrophic

production (D’ Andrilli et al., 2019).

Spectroscopic properties

DOM absorbs visible and UV light at different wavelengths depending on its molecular
structure. A portion of DOM also fluoresces at different wavelengths. Absorbance and
fluorescence spectrophotometry are often employed to assess the molecular composition of
DOM to infer its source, degree of processing, or reactivity. Various DOM composition indices
can be produced from spectrophotometry. Some commonly used indices include specific
ultraviolet absorbance at 254 nm, spectral slope ratio, fluorescence index, freshness index, and

humification index.

The specific ultraviolet absorption at 254 nm (SUV A2s4), which is the absorbance at 254
nm divided by DOC concentration (to correct for variations in the total amount of organic
carbon), is commonly used to assess the aromatic content of DOM (Weishaar et al., 2003).
Weishaar et al. (2003) explored the relationship between SUV A»s4 and aromaticity using '*C-
nuclear magnetic resonance (*C-NMR) across a large number of samples of humic DOM and
found a strong association (r* > 0.97). High SUV A2s4 levels are commonly observed in lakes in
spring due to terrestrial inputs from spring rains and snow melt, with subsequent declines,

although occasional spikes may occur after heavy summer rain events (Raudina et al., 2022;



Burd et al., 2018). Higher SUV A2s4 values have been shown to be positively correlated with the
ability of DOM to bind iron (Fujii et al., 2014). Additionally, iron (III) can interfere with

SUV Azs4 by increasing absorbance values (Poulin et al., 2014; Weishaar et al., 2003), yet this
can be corrected for by reducing iron (III) to iron (II) as it has negligible absorbance (Doane &

Horwath, 2010).

Helms et al. (2008) established the spectral slope ratio (Sr), which they found exhibits an
inverse correlation with molecular weight. This ratio is calculated by dividing the absorbance
slope within the 275-295 nm range (S275-295) by the slope within the 350-400 nm range (S350-400).
Helms et al., 2008 completed irradiation experiments of Dismal Swamp water samples of both
high and low molecular weight DOM and found that S275-295 tended to increase while S3s0-400
decreased (an overall increase in Sr). Hence, Sr is often used to assess changes in molecular

weight due to photodegradation.

The fluorescence index (FI) is often used to determine the source of DOM. It is computed as
the ratio of the emission intensity at a wavelength of 450 nm to that at 500 nm, with an excitation
wavelength of 370 nm. McKnight et al. (2001) showed that microbially sourced DOM tends to
have an FI of ~1.9, while terrestrially sourced DOM often has an FI of ~1.4. FI has been shown
to increase with a higher percentage of cropland, possibly due to higher production of microbial-

like DOM resulting from increased nutrient levels (Wilson & Xenopoulos, 2009).

Freshness index (B: a) is the ratio between relatively fresh DOM (B) to degraded DOM (o).
The measurement involves calculating the ratio between the maximum emission intensity in the
range of 380 nm to 400nm () and the maximum emission intensity observed in the range of 420
to 435 nm (o), using an excitation wavelength of 310 nm (Wilson & Xenopoulos, 2009; Parlanti

et al., 2000). Higher B:a values have been associated with larger autochthonous microbial



production (Wilson & Xenopoulos, 2009), yet B:a may also be high with fresh allochthonous

SOurces.

The humification index (HIX) serves as a metric for assessing the degree of humification of
DOM (Zsolnay et al., 1999). Higher values indicate increased decomposition and the conversion
of organic materials into humic substances, or an increased presence of terrestrial, humic
material. HIX is often calculated as the ratio of the sum of the fluorescence intensity between
435 and 480 nm and between 300 and 345 nm at a fixed excitation wavelength of 254 nm

(Zsolnay et al., 1999).

In addition, a technique called “parallel factor analysis” (PARAFAC) has emerged as an
effective means for analyzing the composition of DOM from a diverse range of compounds.
PARAFAC enables the decomposition of complex fluorescence data (excitation emission
matrices; EEMS) into specific DOM components, thereby aiding in the identification of unique
fluorophores within a mixture (Stedmon et al., 2003). Various PARAFAC models have been
developed with different numbers of DOM components. For instance, Williams et al. (2013)
created a PARAFAC model with seven DOM components: C1 (ubiquitous humic-like), C2-C3
(terrestrial humic-like), C4 (soil fulvic-like), C5 (microbial humic-like), C6 (anthropogenic
humic-like), and C7 (protein-like). Applying PARAFAC to fluorescence data allows researchers
to discern distinct sources of DOM fluorescence, providing a more detailed understanding of the

molecular composition.

Brownification

The concentration or quantity of DOM (measured as dissolved organic carbon; DOC) is

increasing in many parts of the northern hemisphere, especially the boreal forest, through a



phenomenon known as brownification (Stackpoole et al. 2017). This is due to recovery from acid
deposition as well as climatological factors, such as increases in precipitation (e.g., increased
runoff) and temperature (e.g., increased decomposition of soil organic matter) (de Wit et al.
2021; Chow et al. 2017; Couture et al. 2012; Zhang et al. 2010). Brownification is concerning as
it can limit benthic primary production, which, in turn, leads to reduced hypolimnetic oxygen
levels, which can have negative effects on aquatic organisms (van Dorst et al., 2019; Seekell et
al., 2015). Furthermore, brownification can increase the occurrence of harmful disinfection
byproducts created from water treatment plants (Ritson et al., 2014). In addition, brownification
may promote toxic cyanobacterial blooms due to nutrients associated with DOM, and certain

cyanobacteria taxa are tolerable of low light conditions (Senar et al., 2019).

Spatial and temporal patterns

Dissolved organic matter composition and concentration has been shown to vary from lake
to lake based on various lake and watershed characteristics. For instance, lakes in natural and
forested watersheds tend to display more terrestrial or allochthonous-like signatures, whereas
lakes in agricultural or urbanized catchments tend to display more microbial or autochthonous-
like signatures (Williams et al., 2016). Also, the number of wetlands in a catchment is often
positively correlated with DOC and terrestrial-like DOM (Warner & Saros, 2019; Xenopoulos et
al., 2003), while the mean slope of a catchment (Frost et al., 2006; Xenopoulos et al., 2003;
Rasmussen et al., 1989) and water residence time (Hall et al., 2019; Kellerman et al., 2014) are

often negatively correlated with DOC and terrestrial-like DOM.

DOM composition has been shown to vary temporally in lakes. In the spring, DOM

throughout the water column tends to be relatively homogenous and terrestrial-like in



composition due to the import of terrestrial DOM following snowmelt and spring rains, and
spring turnover which mixes DOM throughout the water column (Berg et al., 2022; Oswald &
Branfireun, 2014). However, as conditions get drier during the summer and allochthonous inputs
are reduced, DOM in the epilimnion tends to be phototransformed from high molecular weight,
terrestrial-like to low molecular weight, microbial-like compounds (Berg et al., 2022; Dadi et al.,
2017; Gonsior et al., 2013). This is especially the case for lakes with high water residence times
as there is more time for processing of DOM (Hall et al., 2019; Curtis & Schindler, 1997). Also,
a density gradient from stratification causes the top layer of water to not mix with the bottom
layer, so DOM in the hypolimnion remains allochthonous-like as it is not exposed to much solar
radiation (Berg et al., 2022). Furthermore, in the presence of sufficient nutrients promoting algal
growth or blooms, there is a potential rise in protein-like DOM during the summer in the
epilimnion, from algal exudation (Berg et al., 2022; Mangal et al., 2016; Meon & Kirchman,
2001). In addition, it is possible that the proportion of lake perimeter with wetlands, the
proportion of wetlands in the catchment, and the mean slope of a catchment may affect the rate
of transformation of epilimnetic DOM by altering surface DOM inputs, yet no studies have

linked these variables to seasonal transformations of DOM composition.

Winter DOM dynamics in lakes

Winter is a long period for lakes in the northern hemisphere. With climate change, there
have been observed decreases in both ice cover and duration (Higgins et al., 2021; Imrit &
Sharma, 2021). However, significant research gaps persist in the study of winter lake dynamics
(Ozersky et al., 2021). These research gaps are mainly due to the logistical and safety challenges
associated with sampling lakes in winter. Nonetheless, recent research has emphasized the

important role lake ice has in the ecology of lakes (Cavaliere et al. 2021; Hampton et al. 2017;



Jansen et al., 2021). For example, ice provides a habitat for filamentous diatoms and various
microbes (Santibafiez et al., 2019; D’souza et al., 2013). Lake ice has also been found to play a
role in the lake-atmosphere heat balance due to the albedo effect which reduces solar penetration

into the water, thereby reducing heating (Austin & Colman 2007).

Although there has been some progress in winter lake studies, dissolved organic matter
dynamics in lakes during winter remain largely unstudied. The existing literature, primarily for
small boreal and temperate lakes, has shown that ice plays a role in DOM dynamics. For
instance, the presence of ice has been shown to affect the composition and concentration of
DOM under the ice (Kurek et al., 2022). Moreover, lake ice has been shown to have a lower
quantity of DOM than the underlying water, and preferentially incorporates protein-like
compounds and excludes terrestrial-like compounds as it forms (Zhou et al. 2023; Belzile et al.
2002). However, it is not known if the proportions of different DOM compounds in ice vary in
water bodies that span large spatial scales with different limnological conditions (e.g., ice
conditions and nutrients) such as the Laurentian Great Lakes. Additionally, the protein-like
DOM stored in ice may be a source of bioavailable carbon to heterotrophic microbes when the

ice melts in the spring (Imbeau et al., 2021). No studies have quantified this release.

Objectives

This thesis has two primary objectives. The first is to better understand seasonal changes of
DOM within the water column of Boreal Shield lakes and relate these changes to a suite of lake
and watershed variables. Understanding the seasonal distribution of DOM in the water column of
lakes is crucial as factors such as brownification may alter the vertical distribution of DOM,

potentially impacting the ecology of lakes. The second objective of this thesis is to examine the



patterns of DOM composition and quantity found in the ice of the Laurentian Great Lakes. This
involves identifying the key variables influencing these patterns and evaluating whether the ice
could serve as a significant contributor of protein-like DOM to the water during the spring ice
melt. Understanding the role of lake ice in DOM dynamics is important, especially its function in
storing protein-like DOM, which may be beneficial to aquatic microbes following ice melt. This

feature may be lost due to declining ice cover under climate change.

Chapter 2: Subtle seasonal transformations of dissolved organic matter in Boreal Shield
lakes and their relationship to lake and watershed characteristics

Abstract

Dissolved organic matter (DOM) is a crucial component of lake ecosystems, influencing the
carbon cycle. However, much is unknown about the temporal and spatial variations of DOM
within lakes. This study investigates the short-term dynamics of DOM composition and
dissolved organic carbon (DOC) in the epilimnion and hypolimnion of 10 lakes at the IISD
Experimental Lakes Area. Sampling occurred in early and late June 2022, following an
unusually cold and wet spring. We assessed whether DOC and various DOM indicators
increased or decreased between samplings in the epilimnion and hypolimnion, and if these
changes were related to multiple lake and watershed parameters. In the epilimnion, DOC
increased across all lakes, and in most lakes, there were subtle increases in microbial-like DOM
and subtle decreases in terrestrial-like DOM. The hypolimnion exhibited inconsistent changes in
DOM composition and DOC, except for DOM molecular weight which increased for most lakes.
Some relationships were found between DOM indicators and lake and watershed variables in the
epilimnion and hypolimnion, respectively. For instance, decreases in terrestrial humic-like DOM

in the epilimnion were inversely related to lake area, and increases in DOM molecular weight in



the hypolimnion were positively related to water residence time. However, there were a lack of
relationships with several lake and watershed variables, e.g., nutrient levels, which may suggest
that these variables do not contribute to DOM seasonal transformations or could be due to the
short sampling period, small sample size, or the potential influence of a wetter than normal

spring.

Introduction

Dissolved organic matter (DOM) is a crucial part of lake ecosystems and the carbon cycle. The
carbon component of DOM, known as dissolved organic carbon (DOC), is the largest pool of
organic carbon in lake water, constituting up to 97% in some boreal lakes (Kortelainen et al.,
2006). Much is unknown about how DOM is distributed in lakes over seasons and locations, and
within the water column. These patterns are important to understand because shifts such as more
algal blooms or increased DOC (browning) could alter normal distributions of DOM in the water

column of lakes, which could have implications for lake ecosystems and the carbon cycle.

DOM composition in the water column of lakes changes seasonally. After spring turnover
and during the summer, the molecular weight of DOM tends to decrease in epilimnetic waters,
with a rise in aliphatic or microbial-like compounds (Berg et al., 2022; Dadi et al., 2017; Gonsior
et al., 2013). Simultaneously, in hypolimnetic waters, DOM composition either maintains its
high molecular weight, often characterized by aromatic, terrestrial-like or humic-like
compounds, or experiences a relative increase in such high molecular weight substances (Berg et
al., 2022; Dadi et al., 2017; Gonsior et al., 2013). This is related to the phototransformation of
high molecular weight compounds to low molecular weight compounds in the epilimnion that is

aided by a density gradient (from stratification) that prevents vertical mixing, essentially locking
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high molecular weight compounds in the hypolimnion (Zhang et al., 2023; Berg et al., 2022).
This pattern can be further influenced by aromatic compounds being released from the sediment
or iron during periods of anoxia (Dadi et al., 2017), and algae near the surface of the lake

exuding low molecular weight compounds (Zhang et al., 2013; Meon & Kirchman, 2001).

Water residence time can play a large role in seasonal DOM transformations in lakes. For
example, longer water residence times can allow for more phototransformations to occur in
epilimnetic waters or other in-lake processes, such as flocculation or microbial respiration,
compared to shorter water residence times which are characterized by more constant inputs and
outputs of DOM (Hall et al., 2019; Curtis & Schindler, 1997; Rasmussen et al., 1989). Moreover,
lake and watershed parameters such as lake perimeter wetlands, the proportion of wetlands in
catchment, and mean slope of catchment may affect the rate or extent of DOM transformation
during the summer in lakes by altering DOM surface inputs. Wetlands are a large source of
humic-like DOM to lakes, especially treed and perimeter wetlands (Warner & Saros, 2019;
Xenopoulos et al., 2003); and watershed slope can influence the quantity of terrestrial-like DOM
entering a lake (Frost et al., 2006; Rasmussen et al., 1989). Additionally, nutrients may alter
DOM composition throughout the water column of lakes by increasing microbial decomposition
of DOM or increasing algal production, which may exude autochthonous-like DOM (Meon &

Kirchman, 2001).

In this study, 10 lakes of different DOC concentrations and nutrient levels at the
International Institute for Sustainable Development - Experimental Lakes Area (IISD-ELA),
which is located in the Boreal Shield in Northwestern Ontario, Canada, were sampled once in
early June and again in late June 2022. The objectives of this study were to 1) assess if DOM

composition was different in the epilimnion compared to the hypolimnion during both
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samplings, 2) determine if there were consistent changes among lakes in DOM composition and
DOC in the epilimnion and hypolimnion, respectively, between both samplings, and 3) evaluate
if changes in DOM composition were related to lake specific DOC and nutrient levels, water
residence time, mean slope of catchment, proportion of lake perimeter with wetlands, proportion
of catchment area with wetlands, and stratification strength change. The sampling period
followed an unusually wet and cold spring with a late ice out, which may have affected our
results. For example, a late ice out would likely have delayed stratification, and wetter conditions
may have meant higher hydrological connectivity with increased export of DOM from the

catchment (Johnston et al., 2020; Pace & Cole, 2002).

Methods

Site description

The IISD - ELA is located in Northwestern Ontario about 52 km east southeast of Kenora,
Ontario (49°40°N and 93°44°W) (Brunskill and Schindler 1971). It is in the boreal forest and on
the southern edge of the Precambrian Shield (Schindler ef al., 1996). The climate is characteristic
of the humid continental Koppen Dfb classification with warm, moist summers and dry, cold
winters (Desloges, 2000). Due to the IISD - ELA’s remote location, the lakes are generally free

of human influence (Zhang et al., 2010).

Field sampling

Water samples for DOM/DOC, chlorophyll a (Chl-a), and nutrients were collected from the

epilimnion (1 m below surface) and hypolimnion (1 m above sediment) of 10 lakes (L114, L223,



12

L224,1.227,1.239, L304, L373, L378, L442, and L626) of varying DOC and lake and watershed
characteristics (Table A1), between June 6 to June 10", 2022 (1st sampling) and again between
June 26™ and June 30", 2022 (2nd sampling). L114 top samples broke during transport and 1.239
bottom samples were contaminated, so these depths were excluded from our DOM spectral
analyses. The lakes had recently undergone spring turnover and only begun to undergo
stratification prior to the first sampling. In 2022, ice-out occurred on May 13th, which was later
than the long-term average. Furthermore, the total rainfall for April-June 2022 was 391 mm,
which was 73% higher than the average 30-year total rainfall for April-June (225 mm).
Moreover, two of our study lakes, L.227 and L304, were receiving phosphorus additions as part
of a eutrophication experiment, while the rest of our study lakes are oligotrophic. Water samples
were collected at the center buoy of each lake (deepest part of the lake) 1 m below the surface
and 1 m above the sediment using a combination of peristaltic pumps, Van Dorn samplers, and
integrated samplers, then poured into 1L HDPE bottles (kept out of sunlight) and stored in a
refrigerator until filtering. Temperature profiles were measured using an RBR XRX-620 multi-
function probe, and Secchi depth was measured using a Secchi disk. Additionally, we obtained
DOM data from epilimnion water samples collected by the IISD-ELA field crew (Hydrolim)
from L.223, L239, L373, L378, and L626, June to September 2022, to compare DOM/DOC

results from our shorter sampling period (June) for 10 lakes.

Analytical Methods

For DOM/DOC, 200 mL of water from each sample was filtered through 0.7 um GF/F filters,
then through 0.22 pm pore-size polycarbonate Whatman PCTE filters and stored in 125mL

ashed amber bottles and refrigerated until DOM/DOC analysis. The GF/F filters were frozen in
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aluminum foil for later Chl-a analysis. UV-persulfate acidification (Non-Purgeable Organic
Carbon method) via a Shimadzu Total Organic Carbon Analyzer (TOC-VWP) was used to
measure DOC concentration (mg L) in the 0.22 um filtered water. Water for total dissolved
nitrogen (TDN) and total dissolved phosphorus (TDP) was filtered using Whatman GF/C filters
and analyzed with methods described in Stainton et al. (1977), by the IISD-ELA’s chemistry
laboratory. For Chl-a, filters were put in 20 mL of a 95% ethanol solution and placed in a fridge
(4 °C) for 24 hours (cold ethanol extraction). This extracted solution was measured for
fluorescence on a Varian Cary Eclipse Fluorometer (Agilent Technologies, Mississauga, ON,
Canada) at wavelengths of 440 to 660 nanometers (nm). Fluorescence was converted to Chl-a

concentration using concentrations of known Chl-a standards.

DOM spectral analyses

DOM composition was determined using absorbance and fluorescence spectroscopic techniques.
A Varian Cary 50 Bio UV-Visible spectrophotometer (Agilent Technologies) was used to
measure absorbance over a wavelength range of 230 to 800 nm, at 5 nm increments. The
absorbance at 254 nm (a254) was divided by DOC concentration (mg L) to obtain the specific
UV absorbance (SUV A2s4), which is indicative of aromaticity (Weishaar et al., 2003). Excitation
emission matrices (EEMs) were created using a Varian Cary Eclipse Fluorometer via methods
described in Williams et al. (2013). Four DOM indices were measured using the EEM and
absorbance data: spectral slope ratio (Sr), a proxy for molecular size (Helms et al. 2008);
freshness index (P/a)), which reflects the degree of freshness (Wilson & Xenopoulos, 2009;
Parlanti et al., 2000); fluorescence index (FI), a proxy of source (McKnight et al., 2001); and

humification index (HIX), reflecting the degree of humification (Zsolnay et al., 1999). In
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addition, we extracted seven DOM components using parallel factor analysis (PARAFAC) from
models derived earlier (Williams et al. 2013, 2016; Williams and Xenopoulos, 2023). The seven
components of DOM composition include C1, which is ubiquitous humic-like; C2 to C3, which
are terrestrial humic-like; C4, which is soil fulvic-like; C5, which is microbial humic-like; C6,
which is anthropogenic microbial humic-like; and C7, which is protein-like, e.g., tryptophan-like

fluorescence (Williams and Xenopoulos, 2023; Williams et al., 2013, 2016;).

Lake and watershed parameters

The total wetland area in the catchment, catchment area, lake surface area, and mean catchment
slope were extracted from the Ontario Watershed Information Tool (Government of Ontario,
2023). Lake volume calculations were conducted through ArcGIS Pro 3.0 (Esri Inc, 2022) and
Python 3.0 (Van Rossum and Drake, 2009) utilizing lake surface area and depth digital elevation
models (DEMs) as input data. The depth DEMs were generated by extrapolating survey data
from bathymetry transects. To calculate the proportion of lake perimeter with wetlands, firstly,
shapefiles of wetland area were retrieved from Ontario GeoHub (Ontario Ministry of Natural
Resources and Forestry, 2022), uploaded into ArcGIS Pro 3.0 (Esri Inc, 2022), and 50-meter (m)
buffers were created around the lakes to calculate the proportion of lake perimeter with
wetlands. A proxy for water residence time was calculated by dividing lake volume by lake
catchment area. Stratification strength was calculated as the Schmidt Stability Index (unitless and
is used to assess the stability of a water body with respect to the exchange of gases) (Idso, 1973)
using the “schmidt.stability” function with the “rLakeAnalyser” package in R version 4.2.1
(Winslow et al., 2019). The Schmidt Stability Index incorporates water temperature

measurements at various depths and cross-sectional areas of the lake at various depths.
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Statistical analyses

All statistical analyses and plots were carried out using R version 4.2.1 (R Core Team, 2021). To
assess if DOM composition was different in the epilimnion compared to the hypolimnion for
both samplings, principal component analysis (PCA) plots were created using the R packages
“ggplot2” and “ggfortify” with the functions “prcomp” and “autoplot” (Horikoshi et al., 2023;
Wickham et al., 2023) for first and second sampling, respectively. Epilimnion and hypolimnion
observations (scores) were color-coded to visualize if epilimnion and hypolimnion samples
differed in DOM composition (e.g., form separate clusters). Furthermore, four additional PCAs
were performed to examine changes in overall DOM composition (PC1 scores) between
samplings: two for the epilimnion (one for the first sampling and one for the second sampling)
and two for the hypolimnion (one for the first sampling and one for the second sampling). PC1
scores were extracted from these PCAs. Prior to displaying changes between samplings (via
ladder plots), PC1 scores from the 2nd sampling were aligned to the scores from the 1st sampling
(for epilimnion and hypolimnion, separately) via Procrustes analysis, using the R “vegan”
package and “procrustes” function (Oksanen et al., 2022) to minimize differences in translation,

rotation, and scaling to enable more accurate comparisons.

To test if changes in DOM indices (delta variables) from the first to second sampling among
lakes were significantly correlated to our lake and watershed parameters, correlation matrices
were performed using the R “metan” package (Olivoto, 2023). Significant relationships were
plotted individually as linear regression plots. The delta DOM indices were ADOC, ASr,

ASUV Azsa, AC1, AC7, and APCI scores. The lake and watershed variables were the proportion
of lake perimeter with wetlands, the proportion of catchment area with wetlands, change in

stratification strength, water residence time, mean slope of catchment, and DOC, TDN, and TDP
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concentrations. DOC, TDN, and TDP were averages of the first and second sampling to
represent the typical levels in our study lakes. In addition, the delta variables and lake and

watershed variables were scaled for normality as part of the correlation matrix procedure in R.

Results

Physicochemical conditions

The temperature in the epilimnion (1 m) increased from the first to the second sampling for all
lakes (Figure 2.1a) but was rather constant in the hypolimnion except for L114 (Figure 2.1g).
Stratification strength increased for all lakes from the first to second sampling, except for L114
which is very shallow (max ~5 m depth), so it would not be expected to properly stratify (Figure
2.1b), hence why the temperature also increased considerably in that lake in the hypolimnion
(Figure 2.1g). There was a small decrease in TDP and TDN (epilimnetic) for most lakes from
first to second sampling (Figure 2.1c and d), except for L304 and L227 which saw large
increases (were receiving P additions). Changes in Chl-a (epilimnetic) were inconsistent, for
both the epilimnion and hypolimnion, except for L227 and L.304 which saw substantial increases
due to P additions (Figure 2.1e and h). For the most part, Secchi depth appears to have increased
for the lower DOC lakes (e.g., L.224, L626, and L373) (became clearer) but decreased for the

higher DOC lakes (became browner) (Figure 2.1f, Table Al).

Trends in DOM/DOC

For the first sampling, DOM composition separated into microbial, protein-like (as indicated by

higher C7, Sgr, and B:a) and terrestrial, humic-like (as indicated by higher SUV Axs4, C1, C2, etc.)
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along the PC1 axis, which explained most of the variation in the data (Figure 2.2a). However,
DOM composition did not separate based on water column location (i.e., epilimnion and
hypolimnion samples did not form two separate clusters on the PCA plot) (Figure 2.2a), which
indicates that DOM composition was similar in the epilimnion compared to the hypolimnion.

This was also the case for the second sampling (Figure 2.2b).

Moreover, for the epilimnion, all lakes exhibited an increase in DOC, and most lakes had an
increase in Sr (inversely related to molecular weight) (Figure 2.3a and b). SUV A2s4 (aromaticity)
did not show any consistent trends (Figure 2.3¢), however C1 (ubiquitous humic-like DOM)
decreased for most lakes (Figure 2.3d). C7 (protein-like DOM) and PC1 (overall microbial-like
DOM) (Figure 2.3e and f) increased for most lakes. Epilimnetic samples from a subset of our
lakes (n =5), from June to September, showed more pronounced changes than June for our 10
study lakes for DOC, SUV Azs4, and Sr (Figure 2.4). Aside from Sgr, which decreased for most
lakes, there were no consistent changes in DOM indices and DOC for the hypolimnion during

our sampling period for our 10 study lakes (Figure 2.3g-1).

Relationships with delta DOM variables and lake and watershed characteristics

Some relationships were found between changes in DOM variables (ADOC, ASr, ASUV A2sa,
AC1, AC7, and APC1) and lake and watershed parameters (proportion of lake perimeter with
wetlands, proportion of catchment area with wetlands, change in stratification strength, water

residence time, mean slope, DOC, TDP, and TDN) (Figure 2.5, Table A2).

In the epilimnion, lake area was inversely related to AC1 and positively with APC1 (Figure
2.5aand b), e.g., larger decreases in humic-like DOM were correlated with smaller lake area, and

larger decreases in microbial-like DOM were correlated with larger lake area. Change in
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stratification strength was positively related to ASUVAzssand AC1, and negatively with APC1
(Figure 2.5¢, d, and e), e.g., larger decreases in aromaticity and humic-like DOM were correlated
with smaller increases in stratification strength, while larger decreases in microbial-like DOM
were correlated with larger increases in stratification strength. In addition, the proportion of lake
perimeter with wetlands, the proportion of catchment area with wetlands, mean slope of
catchment, water residence time, and DOC, TDN, and TDP levels did not show significant

relationships with delta DOM variables (Table A2).

In the hypolimnion, perimeter wetlands were positively related to ADOC (Figure 2.5f), e.g.,
larger decreases in DOC were correlated with more lake perimeter wetland area. Changes in
stratification strength were inversely related to ASr, e.g., lakes that saw larger increases in
stratification strength saw larger decreases in low molecular weight DOM (Figure 2.5g). Water
residence time was positively correlated to ASr (Figure 2.5h), e.g., lakes with longer water
residence times had larger relative decreases in low molecular weight DOM. Mean slope of
catchment was negatively related to AC1 (Figure 2.51), e.g., lakes that saw larger decreases in
humic-like DOM tended to have smaller mean slopes. In addition, the proportion of catchment
area with wetlands, lake area, DOC, TDN, and TDP did not show significant relationships with

delta DOM variables (Table A2).

Discussion

We observed subtle changes in DOM composition and concentration between the first and
second sampling in June 2022 at the IISD-ELA, with shifts from terrestrial-like to microbial-like
in the epilimnion for most lakes and overall, inconsistent changes in the hypolimnion. Such

patterns are consistent with past research (e.g., Berg et al., 2022). Moreover, we observed some
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relationships between DOM changes and lake and watershed variables in the epilimnion and
hypolimnion. Our results indicate that DOM transformations in lakes can occur, albeit subtly,

over a relatively short period and can be related to various lake and watershed characteristics.

Overall DOM composition: Epilimnion vs hypolimnion

For the first sampling, overall DOM composition in the epilimnion did not differentiate from that
in the hypolimnion. The lakes had recently undergone spring turnover and had only begun to
stratify so DOM composition would be expected to be relatively homogenous throughout the
water column (Berg et al., 2022). However, for the second sampling, there was also no clear
separation in DOM composition between the epilimnion and hypolimnion, possibly because not
enough time had passed for pronounced DOM transformations to occur (less than one month

elapsed between samplings).

Additionally, an interesting observation is that DOM appears to be terrestrial or humic-like
in L227 and L304 for both samplings and depths even though they were receiving nutrients and
experienced high algal production, which often produces protein or microbial-like DOM (Zhang
et al., 2013; Meon & Kirchman, 2001). These two lakes lack stream inflows but do contain
wetlands in their catchments which may contribute to terrestrial-like DOM (Warner & Saros,
2019; Xenopoulos et al., 2003). In addition, aquatic macrophytes may have been contributing to
terrestrial-like DOM (Zhang et al., 2013), or even algal production or decomposition as it has

been found to produce DOM with humic-like fluorescence (Lobus et al., 2022).

DOM changes in epilimnion and hypolimnion
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In the epilimnion, most lakes saw subtle decreases in humic-like DOM and molecular weight of
DOM (increase in Sr) and subtle increases in microbial and protein-like DOM (C7). This
suggests that terrestrial-like compounds were being phototransformed to low molecular weight,
microbial, and protein-like compounds (Berg et al., 2022; Dadi et al., 2017; Gonsior et al., 2013).
Also, we saw a general small decrease in dissolved nutrients from the first to second sampling
(except for the nutrient addition lakes, L227 and L304) suggesting that phytoplankton had been
using up nutrients and potentially increasing in biomass as well as exuding low molecular weight
compounds (Zhang et al., 2013; Kritzberg et al., 2004; Meon & Kirchman, 2001). Yet, there
were no consistent increases in Chl-a concentration (except for L227 and L304), which is often
used as a proxy for phytoplankton abundance. However, Chl-a is not always an accurate measure
of phytoplankton biomass (Sherbo et al., 2023; Girdner et al. 2020). All lakes did, however, see
an increase in DOC, which may have been due to autochthonous production or imports from the
watershed due to a wetter than normal spring (Johnston et al., 2020; Oswald & Branfireun,
2014). Additionally, for a subset of our study lakes sampled from June to September, there were
pronounced changes in DOC, Sgr, and SUV Azs4, suggesting that a longer sampling period for our

10 study lakes may have yielded more marked changes.

For the hypolimnion, most lakes saw an increase in molecular weight of DOM (decrease in
Sr). This decrease in Sr is consistent with previous studies showing the hypolimnion tends to
become more concentrated with high molecular weight compounds following stratification
(Zhang et al., 2023, Berg et al., 2022; Dadi et al., 2017). No consistent changes were observed
for DOC and the other DOM indices, which may be expected since conditions should be
relatively stable due to minimal phototransformations from lack of (or little) sunlight in

hypolimnion waters. However, other processes in the hypolimnion that may affect DOM
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composition and concentration can still occur such as microbial transformations, redox reactions,

flocculation, and sedimentary release of DOM (Berg et al., 2022).

Relationships with lake and watershed parameters

In the epilimnion, we observed that increases in stratification strength were correlated with
increases in aromatic/humic-like DOM (e.g., SUVAz2s4 and C1) and decreases in microbial-like
DOM. These observations are interesting, as it would be expected that as stratification strength
increases, there would be a reduction in aromatic/humic-like compounds and an increase in
microbial-like compounds due to less mixing of aromatic compounds from the hypolimnion with
epilimnetic water combined with photobleaching (Zhang et al., 2023; Berg et al., 2022). It is
possible, however, that terrestrial inputs from the catchment continued throughout our sampling
period due to high hydrological connectivity from above average precipitation in the preceding
several months (Johnston et al., 2020; Oswald & Branfireun, 2014). Moreover, lakes that
experienced larger decreases in humic-like DOM (C1) and larger increases in microbial-like
DOM tended to have smaller surface areas, which is not what would be anticipated as larger
lakes often have longer water residence times providing more opportunities for photobleaching
and in-lake processing of humic-like DOM (Rasmussen et al., 1989). It is possible, however, that
photodegradation of humic-like compounds may have been more noticeable in lakes with small
surface areas since most of our small lakes were headwater lakes without inflows, so they would
not be receiving constant inputs of terrestrial DOM, although they would still receive runoff

from the catchment (Van Stan & Stubbins, 2018).

In the hypolimnion, we observed that lakes with more perimeter wetland areas experienced

higher decreases in DOC. This observation is interesting, considering that perimeter wetlands
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have been found to be large sources of DOC to lakes (Xenopoulos et al., 2003). However, it
could be that inputs of DOC from perimeter wetlands while a lake is stratified does not
necessarily lead to more DOC in the hypolimnion since the hypolimnion is essentially sealed off,
and another factor in these lakes is likely driving a faster decrease, e.g., heterotrophic microbial
respiration. Furthermore, lakes with larger mean slopes tended to experience smaller decreases in
terrestrial/humic-like DOM (C1), thus less respiration or degradation of this DOM. Past research
has shown that the import of terrestrially derived DOM into lakes is lower with a larger mean
catchment slope (Frost et al., 2006; Xenopoulos et al., 2003; Rasmussen et al., 1989), so it would
be expected that there would be larger decreases in this DOM under higher mean slopes (less
replenishment). However, as mentioned previously, what occurs in the hypolimnion may not be a
direct response to surface inputs due to isolation from the epilimnion from stratification, and
another variable in these lakes with steeper slopes must be resulting in less decreases in
terrestrial-like DOM. Moreover, lakes with longer water residence times had larger decreases in
low molecular weight DOM. This may be because over the summer, the relative amount of low
molecular weight compounds often increases in the epilimnion and high molecular weight
compounds increase in the hypolimnion (Berg et al., 2022), which may be aided by longer water
residence times as there is more time for transformations to occur (Hall et al., 2019; Curtis &
Schindler, 1997). Similarly, lakes with greater increases in stratification strength had larger
decreases in low molecular weight DOM. This is likely due to reduced mixing of low molecular
weight DOM from the epilimnion with the hypolimnion during stronger stratification regimes

(Zhang et al., 2023).

In addition, in the epilimnion, there were no relationships between DOM delta variables and

area of lake perimeter with wetlands, proportion of catchment area with wetlands, mean slope of
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catchment, water residence time, and average DOC, TDN, and TDP levels. While in the
hypolimnion, there were no relationships between delta DOM variables and the proportion of
catchment area with wetlands, lake area, and DOC, TDN, and TDP levels. The lack of
relationships with such lake and watershed variables in the epilimnion and hypolimnion may be
because of the relatively small sample size of lakes, the short duration of our sampling period,
terrestrial input associated with a wetter-than-normal spring (may have masked some

relationships), or simply due to no effect of these variables.

Conclusions

This was the first study that examined relationships between a suite of lake and watershed
variables and DOM composition transformations in the water column of lakes, particularly the
hypolimnion, during the summer. Although we saw only subtle changes in DOM composition,
and a few correlations with lake and watershed characteristics, this study has shown that DOM
transformations can occur in lakes during a short amount of time at the onset of summer.
Continued research on this topic should enhance our understanding of the seasonal dynamics of
DOM within lakes and its complex relationship with lake and watershed characteristics, which is
particularly relevant in the context of catchment and lake changes due to anthropogenic activity

and elevated DOC concentrations associated with brownification.
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Figure 2.1. Ladder plots illustrating changes in physicochemical conditions from the first
sampling (early June) to the second sampling (late June). SS is stratification strength. Plots a to f
are for the epilimnion (blue axis lines) while g and h are for the hypolimnion (black axis lines).
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Figure 2.2. PCA plots for the first sampling (a) and second sampling (b) with blue dots
representing the epilimnion and orange dots representing the hypolimnion. For both plots, to the
left of 0 on the PC1 axis represents microbial-like DOM, and on the right, it represents
terrestrial-like DOM.
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Figure 2.3. Ladder plots displaying changes in DOM indices between first and second sampling,
represented by lines. T-like is terrestrial-like and M-like is microbial-like. Plots a-f (blue axis
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Figure 2.5. Significant relationships between various DOM composition indices and DOC and
some lake and watershed variables for the epilimnion (a-e; blue axis lines) and hypolimnion (f-i;
black axis lines). SS stands for stratification strength, and WRT is for water residence time.
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Chapter 3: Fingerprints of dissolved organic matter composition in ice of the Laurentian
Great Lakes

Abstract

Dissolved organic matter (DOM) plays a vital role in lakes, but its behavior in winter is poorly
understood. We assessed differences in DOM between lake ice and water across the Laurentian
Great Lakes. The quantity of DOM (dissolved organic carbon; DOC) was lower in ice compared
to water. Protein-like DOM was dominant in ice, while terrestrial-like DOM was dominant in
water. The amount of protein-like DOM in ice varied by site based on factors such as ice
thickness and water DOM composition, nutrients, and DOC. Calculations of protein-like,
microbial-like, and terrestrial-like DOM storage in ice under different ice cover scenarios
revealed considerable contributions to the upper water column during ice melt (up to 25.82%).
However, these contributions are expected to diminish with projected climate change-induced
reductions in ice cover and duration. Understanding these dynamics is crucial for assessing the

impact on microbial metabolism in the upper water column.

Introduction

Over the last several decades, lakes in the northern hemisphere have experienced a significant
decrease in the extent and duration of ice cover (Sadro and Xenopoulos 2022; Imrit & Sharma
2021; Higgins et al., 2021; Wang et al., 2012). Although winter remains understudied for lake
ecosystems, ice cover is often considered a “master variable” (Ozersky et al., 2021) that controls
many physical and biogeochemical aspects of lakes (Cavaliere et al., 2021; Hampton et al., 2017,

Jansen et al., 2021).
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Winter and lake ice research on the dynamics of dissolved organic matter (DOM) is limited
compared to other limnological variables, despite its significance in lake ecosystems and the
global carbon cycle (Tranvik et al., 2009). Most studies of ice DOM have focused on glacier and
sea ice rather than freshwater lake ice. Glacier ice contributes bioavailable carbon to downstream
riverine and marine microbial communities, while sea ice has high dissolved organic carbon
(DOC) concentrations due to brine channels that concentrate DOM, which freshwater ice lacks
(Lawson et al., 2014; Hood et al., 2009; Miiller et al., 2013). Yet, the few studies on lake ice
DOM suggest that certain carbon components are selectively incorporated during formation with
ice serving as a mechanism of transient storage for this DOM (Kurek et al., 2022; Zhou et al.

2023; Santibafiez et al., 2019; Belzile et al., 2002).

Previous research on lake ice DOM has revealed lower DOC levels in ice compared to
water, with DOM being primarily protein-like in ice and terrestrial-like in water (Zhou et al.,
2023; Santibafiez et al., 2019; Song et al., 2019; Belzile et al., 2002). Preferential retention of
protein-like DOM and exclusion of terrestrial/humic-like DOM during ice formation are
suggested to explain these findings (Zhou et al., 2023). Additionally, humic compounds that
remain in ice may be phototransformed into microbial-like compounds during periods with
limited snow cover and clear ice (Kurek et al., 2022; Belzile et al., 2002). It is further possible
that protein-like DOM originates from algal or bacterial cells within or on the ice (Imbeau et al.,
2021; Santibafiez et al., 2019; Guo et al., 2017; McKay et al., 2015), including filamentous
diatoms on the underside of the ice (D’souza et al., 2013; Bondarenko et al., 2012). The protein
and microbial-like DOM stored in lake ice may serve as an important source of carbon for
planktonic microbes after ice melt and may not be available during spring melt with future loss

of lake ice associated with climate change (Imbeau et al., 2021).
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DOM composition in lake ice may vary across large spatial scales with different ice
conditions and lake trophic status. For example, the amount of snow on the ice and the clarity of
the ice may affect the phototransformation of DOM in or below the ice (Kurek et al., 2022;
Belzile et al., 2002). Also, differences in ice thickness and type of ice may affect the capacity of
ice to store protein-like DOM (Imbeau et al., 2021; Belzile et al., 2002). Moreover, nutrient-rich
lakes may support more algal production that can exude protein-like DOM into the water, which

can be incorporated into ice during formation (Imbeau et al., 2021).

To better understand patterns of DOM in lake ice across a large spatial scale, we utilized a
binational (coordinated across 19 research institutions in Canada and the USA) sampling
campaign (‘Winter Grab’; Sola, 2022) to obtain samples of lake ice and water collected across all
five Laurentian Great Lakes (hereafter Great Lakes) during approximately maximum winter ice
cover (mid-February 2022). We sought to: 1) examine DOM composition and DOC in ice and
water across the Great Lakes; 2) relate observed variation in ice DOM to environmental and ice
conditions; and 3) estimate the relative contributions of the main DOM components to the upper
water column after ice melt under different ice cover scenarios. To date, no studies have created
a budget for the quantity of different DOM components that can be stored in as well as released
from lake ice to the water during ice melt. Hence, our results should illustrate if ice acts as an
important source of DOM to the water column following ice melt, which could be an important

temporary source of carbon for heterotrophic microbes.

Methods

Sample collection
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At 21 of the total 49 Winter Grab sampling sites, ice cores were obtained by drilling three holes
into the ice (3 cm apart), using an ice auger, and the center triangular piece of ice was removed
with an ice saw. The ice core was put in a Whirl-Pak polyethylene bag and placed in a cooler.
Water samples for DOM, nutrients, and chlorophyll a (Chl-a) were taken from immediately
below the surface using a Van Dorn sampler, stored in acid-washed containers, and kept in the
dark at 4°C prior to laboratory processing. Once in the lab, the ice was kept in the dark and left to

melt in the fridge (4°C).

Analytical Methods

Samples for DOM/DOC were filtered through 47 mm diameter Whatman GF/F glass fiber filters
and subsequently through 47 mm diameter 0.2 pm pore-size Whatman PCTE filters, then stored
in pre-combusted amber glass bottles in a dark refrigerator (4°C). DOC (mg L") was measured
via UV-persulfate acidification (Non-Purgeable Organic Carbon method) with a Shimadzu Total
Organic Carbon Analyzer (TOC-VWP). Water for TDP and NO3 was filtered, via syringe
filtration, through 0.2 pm cellulose nitrate filters and frozen (-20°C) in HDPE Nalgene bottles.
The cellulose filters were folded and placed into foil-wrapped 15 mL centrifuge tubes and frozen
(-20°C) for later Chl-a analysis. TDP (ug L!) was determined using a potassium persulfate
digestion method (Murphy & Riley, 1962; Wetzel & Likens, 1991) and a SEAL Analytical
AQ400 autoanalyzer with US EPA-119-A method (United States Environmental Protection
Agency, 1993). NO3 was measured using the AQ2 EPA-127-A method with a SEAL Analytical
AQ400 Discrete Analyzer (United States Environmental Protection Agency, 1993). For Chl-a,
the cellulose filters were extracted in 90% acetone for 18 hours in the dark (in a refrigerator), and

extracts were analyzed with a Turner Designs 10-AU fluorometer (Welschmeyer, 1994).
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DOM spectral analyses

DOM composition was analyzed through absorbance and fluorescence spectrophotometry.
Absorbance was measured using a Varian Cary 50 Bio UV-Visible spectrophotometer (Agilent
Technologies, Mississauga, ON, Canada) from 800 to 230 nm at intervals of 5 nm. The specific
UV absorbance at 254 nm (SUV Azs4), indicating aromaticity, was determined by dividing the
absorbance at 254 nm by DOC concentration (mg L) (Weishaar et al., 2003). Excitation
emission matrices (EEMs) were generated with a Varian Cary Eclipse Fluorometer (Agilent
Technologies) using the methods described in Williams et al. (2013). The absorbance and EEM
data were used to calculate four DOM indices: spectral slope ratio (Sr) for molecular size
(Helms et al., 2008), fluorescence index (FI) for source (McKnight et al., 2001), freshness index
(B/a) for proportion of recently microbially derived carbon (B) to highly decomposed carbon ()
(Wilson & Xenopoulos, 2009; Parlanti et al., 2000), and humification index (HIX) for degree of
humification (Zsolnay et al., 1999). Additionally, seven DOM components were extracted using
parallel factor analysis (PARAFAC) from previously derived models (Williams et al. 2013,
2016; Williams and Xenopoulos 2023). The seven components are C1 to C3, terrestrial humic-
like; C4, soil fulvic-like; C5, microbial humic-like; C6, anthropogenic microbial humic-like; and

C7, protein-like.

Calculations for storage of DOM components in ice

To approximate the transient storage and release of DOM to the water column upon ice melt, we
used a budget approach to estimate the mass of DOM components in both ice and water. For
simplicity, PARAFAC components C1 to C3 were added together to represent terrestrial humic-

like DOM (DOMT), C5 and C6 were added together to represent microbial humic-like DOM
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(DOMwmn), and C7 represented protein-like DOM (DOMpr). Approximate concentrations of each
DOM component (DOMrt, DOMwmn, and DOMp) were estimated by multiplying the site-specific
DOC concentration by the site-specific DOM proportion of each DOM component for both ice
and water. This was then averaged for each lake. Indeed, this conversion of PARAFAC
components to units of carbon is not 1:1 as each component is comprised of different
fluorophores that vary in relative amounts of molecular carbon (Williams et al., 2013; Stedmon
et al., 2003). Here, we convert DOM to DOC to construct a mass budget of individual
PARAFAC components irrespective of spatiotemporal variability. Following our budget
approach, the mass of each DOM component in lake ice was determined by multiplying the
PARAFAC DOC concentration in ice by the ice volume (product of lake surface area, proportion
of ice coverage, and ice thickness) for each of the Great Lakes. For this exercise, three different
ice condition scenarios were used to illustrate the potential range in transient DOM storage, the
ice conditions at the time of sampling (mid-February 2022, which was an average ice cover
year), the historical maximum ice conditions, and the historical minimum ice conditions. Ice data
was obtained from the Great Lakes Environmental Research Laboratory (US Department of
Commerce, 2023). The mass of each DOM component in lake water was determined by
multiplying the DOC concentrations in water (February 2022) by the volume of water in the
upper 3 m, to represent the upper water column, for each of the Great Lakes. The mass of each
DOM component in ice (for each ice cover scenario) was divided by the sum of the mass in the
ice and the mass in water to obtain an estimate of the relative contribution from ice to the upper
water column following ice melt. The volume of water in ice (using correction factor = 0.92 to

account for the fact that ice shrinks ~8% when it melts) and the upper water column was further
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used with this mass balance to approximate the spring concentration of each DOM component to

be compared relative to winter concentrations.

Statistical Analyses

All statistical analyses and figures for this study were completed in R version 4.2.1 (R Core
Team, 2021). We used a paired t-test to isolate site-specific differences in DOC and DOM
between ice and water to determine if any variables significantly (o = 0.05) differed between ice
and water. To explore differences in DOC and DOM in water between sites with (n = 21) and
without ice (n = 6), a principal component analysis (PCA), using the package “ggbiplot” and
function “prcomp” in R (R Core Team, 2021; Vu, 2023), was used to reduce the dimensionality
of the multivariate DOM data and visually assess patterns among groups of sites. For additional
support, a non-parametric Wilcoxon Rank Sum test was used to statistically compare (o = 0.05)
and evaluate differences in individual DOM composition indices in the water at sites with and

without ice.

A Partial Least Squares (PLS) regression was used to relate observed variation in ice DOM
to environmental and ice conditions. Individual PLS models were generated for each dependent
variable, including 6 PARAFAC components (C1, C2, C3, C5, C6, and C7). Independent
variables included DOCwater, DOCice, Chl-a, NO3, TDP, ice thickness, snow depth, and
corresponding PARAFAC components in water (€.g., Clwater for Clice, C2water for C2ce, etc.).
All variables (independent and dependent) were cube root transformed and Z-standardized to
improve normality. The model with the lowest root mean squared error of prediction and a Q2
value > 0.0975 indicated predictiveness (Abdi & Williams, 2010). VIP scores were used to rank

the influence of each independent variable on the dependent variable where independent
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variables with VIP < 0.8 were considered weak, 0.8 < VIP < 1 moderate, and VIP > 1 strong.
The sign (positive or negative) of regression coefficients was used to signify the direction of
association. Biplots were used to visualize predictive PLS models, with independent variables
located near the origin (0,0) considered less predictive than variables situated a greater distance
from the origin. PLS analysis was performed in R with the “pls” and “plsVarSel” packages

(Liland et al., 2023a, 2023Db).

Results

DOC/DOM in ice and water

DOC was significantly lower in the ice than the water (Figure 3.1a, Table 3.1). Indicators of low
molecular weight (Sr), freshness (B: ), and protein-like DOM (C7) were significantly higher in
the ice compared to the water (Figure 3.1b, ¢, and e; Table 3.1). DOM indicators of humification
(HIX) and terrestrial, humic material (C1-C3) were significantly lower in the ice than the water
(Figure 3.1d and e, Table 3.1). In contrast, there was no significant difference in SUV A2s4
(aromaticity), C4 (soil fulvic-like), or C5 (microbial humic-like) between ice and water (Table
3.1). For water DOM composition, PCA revealed considerable overlap between sites with and
without ice (Figure Al). PCA results were supported by Wilcoxon Rank Sum analyses that
showed no significant differences (p-values > 0.05) for any DOM composition indicator between

sites with and without ice.

Variability in ice DOM composition across sites
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The PARAFAC components Clice, C21ce, C3ice, CSice, C6ice, and C71ce varied considerably among
sites, with coefficient of variations of 0.58, 0.51, 0.78, 0.6, 2.12, and 0.4, respectively. PLS
regression models were significant for C2icc (Q? = 0.0986, R2X = 75.46, RY = 64.24,
components = 3) and C7rc (Q* = 0.1695, R2X = 75.32, R?Y = 66.22, components = 3) but not for
Clice, C31ce, CSice, and C6ice (Q* < 0.0975). C2ice was strongly associated with NO3 (+), DOClee
(+) and ice thickness (-), and moderately with C2water (+), TDP (+) and snow depth (-). C21ce was
only weakly associated with DOCwater and Chl-a. C71ce was strongly associated with C7water (1),
ice thickness (+), NO3 (-) and DOCice (-), and moderately with Chl-a (+), TDP (-), and DOCwater
(+). C7ice was only weakly associated with snow depth. The PLS biplots for C2ice and C71ce are

shown in Figure 3.2.

Ice as a repository of DOM

The relative contribution of DOM to the upper water column in kilograms (kg) after ice melt, as
approximated through our mass budget approach, varied with DOM component. Upon ice melt,
DOMp (protein-like DOM) from the ice could comprise between 1.94% to 18.37% of DOM; in
the upper water column of the Great Lakes for a year of average ice conditions and up to 25.82%
for a year of maximum ice conditions (Table 3.2). DOMwmnu (microbial humic-like), which had
lower proportions in ice, would comprise between 0.39% to 5.07% of the DOM in the water after
ice melt during a year of average ice conditions and up to 11.59% for a year of maximum ice
conditions (Table 3.2). Additionally, DOMr (terrestrial-like), which had the lowest proportions
in ice could comprise between 0.09% to 1.18% in the water after ice melt during a year of
average ice conditions and up to 5.32% during a year of maximal ice conditions (Table 3.2).

Hence, based on our calculations, ice stores substantially more DOM under higher ice cover
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scenarios, especially protein-like DOM, that can be released to the upper water column upon ice
melt. However, despite ice largely being a source of DOM to the upper water column, ice melt

was found to dilute DOM concentrations in some cases (spring concentrations, Table 3.2).

Discussion

We found that DOC was generally lower in ice compared to water, and that DOM associated
with lake ice was mainly comprised of protein-like compounds whereas DOM in underlying
water was mostly humic-like compounds. These results are consistent with studies on small
humic lakes (e.g., Zhou et al. 2023; Song et al., 2019; Belzile et al. 2002). In the Great Lakes, we
observed considerable ice and water DOM composition variability. Variation in ice DOM
composition was linked to some explanatory variables such as ice thickness, nutrient levels, and
DOC, but much variation remained unexplained. DOM in lake ice has been suggested to be an
important reservoir of bioavailable carbon to planktonic microbes after ice melt (Zhou et al.,
2023; Imbeau et al., 2021). Here, we approximated, for the first time, DOM storage in ice and
showed that it can contribute to lake DOC upon spring melt, especially protein-like DOM
components (up to 25.82% in kg), which would be readily available to microbes. Release of lake
ice DOC upon ice melt may only represent a minor increase in water DOC concentrations
because of dilution, however the absolute contributions (kg) of protein-like DOM are
pronounced. It remains unclear what specific mixture of protein-like DOM (Murphy et al., 2014)
is released from the ice and how cryo-transformation (Chen et al., 2016) alters these molecules’
reactive moieties. Yet, it is likely that the contribution of this DOM pool to microbial

communities will be lost with the disappearance of lake ice due to climate change.

Variability in ice DOM composition across sites
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The proportion of C2ice, indicative of terrestrial humic-like DOM, varied across sites and this
was primarily associated with DOClece, ice thickness, and nutrients. A positive association of
C21ce with DOCice indicates that terrestrial-like DOM is higher when more DOC is present in the
ice (e.g., Inamdar et al., 2012; Yamashita et al., 2010). A positive association with water
nutrients could be simply because nutrients are often transported with terrestrial DOM in river
plumes (Marcarelli et al., 2019) and many of our sampling sites were located near river mouths
due to accessibility constraints in the winter. Ice thickness was inversely related to C2ice, which

indicates that less humic-like DOM is retained the thicker ice becomes (Zhou et al. 2023).

The positive association of C7ice With C7water can be explained by the selective incorporation
of protein-like compounds into ice as it forms, as mentioned previously (Zhou et al. 2023). A
negative association between C7ice and nutrients may be because, as mentioned previously,
nutrients are often associated with terrestrial-like DOM or DOC in river plumes (Marcarelli et
al., 2019) and DOC is often inversely related to protein-like DOM in ice (Imbeau et al. 2021),
which we also found to be the case in the ice. The positive association of C71ce with ice thickness
reflects how protein-like DOM in ice can become more concentrated the thicker and older ice
becomes (Zhou et al. 2023; Imbeau et al. 2021). There was a moderate association between Chl-
a in the water and C71ce. It is possible that Chl-a in the ice, which we did not measure, may have
been higher due to potential incorporation of algal cells within ice or filamentous diatoms on the

underside, which can exude proteinaceous compounds (Imbeau et al. 2021; D’souza et al., 2013).

Of the variables selected for PLS regression (i.e., nutrients, ice thickness, snow depth, Chl-a,
DOCice, and DOCwater), none explained variation in the terrestrial humic-like C1 and C3,
microbial humic-like C5, and urban microbially humic-like C6 in the ice. Other variables not

accounted for may have been driving their variation across sites, such as quality or type of ice
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(i.e., black vs white ice). These properties may influence the amount of light that is able to pass
through the ice that may subsequently phototransform humic-like DOM in the ice as well as in
the water beneath the ice (Kurek et al., 2022; Belzile et al., 2002). Future studies should

thoroughly note the type of ice and formation timeline at each site, as well as light penetration.

Contribution of DOM from ice to water

We found that, during extensive ice cover, substantial protein-like and moderate microbial-like
DOM can be stored and released from the ice to the upper water column during ice melt, but a
rather small amount of terrestrial-like DOM can be stored and released. This result highlights the
role lake ice has as a repository of and potential source of carbon to microbes in the upper water
column following ice melt (Imbeau et al. 2021). However, ice DOC concentrations in the Great
Lakes varied substantially and were as low as 0.33 mgL'. Relative to the DOC in the upper
water column and dilution from the water content of melting ice and snow, lake ice DOC would
not be a substantial source in these low DOC areas. However, despite low concentrations, it is
possible that the protein-like DOM released from ice may be preferentially respired by microbes
compared to protein-like DOM already in the water from prior to ice melt. Additionally, higher
DOC lakes or lakes with higher trophic status where ice entrains greater quantities and/or

proportions of protein-like DOM may have a greater influence on spring conditions.

Conclusions

We found that the DOM fingerprint of lake ice was dominated by protein-like compounds and
varied with limnological conditions. The protein-like DOM present in lake ice has the potential

to be an important source of bioavailable carbon to microbes in the upper water column
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following ice melt but is highly context dependent when accounting for the dilution factor of
water from melted ice and snow and the relative amount of protein-like DOM already in the
water. Future studies should examine microbial production before and after ice melt and see if it
is related to pulses of DOM from melting ice. This knowledge gap also raises questions about the
potential climate feedback implications associated with the interaction between lake ice, DOM,

and microbial activity, which should be explored.



Table 3.1. Mean difference in ice minus water for dissolved organic carbon and dissolved
organic matter composition indices and their associated p-values and t-values with 17 degrees of
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freedom.
Description Mean difference p-value t-value
DOC Dissolved organic carbon (mg L") (-) 2.98+2.75 <0.001 4.61
SUVA2s4  Specific UV absorbance at 254 nm  (-) 0.43+3.01 0.548 0.61
(L mg 'm™); higher values indicate
greater aromaticity
HIX Humification index; higher values (-) 4.98+2.64 <0.001 -8.00
indicate greater degree of
humification (unitless)
B:a Freshness index; proportion of (+) 0.1240.18 0.013 2.75
recently microbially derived
carbon () to highly
decomposed carbon (o) (unitless)
Sr Spectral slope; inversely correlated  (+) 0.64+0.68 <0.001 4.04
with molecular weight; higher
values suggest photobleaching
(unitless)
Cl Ubiquitous humic-like (%) (-) 7.87+5.11 <0.001 -6.53
C2 Terrestrial humic-like (%) (-) 11.56+11.21 <0.001 -4.37
C3 Terrestrial humic-like (%) (-) 10.09+7.58 <0.001 -5.65
C4 Soil fulvic-like (%) (-) 1.743.60 0.061 -2.01
C5 Microbial humic-like (%) (-) 1.30+4.24 0.209 -5.07
Cé6 Urban microbial-like (%) (-) 6.2+5.18 <0.001 -1.31
C7 Protein-like (tryptophan-like) (%) (+) 38.72+19.22 <0.001 -8.54

Note: (-) indicates a negative mean difference (lower in ice compared to water samples) and (+) a
positive mean difference (higher in ice compared to water samples).
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Table 3.2. Percentage of ice cover and corresponding relative contribution (%Cont) of protein-
like, terrestrial-like, and microbial humic-like DOM to the upper water column after ice melt
corresponding to the year of highest maximum (max) ice cover, February 14th, 2022, and year of
lowest max for all 5 of the Great Lakes. Also included are the winter concentration (Winter mgL"
1) and spring concentration (Spring mgL™") of each component in the water.

DOMp DOMwn DOMr
%lce  %Cont Winter Spring %Cont Winter Spring %Cont Winter Spring
mgL! mgl’! mgL! mgl’! mgL! mgl-1
Superior
Highest 100.00 2443  0.58 0.64 11.59 040 0.38 5.32 1.39 1.23
max
Feb 2022 45.68  6.40 0.58 0.59 2.70 0.40 0.40 1.18 1.39 1.35
Lowest max  8.50 0.99 0.58 0.58 0.40 0.40 0.40 0.17 1.39 1.38
Michigan
Highest 93.10 7.86 0.58 0.57 3.63 0.68 0.63 0.23 3.63 3.26
max
Feb 2022 37.50  3.20 0.58 0.57 1.44 0.68 0.66 0.09 3.63 3.48
Lowestmax 12.40  0.96 0.58 0.58 0.43 0.68 0.67 0.03 3.63 3.58
Huron
Highest 98.20 2582 0.54 0.60 9.17 0.60 0.54 1.99 3.05 2.55
max
Feb 2022 60.60  8.87 0.54 0.56 2.75 0.60 0.58 0.57 3.05 2.89
Lowest max 22.80 3.10 0.54 0.55 0.92 0.60 0.59 0.19 3.05 2.99
Erie
Highest 100.00 24.10 0.33 0.35 7.02 0.61 0.54 233 2.44 2.04
max
Feb 2022 8230 1837 0.33 0.34 5.07 0.61 0.56 1.66 2.44 2.14
Lowest max 5.40 0.40 0.33 0.33 0.09 0.61 0.61 0.03 2.44 2.44
Ontario
Highest 86.20 6.46 0.61 0.61 1.33 0.66 0.63 0.77 4.25 3.99
max
Feb 2022 2290 1.94 0.61 0.61 0.39 0.66 0.65 0.22 4.25 4.17
Lowest max 1.90 0.04 0.61 0.61 0.01 0.66 0.66 0.01 4.25 4.24




Figure 3.1. Box plots for (a) DOC (mg L), (b) spectral slope ratio (Sr), (c) freshness index
(B:a), (d) humification index (HIX), and (¢) PARAFAC percentages for ice and water. n=18
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Figure 3.2. PLS biplots for (a) C21ce (terrestrial humic-like) and (b) C71ce (protein-like) display
the predictor variables in relation to the response variable as well as scores (observations) color-

coded for each lake.
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Chapter 4: General Conclusion

The first part of this thesis evaluated changes in dissolved organic matter in 10 boreal lakes of
varied lake and catchment characteristics from early to late June 2022, which followed an
unusually wet and cold spring. We observed subtle changes in DOM composition in the
epilimnion from the first to the second sampling, with DOM generally decreasing in molecular
weight, likely due to photobleaching or autochthonous production. Changes were less consistent
for the hypolimnion. In the epilimnion, some of the variability in DOM change was related to
lake area and change in stratification strength. While in the hypolimnion, some variability was
related to the proportion of lake perimeter with wetlands, change in stratification strength, water
residence time, and mean slope of catchment. The correlations observed with lake and watershed
characteristics and changes in DOM composition illustrate that lake and watershed factors can
contribute to seasonal DOM dynamics in lakes. However, the rather nuanced changes of DOM
over our study period and lack of extensive relationships with lake and watershed variables may
be due to the short duration of our sampling (only 1 month), small sample size, or increased

terrestrial import associated with a wetter-than-normal spring.

The second part of this thesis assessed DOM in lake ice in the Great Lakes in February
2022. It was found that ice tended to have lower DOC than the underlying water and that ice
contained more protein-like DOM than the water, which contained mostly terrestrial-like DOM.
We also observed considerable variability in the type of DOM in ice across sites. This variability
was primarily related to ice thickness, water nutrients, and DOC. In addition, we underscored the
role of lake ice as a temporary storage unit of protein-like DOM that may be an important source

of carbon for planktonic microbes following ice melt. However, we found that this contribution
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is relatively minimal in the Great Lakes due to dilution of melted ice water and concentrations of
DOM already in the water. Nonetheless, it is possible that microbes may preferentially respire
this DOM released from ice, and loss of ice with climate change may have implications for

spring microbial production in the upper water column.

This thesis underscores the significance of incorporating spatial and limnological factors
into the analysis of DOM variability in lakes as well as lake ice, applicable not only to small
lakes but also to expansive systems such as the Great Lakes. This type of research is important as
threats to lakes, such as loss of ice and brownification, may vary depending on spatial and

limnological conditions.
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Appendices

Table Al. Measurements for average DOC concentration; proportion of lake perimeter with
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wetlands (PW); proportion of wetlands in catchment (PWC); total area of wetlands in catchment
(TWAC); lake area (LA); catchment area (CA); lake volume (LV); lake volume over catchment
area, a proxy for WRT (LV/CA); and mean slope (MS).

Lake DOC PW PWC TWAC LA CA LV LV/ICA MS (%)
(mgL™') m) (m) (m) (m?*)
L114 7.49 0.07 0.01 3000 120243 402757 180027  0.45 8.47
L223 525 0 0.03 63000 275640 2285360 1916317 0.84 8.55
L224 4.53 0.04 0.05 38000 261581 728418 3066671 4.21 9.18
L227 1253 0 0.01 3000 54953 293047 259439  0.89 8.28
L239 831 0.02 0.04 128000 541374 3345626 6169179 1.84 8.91
L304 9.17 0 0.03 5000 37502 203498 120704  0.59 8.51
L373 5.04 0.02 0.01 4000 273816 403183 3107474 7.71 7.39
L378 8.07 0.06 0.02 27000 251579 1185421 1996479 1.68 9.22
L442 753 0 0.11 172000 154377 1631623 1352175 0.83 8.10
L626 533 0.01 0.02 81000 261326 740000 1900317 2.57 7.50
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Table A2.Pearson correlation coefficients for delta values (first minus second sampling) for
DOC, some DOM indices, and various lake and watershed variables; proportion of lake
perimeter with wetlands (PW), proportion of catchment area with wetlands (PWC), lake area
(LA), change in stratification strength (ASS), water residence time (WRT), dissolved organic
carbon (DOC), total dissolved nitrogen (TDN), and total dissolved phosphorus (TDP).

PW  PWC LA ASS ~ WRT MS DOC TDN TDP
Epilimnion
ADOC 028 035 0.20 -0.62 -049 022 -057 -0.23 -0.26
ASr 0.52 0.24 0.00 -034 -029 053 -0.14 0.00 -0.01
ASUVAzs4 -0.63 -0.17 -0.44 0.72* 0.51 -032  0.58 0.28 0.32
AC1 -0.33 -0.19 -0.94*** 0.74* 055 -045 030 043 049
AC7 -0.09 0.05 0.57 -0.28 -024 048 027 -0.05 -0.07
APCl1 -042 -032 0.67* -0.75* -0.56 0.62 -0.19 -032 -0.35
Hypolimnion
ADOC 0.71* -0.46 0.50 -026 -0.17 045 008 039 0.50
ASr 0.12 -0.44 0.43 -0.74* -0.71* -0.07 0.19 0.37 0.48
ASUVA2s4 -0.01 041 -0.33 062 059 047 020 0.05 -0.02
AC1 -0.21 -0.17 0.16 -0.48 -0.47 -0.69* -031 -0.27 -0.26
ACT 0.27 -0.07 0.52 -0.62 -0.58 053 059 037 041
APCl1 046 -0.33 0.65 -0.25 -0.15 040 0.00 0.35 0.45

Note: *, ** and *** indicate if a correlation is significant at p<0.05, 0.01, and 0.001,
respectively.
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Figure Al. PCA of various DOM composition indices for sites with ice cover (n=21) vs sites
without ice cover (n=6).





