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ABSTRACT 

 

We studied Bear Lake, a subalpine oligotrophic lake in Rocky Mountain National Park, 

Colorado U.S.A, during the winter ice cover period of 2018. Our goal was to understand 

relationships between biogeochemical and biotic processes and the chemical quality of the 

dissolved organic matter (DOM), a major pool of organic carbon in all lakes. The lake was 

stratified with limited light availability and had a consistent oxycline at 7 meters. Nutrient 

concentrations were low and depletion of nitrogen species appeared related to increasing 

phytoplankton abundance. The phytoplankton community became progressively dominated by a 

potentially mixotrophic dinoflagellate species, Gymnodinium sp., and a deep chlorophyll 

maximum developed above the hypolimnion. Changes in the chemical quality of DOM, as 

measured through high-resolution mass spectrometry, were associated with these shifts in the 

lake ecosystem. The spectrometry data revealed an evolving reservoir of organic compounds 

many of which contained phosphorus, nitrogen, and sulfur heteroatoms and would be sensitive to 

changing biogeochemical and redox conditions. Reduced chemodiversity of the DOM pool in the 

surfacewater developed through the winter. Whereas, more unique compounds were produced in 

the bottom waters through the winter, coinciding with an increase in the favorability of organic 

carbon to support microbial respiration. These observed differences in DOM molecular 

composition were only weakly reflected in the spectroscopic signature of the DOM pool. 

Overall, our results show chemical changes in the DOM pool correlate to dynamic processes 

occurring under ice cover, likely driven by ongoing biotic change under ice cover, such as the 

growth of a mixotrophic dinoflagellate. 

 



 3 

INTRODUCTION  

 

 Oligotrophic mountain lakes have been identified as sentinels of change [Williams 1996, 

Williamson et al. 2009], which reflects the role of lakes as hotspots for carbon cycling on 

terrestrial landscapes [Tranvik et al. 2009]. Because mountainous watersheds are generally 

dominated by talus and poorly developed soils, with a minimal water storage capacity and a 

limited reservoir of nutrients and terrestrial carbon [Williams et al., 2002], these lakes are 

susceptible to change from hydroclimatological drivers and increasing atmospheric input of 

nutrients [Baron et al. 1985, McKnight et al. 1988, Wolfe et al., 2001, Creed et al. 2018]. Also, 

the low winter temperatures of alpine and subalpine zones cause ice covers to be retained for 

long periods of the year and these ice covers are important physical controls on lake ecosystems 

[Jones 2001, Fountain et al., 2012].  

As proposed in the Landscape Continuum Model for alpine ecosystems [Seastedt et al., 

2004], changes in alpine lakes can be decoupled from changes in the surrounding landscape as 

exogenic factors, such as climatic change and atmospheric nutrient deposition, become more 

direct determinants of lake ecosystem function [Flanagan et al., 2009, Leavitt et al. 2009]. In 

particular, increased warming of mountainous regions has potential to advance snowmelt and 

lake ice-out [Clow 2010], prolonging the period of summer primary production [Preston et al., 

2016]. There is already evidence that lakes in the Rocky Mountains have generally shifted from 

nitrogen-limitation to a phosphorus-limitation due to atmospheric N deposition, manifesting as 

shifts in aquatic community composition [Saros et al., 2003, Gardner et al., 2008, Elser et al., 

2009, Spaulding et al., 2015]. Furthermore, greater phytoplankton production in summer is likely 

to drive increases in autochthonous dissolved organic matter (DOM), which has a distinct 
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chemical character compared to DOM derived from the plants and soils of the watershed [Hood 

et al. 2004; Miller et al., 2010, Miller & McKnight 2015].   

While summer conditions are becoming prolonged, the duration of winter ice cover 

conditions in mountain lakes is becoming shorter. Coupled to the physical changes that occur 

under ice cover, planktonic bacterial, algal, and zooplankton communities are adapted to reduced 

input of light and allochthonous nutrients, possibly favoring mixotrophic phytoplankton 

[Litchman 1998, Roberts & Laybourne-Parry 1999, McKnight et al., 2000]. While some studies 

have examined patterns of major water chemistry constituents under ice cover, the importance of 

wintertime processes in producing and transforming DOM has not been addressed in the limited 

number of winter limnological studies [Hampton et al., 2016; Ozkundakci et al., 2016]. DOM 

may play a particularly important role in winter by acting as a reservoir of bioavailable 

compounds [Fulton et al., 2004, Karlsson et al., 2008] and potentially driving the depletion of 

favorable electron acceptors [McKnight et al., 1993, Heitmann et al., 2007, He et al., 2019]. In 

the anoxic bottom waters that develop under ice cover, differing terminal electron acceptors for 

microbial respiration may include not only nitrate and sulfate but also the humic fraction of 

DOM [Scott et al., 1998, Lau et al., 2017]. In addition, less DOM labile fractions may react with 

reduced nitrogen and sulfur species to form new organic compounds enriched in these 

heteroatoms [Schmidt et al., 2011, Sleighter et al. 2014]. Thus, numerous processes under ice 

cover may be coupled with changes in DOM cycling, and may drive changes in the chemical 

composition of the DOM pool. 

 Mountain lakes in winter can be well-suited for observing biogeochemical cycling and 

trophodynamics because the snow and ice on the landscape cause the lakes to essentially 

function as closed-basin systems [Bertilison et al., 2013]. Cold conditions sequester surface 
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waters, with ice cover also limiting physical mixing. As a result, stratification develops with 

temperatures lowest at the surface proximal to ice and above or around 4 °C nearest the bottom, 

where water has a maximum density of 1g/cm3. While oxygen can still be produced closer to the 

surface through photosynthesis, it is consumed at depth by decaying detritus and sediments at the 

benthos [Mathias & Barica 1980, Golosov et al., 2007]. The lack of mixing also creates physio-

chemical gradients, with diffusion largely controlling transport in the water column [Bengtsson 

et al., 1996]. Accordingly, monitoring changes in DOM quality across the depth profile in winter 

in concert with monitoring of changes in water quality and biotic conditions has the potential to 

elucidate underlying lake ecosystem processes in winter.  

 Here we present observations from Bear Lake, a subalpine lake in Rocky Mountain 

National Park, Colorado, U.S.A which were collected throughout the winter of 2018. Through 

the use of advanced DOM isolation and characterization methods, we explored the hypothesis 

that DOM quality will change under ice cover in response to shifting lake ecosystem processes. 

To characterize aquatic ecosystem change, we measured across depth a suite of physical, 

biological, and chemical parameters, as well as phytoplankton communities, under persisting ice 

coverage. Our results generally support our hypothesis. Of particular limnological importance is 

the finding that major changes in the dissolved organic compounds containing heteroatoms, such 

as nitrogen, phosphorus and sulfur, occurred throughout the ice cover period that were related to 

lake ecosystem change.   
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MATERIALS & METHODS 

 

Site Description and Sample Collection 

 

 We studied Bear Lake in Rocky Mountain National Park (RMNP) throughout the winter 

of 2018. This 4.5-hectare lake has a maximum depth of 10 m and is located at an elevation of 

2881 meters within the alpine-subalpine transition zone, adjacent to the Continental Divide. 

Previous study of lakes in RMNP has suggested that during winter, lake stratification, oxycline 

formation, and phytoplankton species composition are sensitive to the depth of snow and ice 

cover, which limit light availability [Spaulding et al., 1993]. Other studies across RMNP have 

documented vulnerability to nutrient deposition and changing climate [Baron et al., 1986; Baron 

& Campbell 1997; McKnight et al., 1988]. Measurements collected by students in the University 

of Colorado-Boulder’s Introduction to Applied Ecology class over the last 18 years have shown 

that the deepest oxycline occurs in the deepest portion of the lake where the overlaying ice 

remains snow-free due to a leeward aspect and wind scour. The snow-free conditions allow for 

greater light intensity and phytoplankton growth. 

At each sampling date, a 0.25 m hole was drilled using a hand-powered ice auger over the 

same location on Bear Lake at its maximum depths (10 m). Samples were collected at 4 depths 

(surface, 3 meters, 6 meters, 9 meters) every two weeks from late-January through late-April. 

Field parameters were measured across the depth profile for every site visit using a YSI 

multimeter for dissolved oxygen, pH, conductivity, and temperature. Before each use the pH 

probe was triple-point calibrated using a 4, 7, and 10 standard solution, with the dissolved 

oxygen probe was equilibrated to the partial pressure of the elevation at Bear Lake, and 
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conductivity was calibrated using 20 uS/cm standard. Measurements of PAR were collected on 3 

dates (March 10th, Mar-25th, April 22nd) to estimate light attenuation by depth and under differing 

site conditions using a LiCOR model UWQ-4040 PAR sensor on a 15-meter cable mounted to a 

lowering frame and connected to a LI-1500 Light Sensor Logger.  

Water samples were collected using a General Oceanics 1010C 2.5L Niskin bottle 

attached to a 15-meter telfon-coated hydrocable and triggered by a Go Devil 1000 mg 

messenger.  After field collection, 2.5 L of water was processed using a vacuum pump and 

Millipore filter tower through pre-combusted 47 mm Whatman GF/F filters. These filters were 

wrapped in foil for later chlorophyll-a and particulate organic matter (POM) analysis. The water 

sample was parsed into sub-samples for analysis of major reactive cations (Fe, Al, Mn, K), 

conservative cations (Na, Ca), dissolved organic carbon (DOC), dissolved organic nitrogen 

(DON), and nutrients such as phosphorus and inorganic nitrogen species (NO3, NO2, NH4).  

 

Water Quality Analyses and Isolation of DOM Preparative Samples 

 

Major cations were analyzed on a Perkin Elmer SCIEX inductively coupled plasma mass 

spectrometer (ICP-MS) model # Elan DRC-e with Indium as an internal standard and four 

standards (blank, 100, 500 and 1000 ppb) for calibration. Standards of higher concentrations 

were added during the run to extend the calibrations of select elements as needed. Nutrients were 

analyzed for nitrate, nitrite, and total dissolved phosphorus on a Lachat QuikChem 8500 Flow 

Injection Analyzer, with ammonium analyzed on a BioTek Synergy 2 Multi-Detection 

Microplate Reader. Total organic carbon and total nitrogen was analyzed on a Shimadzu TOC-V, 
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with total organic nitrogen concentrations estimated by subtracting out other nitrogen species 

data.  

Two discrete methods of dissolved organic matter isolation were employed; solid phase 

extraction using Agilent PPL cartridges (SPE-PPL) [Dittmar 2008] and the Thurman & Malcom 

[1981] method of liquid chromatography using Amberlite XAD-8 resin to separate the fulvic 

acid fraction. The SPE-PPL cartridges were preferred for DOM isolation for all depth and dates 

due to their higher efficiency, smaller volumes necessary for adequate sample recovery, and 

ability to sorb a larger pool of diverse compounds including carbohydrates. For each time point 

and depth, sample volumes ranging 1.5-1.6 L were run through SPE-PPL cartridges. The XAD-8 

resins isolate the humic fraction of the DOM, which includes most chromophoric DOM 

(CDOM), which is more recalcitrant and can act as electron shuttle.  The XAD-8 isolation was 

used on the first and last time point from the surface and bottom waters due to its requirement of 

a much larger volume of 20 L to produce a sufficient quantity for analysis. The final eluates of 

the SPE-PPL were dried under an N2 gas stream to prevent DOM oxidation, and XAD-8 eluates 

were desalted using a BioRad MP-50 cation exchange resin then shell frozen with liquid nitrogen 

and sublimated to solid on a Labconco FreezeZone freeze dryer. Once the fulvic acids were 

isolated and dried to solid phase, elemental analysis was performed for sulfur content, followed 

by spectroscopy and high-resolution mass spectrometry. 

 

Phytoplankton Abundance & Community Composition 

 

Multiple methods were used to evaluate changes in phytoplankton across depth and time. 

Chlorophyll-a concentrations were measured at the same four depths from frozen GF/F filters 
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collected during sample filtration and were digested overnight in 10 mL of a 90% buffered 

acetone solution.  A standard curve ranging from 0.1 to 10 µg/L was developed on a Horiba 

Jobin Yvon-SPEX Fluoromax-3 using serial dilutions of a 1 mg Sigma Aldrich chlorophyll 

standard, against which the fluorescence intensity of each sample was compared to estimate 

concentration using the Phaophytin-corrected method [Holm-Hansen et al., 1965]. Particulate 

organic matter (POM) was measured as a possible surrogate for algal and microbial biomass by 

drying GF/F filters, weighing them on a microbalance, followed by combustion at 400°C for 5 

hours and re-weighing to calculate the ash-free dry mass [Berkman & Canova 2007]. Unfiltered 

500 mL subsamples of lake water were preserved in opaque brown HDPE 1L bottles with 2% 

Lugol’s iodine solution. These samples were stored for less than 90 days at 4°C to avoid 

degradation of algal cells prior to analysis. Phytoplankton composition was analyzed with a 

FlowCam® (Model VS-IV) fluid imaging microscopy. This instrument can accurately quantify 

the abundance and size of particles by analyzing image-based data [See et al. 2005, Álvarez et al. 

2011, Spaulding et al. 2012] has been shown to produce results comparable to standard 

microscopy for dynamic plankton communities [Álvarez et al. 2011]. For FlowCam processing, 

samples were prefiltered through 100 μm mesh and homogenized with a shaker table at 250 

RPM for 10 minutes. A 5-mL subsample of well-mixed water was then injected for flow-through 

imaging with a flow rate of 0.15 mL/min and with a 10x objective set to fixed-rate imaging mode 

(auto-image mode). This microscope objective captures all particles between 10 – 100 μm in 

diameter; the size range of phytoplankton in Bear Lake. 

The community composition of imaged phytoplankton was analyzed with FlowCam’s 

VisualSpreadsheet® particle analysis software. This software automatically sorts and filters 

imaged phytoplankton based on prebuilt libraries for specific taxon-based particle attributes (e.g., 
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different shape geometries or color). Libraries were created by sorting algae into morphological 

groups. Taxonomic names were assigned to FlowCam libraries by examining a subset of 

concentrated samples using Utermöhl sedimentation chambers and inverted microscope at 400x 

objective and keys found in Prescott [1964] and Wehr et al. [2015]. Microscope based taxonomic 

identifications were used to build a classification template at a phylum-level with 

VisualSpreadsheet, these templates were used to automatically classify and sort the 

phytoplankton in each sample. When phytoplankton groups with smaller libraries had less 

defined particle attributes and when the software could not recognize taxa of varying shapes 

(e.g., clumps of Chlorophytes or Chrysophytes), manual sorting was necessary to place taxa into 

correct classes. Phyla densities were recorded in cells/mL and percent relative abundances 

calculated. 

 

Characterization of DOM Quality 

 

Fluorescence spectroscopy is a reliable tool for observing changes in the CDOM pool 

[Fellman et al., 2010, Hansen et al. 2016]. This qualitative assessment of the CDOM fraction can 

provide insight into processes responsible for DOM cycling across diverse aquatic environments 

[Aiken et al., 1985]. High-resolution spectrometry can also offer valuable insight into molecular 

composition, diversity, and structural characteristics of organic compounds [Tfaily et al., 2017, 

Graham et al., 2018]. Because DOM is a heterogeneous pool of thousands of compounds being  

produced, transformed, and degraded over time, these tools are particularly useful for observing 

biogeochemical changes [Seidel et al., 2017]. For more robust, comparative analysis, discrete 
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fractions of the DOM pool can be isolated through established solid phase extraction methods 

with macroporous resins [Minor et al., 2014]. 

An Agilent 8453 UV-Visible Spectrophotometer was used to collect an absorbance scan a 

254 um for calculation of SUVA254 [Weishaar et al., 2003], and to later provide interfilter-effect 

correction of fluorescence scans [Ohno 2002]. Fluorescence spectroscopy scans of fulvic acid 

isolates and whole water samples were collected on a Horiba Jobin Yvon-SPEX Fluoromax-4 

spectrofluorometer run between 300-500 µm excitation and 240-450 µm emission following the 

method of McKnight el al. [2001] to produce qualitative DOM metrics (FI, HIX, BIX) [Hansen 

et al., 2016], then processed through the Cory-McKnight 13-component Parallel Factor Analysis 

(PARAFAC) model for components and loadings of fluorophores [Cory & McKnight 2005].  

High-resolution mass spectrometry data collection was completed at the Environmental 

Molecular Science Lab (EMSL), part of the greater Department of Energy Pacific Northwest 

National Laboratory (PNNL). DOM SPE-PPL and fulvic acid isolate samples were run on a 12-

Tesla Bruker solariX Fourier-transform ion cyclotron resonance mass spectrometer (FT-ICR-

MS) with a Bruker ESI interface, each run in triplicate with a comparable IHSS Suwanee River 

fulvic acid standard for data QA/QC [Tfaily et al., 2015]. These spectra were then processed 

using the Compound Identification Algorithm (CIA) Database developed by Kujawinski et al. 

[2006] and modified by Minor et al., [2012] to assign elemental formulas for compounds 

containing C, H, O, N, S, and P. This CIA database contains more than 29 million discrete 

formulas, and filters based upon the seven heuristic golden rules [Kind & Fiehn 2007, Tolic et 

al., 2017] are applied to these assignments to confirm these are statistically and chemically 

possible. Visualization of these data were generated using the FTICR R Exploratory Data 

Analysis (FREDA) tools, developed by the EMSL Molecular Science Computing Data Analysis 
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& Visualization Division. Van Krevelen diagrams were processed through FREDA using the 

molecular identification file generated from the CIA database and filtered between 200 – 800 

m/z, allowing for comparison of spectra between samples. Additional metrics was also calculated 

from these spectra, including Nominal Oxidization State of Carbon (NOSC) per LaRowe and 

Van Cappellen [2011] to understand its favorability in microbial metabolism and thermodynamic 

stability [Graham et al., 2017, Stegen et al., 2018], and the modified Aromaticity Index (AI) to 

estimate molecular structure [Dittmar & Koch 2006; 2015]. Together these metrices, with Van 

Krevelen diagrams [Kim et al., 2003], and the subsequent Venn diagrams to visualize 

chemodiversity between fulvic acid isolates collected at the start and succession of sampling 

[Kellerman et al., 2015], provide detailed information regarding the molecular composition of 

DOM pool and through which other biophysical processes can be interpreted using advanced 

statistical analysis.   

 

Statistical Analysis 

 

To identify possibly correlated data and explore relationships among a wide variety of 

biophysical measurement collected across the study, a multivariate Principal Component 

Analysis was performed using the statistical program JMP. From the z-score and loading plot, a 

biplot was generated to reflect the variance with eigenvalues displayed by each component and 

weighted by eigenvector for directional relationship to Principal Component 1 and 2. From these 

results, a Redundancy Analysis (RDA) were performed from relevant variables identified in the 

PCA to explain observed variance in molecular formulas assigned from high-resolution mass 

spectroscopy data of DOM SPE-PPL isolates. The RDA was performed using the XLSTAT 
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statistical package for Microsoft Excel, with Monte Carlo simulations tests of 1000 permutations 

to determine the significance of suite of water chemistry and phytoplankton variables resultant in 

the lowest p-value [Zuur et al., 2007, Flanagan et al., 2009].  

 

RESULTS & DISCUSSION 

 

 Changes in Field Conditions and Water Quality Characteristics 

  

 Ice thickness was 50 cm at the beginning of the study (Jan-28) and 56 cm at the end (Apr-

22). The temperature profile showed a consistent temperature for the bottom waters between 4.5-

4.7 °C (Fig. S1A). Lake surface water temperatures exhibited more variability and were 

consistently colder when the ice thickness was increasing. Measurements of PAR were collected 

on dates where ice thickness (53-65 cm), snow (clear, slight coverage) and cloud cover (sunny, 

partly cloudy, overcast) were variable, but surface light transmission to the water column 

remained between 16-21% (Fig. S1C). Light transmission dropped to 0.1% at the hypolimnion (7 

m) and effectively 0% at the benthos. Concentrations of dissolved oxygen (DO) at the surface 

remained below saturation across the 7 sampling dates, varying between 37% (5.2 mg/L) and 

48% (6.6 mg/L) (Fig. 1A), with the highest values occurring during sunny days and lowest 

during cloudy or overcast days. Concentrations of DO also decreased predictably with depth. 

The oxycline was located between 7 and 8 m on January 28th and remained at 7 m thereafter. 

Values for pH were between 6.18 and 6.23 (Fig. S1B) at the surface, increasing with depth to the 

bottom waters where pH was more variable (6.29-6.69). Above the oxycline, specific 

conductance was generally uniform (Fig. 1B), with 24.5 µS/cm at the surface and varying less 
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than 1% over the study and 5% overall by depth (24.5-27 µS/cm). Below the oxycline; however, 

conductivity increased steadily reflecting solute diffusion from sediments. Overall, these 

observations are congruent with previous data collected from Applied Ecology class visits to 

Bear Lake, prior fall and winter limnological research in RMNP [Spaulding et al., 1993, Kolesar 

et al., 2002], as well as studies of other oligotrophic subalpine lakes in the Colorado and 

Canadian Rockies [Pennak 1968, Anderson 1970].  

Concentrations of major cations, such as calcium and sodium, were generally dilute (1.2-

2.2 mg/L) and stable (Fig. 2). An increase in cations did not occur near the benthos that matched 

the increasing specific conductance. Rather, an increase in redox sensitive ions such as iron, 

manganese, and aluminum appeared to have accounted for the increasing specific conductance. 

In particular, iron reached its highest concentration at the 9 m depth. This suggests that under 

anoxic conditions dissolved iron species are resolubilized from oxyhydroxides in the sediments. 

Shifting iron concentrations at the 6 m depth suggests iron transport from the bottom waters to 

the oxycline boundary, and that diffusive upward transport is likely limited by biotic uptake 

[Harnish et al., 1991]. Concentrations of manganese slowly increased over time, which is also 

consistent with diffusion from the sediments. Conversely, aluminum concentrations 

progressively decreased and then rebounded for the last two dates.  

Dissolved organic carbon (DOC) concentrations showed little variation over depth and 

time, with the largest changes of 11 % of mean (3.2 ± 0.2) occurring at the surface. These DOC 

concentrations are adequate for complexation with trace metals such as iron [McKnight et al., 

1997]. These DOC concentrations are also sufficient to mediate the sequestration and release of 

nutrients under shifting redox conditions [Struyk & Sposito 2001, Liu et al., 2009]. 
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Concentrations of dissolved nitrogen species were more variable than DOC 

concentrations. Initially, concentrations of nitrate decreased in the surface, 3 m, and 6 m depths 

while the 9 m increased dramatically. Subsequently, all NO3 concentrations decreased through 

March 10th until 3 m and 6 m depth rebounded as the others declined (Fig. 2). In contrast, NH4 

concentrations were non-detectable across all depths for the first date, and in the surface waters 

until the third time point. The bottom waters NH4 concentrations were consistently higher than 

other depths, peaked in late March at 70 µg/L and then decreased. Nitrite concentrations were 

generally lower than NH4 concentrations and exhibited much more variation (Fig. 2).  

Ratios of N:P can provide information regarding the stoichiometric distribution of 

dissolved nutrient pools important to phytoplankton communities. For marine seston, comparison 

to the Redfield Ratio of 16: 1 for the molar concentrations of total nitrogen (TN) and total 

phosphorus (TP) can potentially identify which nutrients may be acting as a limiting agent 

[Catalan 1992]. Although studies of oligotrophic lakes in alpine and arctic regions suggest that 

molar concentration ratios of dissolved inorganic nitrogen (DIN) to total phosphorus (TP) are 

better predictors of nutrient limitation and tend to be more responsive [Morris & Lewis 1988, 

Bergstrom 2010]. This is due to the persistence of leached refractory dissolved organic nitrogen 

(TON) compounds from the terrestrial environment becoming the dominant nitrogen species in 

these systems [Lewis & Wurtsbaugh 2008], thereby masking stoichiometric shifts in DIN. 

Likewise in Bear Lake, DON accounted for as much as 85% of TN (Fig. 2), and ratios of 

DIN:TP highlight a general pattern of P-limitation (DIN:TP >3) across depth and time (Table 1). 

Although there were four instances of N-limitation (DIN:TP <3) that appeared related to 

phytoplankton-driven ammonium depletion and high chl-a abundance.  
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DON largely decreased over the winter at the surface, 3 m, and 6 m depth (Fig. 1). 

Conversely, the 9 m depth exhibited a steady increase of DON (Fig. 1), likely from senescence 

of vegetation settled to the benthos [Williams et al., 2001, Cleveland et al., 2004]. 

Concentrations of phosphorus (P) were near the detection-limit across all dates and depths, with 

the exception of the last date (April-22) where the 3 m depth increased slightly and the surface 

threefold (Fig. 2). Overall, nutrient concentrations were low and consistent with previous values 

reported in other lakes in RMNP and regionally [Morris & Lewis 1988, Baron 1992, Miller et al., 

2010]. 

 

Changes in Phytoplankton Abundance and Composition 

 

Overall, chlorophyll-a increased by an order-of-magnitude in the surface against more 

moderate changes at depth. For the first sampling date (Jan-28) the concentration of chl-a in the 

surface waters (Fig. 1C) approached the threshold of detection (0.1 µg/L) with a peak value of 

0.99 µg/L at 9 m. Chlorophyll-a concentrations continued to rise at most depths and by the last 

two dates were between 1-2 µg/L. These concentrations were generally highest at the 6 m depth, 

indicating of the development of a deep chlorophyll maximum just above the 7 m oxycline.  

Particulate organic matter (POM) showed consistent rise at the surface across all dates, 

from an initial value of 1.16 mg/L to a final 5.64 mg/L (Fig. 1D). The 3 m depth had similar 

pattern, but these increases were slow at the beginning, then exceeding surface from February 

11th onward until reaching 7.35 mg/L on April 22nd. The 6 m depth had the most variation in 

values, as well as the highest mass from March 10th onward. The 9 m depth exhibited an initial 

decrease in POM, but steadily increased across time similarly to the 6 m depth. For the surface, 3 
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m, and 6 m depths, these changes appear to match chl-a concentrations, whereas at 9 m these are 

possibly more indicative of microbial biomass.   

 Throughout the winter, large shifts occurred in total cell numbers (59-730 cells/mL) and 

in relative abundance of the phytoplankton community (Fig. 3). At the surface, the 

phytoplankton community gradually shifted from primarily small phototrophic Cyanobacteria 

(48% relative abundance) and Chlorophyta (46% relative abundance), which dominated 

throughout February, to a bloom by the Pyrrophyte (dinoflagellate) Gymnodinium sp. in April, 

At that time, Gymnodinium sp. comprised 70% of the community and drove the total 

phytoplankton concentration from 200 to 450 cells/mL from March 25th to April 7th. The 

phytoplankton at 6 m was relatively stable and was primarily dominated by Gymnodinium sp but 

showed two bimodal peaks in cell density. At 9 m, the phytoplankton community consisted of 

mostly Cyanophytes from January 28th to March 10th, but a bloom of Gymnodinium sp. rapidly 

developed from mid-March until late-April. 

 Generally, when Pyrrophytes and Cryptophytes increased in abundance, Cyanophytes 

and Chlorophytes became less abundant. Specific genera such as Fragilaria, Synedra, Synura, 

Dinobryon, and Monomastix which are common in RMNP lakes were rarely observed 

(McKnight et al., 1988; 1990, Kolesar et al., 2002] (Table S1). When samples across all depths 

and time points were pooled, a linear regression of the total cells/mL versus the relative 

abundance of Pyrrophyta produced an r2 value of 0.45 (F(1,26) = 21.21, p= 0.000095) (Fig. S2A). 

This result illustrates the importance of Pyrrophyta in the winter phytoplankton community (Fig. 

S2B). Their increasing presence over the winter, even below the oxycline where PAR was 

effectively undetectable, suggests that motility and mixotrophy may have favored Gymnodinium 

sp. in adapting to under ice conditions. 
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DOM Spectroscopy and Spectrometry 

 

Variability in the CDOM properties was generally low, with the spectroscopic analysis of 

whole water DOM showing negligible change in terms of the Fluorescence (FI), Redox (RI), and 

Biological Indices (BIX) (Fig S3). Observed changes in SUVA254, a metric for aromaticity of 

DOM, were also small across all depths and time points. The FI, qualitative indicator of the 

relative contributions of terrestrial and microbial organic carbon, showed that overall Bear Lake 

DOM is derived from both terrestrial plant and soil detritus as well as microbial aquatic sources, 

with values similar to those reported by Hood et al [2004]. Mean values for HIX (4.4, ± 0.36) 

suggested an overall moderate molecular weight of the DOM from mixed terrestrial and aquatic 

origin. In contrast, subtle changes of these spectroscopic metrics were found for the fulvic acid 

(FA), which is the dominant CDOM fraction (Table 2). For example, increases in the FI across 

both depths through the winter indicated an autochthonous contribution of higher molecular 

weight DOM to the fulvic acids with surface waters having the greater increase (Table 2). A rise 

in SUVA254 values for both depths between the first and last date, as well as changes in HIX also 

indicate a qualitative change in the fulvic acid fraction. As expected, the fulvic acid fraction had 

higher HIX values than the whole water, reflecting more humified, polycondensed material. The 

greater FI values of the whole water compared to the fulvic acids were consistent with the 

presence of non-humic quinone-like substances in whole water and has been observed previously 

[Miller et al. 2005; Hood et al 2005]. The low BIX values and small changes in RI in the FA also 

support the characterization of Bear Lake as a system dominated by contributions of plant and 

soil-derived CDOM that would be less favorable as an electron shuttle to support heterotrophic 

activity without these autochthonous contributions [Cory & McKnight 2005]. 
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 The results of high-resolution mass spectrometry analysis of SPE-PPL and FA isolates 

provide valuable information regarding the composition, diversity, and structure of a broad pool 

organic compounds that are not necessarily part of the CDOM. Similar to the metrics calculated 

from fluorescence spectra, FT-ICR-MS data can provide summary metrics for aromatic structure 

as well as insight from the stoichiometry of incorporated elements to quantify the oxidation state 

and thermodynamic stability carbon as a surrogate for its favorability in microbial metabolism.   

In the DOM isolated from SPE-PPL, compounds containing CHO groups dominate the 

molecular pool as well as exhibit high variability (Fig. S4). In the surface, a decrease in CHOP 

occurs across time corresponding to an increase in the more complex CHOSP groups and CHOS. 

Values for the Nominal Oxidation State of Carbon (NOSC), a proxy for thermodynamic stability, 

are consistently lower at the surface through February 25th where they reach the lowest value (-

0.379) (Table S2) suggesting the production of more labile compounds and coinciding with the 

highest DIN:TP ratio (Table 1). The 3 m depth shows a similar depletion of CHOP and CHON 

compounds over time, along with decreasing CHOS and CHOSP compounds (Fig. S4). The 3 m 

depth also consistently had the highest Aromaticity Index (AI) values, and with the exception of 

the first date (Jan-28) the highest NOSC. The 6 m depth had dissimilar changes in compounds; 

with a slight decrease in CHOP groups over time, with CHON varying slightly, and CHOS 

groups decreasing until rebounding on April 7th. After March 25th, the 6 m depth consistently had 

the lowest AI as well as a lesser NOSC value than the surface and 3 m depths, suggesting both 

the production of aliphatic groups and an increase in lability for microbial respiration (Table S2). 

The 9 m depth displayed the least changes in CHOP and CHON compounds, with CHOS 

compounds changing the most (Fig. S4). With the exception of two earliest dates, the 9 m depth 

also had the lowest NOSC values and contrasting other depths a higher AI. This result further 
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supports the spectroscopic evidence of increased microbial contribution of higher molecular 

weight aromatic DOM over time.  

The changes in the diversity and distribution of these organic compounds under-ice cover 

conditions can be better understood by also considering the corresponding results of the fulvic 

acid (FA) fraction at the beginning and end of the study. The Van Krevelen diagrams (Fig. 4) 

show that the fulvic acids isolated from the surface waters on the first date (Jan-28) are more 

molecularly diverse, with a greater number of peaks than the bottom waters. Of these peaks, the 

bottom waters share 68% of these peaks in common with the surface (Fig. S5). Values for NOSC 

(Table S2) in the surface are -0.55 and for the bottom waters -0.33, displaying a gradient that 

carbon oxidation is more favorable for microbial metabolism at the bottom and much less so at 

the surface. The AI is 0.24 at the surface and 0.27 at the bottom, with increased aromatic 

structure at depth. The FA collected during last date (April-22) show different composition. For 

the surface, a clear consolidation in Van Krevelen space of CHOP and CHNOS groups occurs as 

well as a doubling in the number of observed peaks. In the bottom waters, there is a similar trend 

for CHONS groups that is more broadly distributed and a four-fold increase in peaks. In contrast 

to conditions on January 28th, there are more assigned peaks in the bottom waters than the 

surface on April 22nd with only 58% in common (Fig. S5). Values for NOSC in the surface 

decreased to -0.42 suggesting the increased production of carbon favorable for oxidation and a 

remarkably consistent -0.32 in the bottom waters where it is more favorable for microbial 

metabolism. The AI for both depths also increases, to 0.28 in the surface, and to 0.31 in the 

bottom waters, again suggestive of a disproportionate contribution of moderate molecular weight 

aromatic compounds by photoautotrophs and the corresponding depletion of low molecular 

weight DOM in the surface by heterotrophs. In terms of the diversity of compounds between 
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discrete depths on the first (Jan-28) and last sampling date (April-22), the surface shared 52% of 

assigned formulas peaks whereas the bottom waters only had 27% in common (Fig. S5). This 

greater difference in the bottom waters indicates evolving, increasingly diverse pool of organic 

compounds that are generated in the anoxic bottom waters. 

Because FT-ICR-MS is a qualitative metric, the use of secondary analytical techniques 

provides a means to confirm these observations quantitatively. These methods include 

colorimetry for phosphorus, and elemental analysis of the final freeze-dried FA for sulfur 

content. Due to a limited recovery of FA from the surface waters of the first date (Jan-28), sulfur 

analysis was unable to be completed. Values reported for sulfur content by weight at 9 m was 

1.1% for this date, which dropped below 0.1% for the last date (April-22) and 0.1% in the 

surface. Colorimetric phosphorus analysis was completed on the XAD-8 eluates, with a detection 

threshold of 1 µg/L. These concentration values for the surface were 35 µg/L (Jan-28) and 44 

µg/L (April-22), with a 20% rise in P consistent with FT-ICR-MS data that reflected an 18% 

increase in assigned formula peaks. In the bottom waters, P concentrations on January 28th were 

15 µg/L and much lower than the surface water. However, on April 22nd these concentrations 

doubled which was not shown in the FT-ICR-MS data. Due to a large number of unassigned 

peaks present in the bottom waters overall, it is plausible this variability in both S and P was not 

fully captured by formula assignment due to either extremely high or low molecular weight 

where mass defect error and Compound Identification Algorithm uncertainty are highest.  
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Statistical Relationships 

 

To explore the relationship between water chemistry and biotic variables, a Principal 

Component Analysis was performed with 47.2% of variation explained across PC1 & PC2 (Fig. 

5A). On PC1, reactive ions, Al, Fe, Mn, K, and NH4, and measures of algal biomass were 

weighted in the positive direction. Additionally, chl-a and Pyrrophyta were closely aligned. The 

opposing orientation of nitrate and nitrite to biomass measurements suggest the importance of 

these nutrients in supporting algal growth during the winter. Further, the opposing orientation of 

DO to Fe, Mn, and NH4 possibly relate to the importance of redox-related processes in 

controlling water chemistry patterns. Specifically, these relationships may reflect DO production 

by algal photosynthesis and diffusion of reduced N species into the upper water column from the 

anoxic bottom waters.  Conversely, DIN species and redox-active ions, DO, pH, nitrate, nitrate, 

DOC, and DON were negatively weighted. For PC2, biomass measurements, DOC, and DON 

had negative weights, whereas inorganic nitrogen and redox-sensitive ions (Fe, Mn, NH4) and 

had positive weights. Data for the first sampling (Jan-28) for all depths were located in the 

negative PC1 space. On later dates, the 3 m, 6 m, and 9 m depths collapsed towards the positive 

PC1 space, with the 3 m and 6 m depths also shifting towards the negative PC2 space.  

In the Redundancy Analysis, 59% of variation was explained across axis F1 and F2 with 

a statistically significant p-value of 0.032 (Fig. 5B). The selection of water chemistry and biotic 

measurements from the PCA that displayed important patterns was determined based upon their 

influence on the statistical significance of the RDA. This resulted in reducing the environmental 

parameters by omission of pH and Pyrrophyta. Similar relationships in the PCA appeared among 

the explanatory variables in the RDA. Iron and manganese were strongly weighted in the 
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positive F1 space, with DO strongly in the negative space. Nutrients and biomass parameters 

were somewhat weighted in the positive F1 space. Concomitantly, biomass as measured by chl-a 

and POM with nitrite were strongly positively weighted along F2, with NO3 weighted negatively 

along F2. Iron and manganese were separated in the positive and negative direction along F2.  

The measured environmental variables explained a significant portion of the variance in 

molecular formulas of the DOM observed in Bear Lake. All formulas with nitrogen, phosphorus, 

and sulfur-containing compounds were positively weighted along F1, while only CHO were 

negatively weighted. Further, CHO groups were aligned with DON and DO, which could be 

related to their production or persistence under oxic conditions. In the positive F2 space, CHONP 

formula were orientated with biomass measurements. Though compounds containing sulfur in 

the positive F1 space (CHOS, CHONS, and CHOSP) were less strongly weighted, they were 

related to nitrite and manganese. This could suggest a relationship to reducing conditions in 

which sulfhydral groups became incorporated into DOM molecules. In the negative F2 space, 

CHONSP compounds were the most strongly weighted and in the opposite direction as biomass 

measurements. The CHON compounds were slightly less weighted in the negative F2 space but 

appeared to be aligned near ammonium and iron, which could also indicate the favorability 

towards DOM assimilation of N under reducing conditions. Cumulatively, these analyses offer 

insight regarding the influence of ice cover on dynamic processes driving redox chemistry, 

biogeochemical cycling, and their connection to microbial and phytoplankton communities. The 

significant relationships between these groups of molecular formula, physio-chemical processes, 

and biota therefore contribute new approaches such as spectrometry and molecular composition 

to discern seasonality in biogeochemical processes of aquatic systems.  
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CONCLUSIONS 

 

Physical observations from Bear Lake throughout the winter of 2018 affirm a highly 

stratified aquatic environment with limited light availability, a consistent oxycline depth, and 

dilute hydrochemistry characteristic of an oligotrophic system. Concentrations of nutrients were 

generally low, with dissolved phosphorus bordering detection limit and depletion of dissolved 

nitrogen species, particularly for NH4 and to a lesser extent NO3, appeared related increasing 

phytoplankton abundance. This diffusion of reduced nitrogen species from the hypolimnion also 

appeared to drive the deep chlorophyll maxima [Saros et al., 2005, Burnett et al., 2006, Wenk et 

al., 2012], which was dominated by a potentially mixotrophic dinoflagellate. The progressive 

shift in community structure throughout the water column towards the dominance of 

Gymnodinium sp, also emphasizes an adaptive, motile strategy to meet growth demands even 

under extremely low light conditions [McKnight et al., 2000]. These findings regarding the role 

of mixotrophy and flagellates additionally correspond with prior winter study of phytoplankton 

community dynamics in RMNP [Spaulding et al., 1993] as well as in temperate systems [Butts & 

Carrick 2017].  

Regarding our hypothesis of DOM as predictor for these shifts in aquatic ecosystem 

structure, results showed that the DOM properties measured through high-resolution mass 

spectrometry were responsive to the shifts in aquatic ecosystem structure. This information 

elucidated an evolving reservoir of organic compounds some of which contained phosphorus, 

nitrogen, and sulfur groups. In fulvic acid fraction, we also observed reduced chemodiversity 

between the surface and bottom water DOM molecular formulas over time, with increased 

homogeneity in the surface suggesting the uptake of more labile compounds from 
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photoautotrophy and more unique compounds being produced in the bottom waters possibly 

from heterotrophy [Mentges et al., 2017], as well as the development of organic carbon more 

favorable to support microbial respiration. Although the scope of this study was limited to one 

location and a single winter season thereby precluding any evaluation of DOM to hydroclimate  

[Kellerman et al., 2014]; it does reflect that under the physical constraints of ice cover, DOM and  

nutrient cycling, as well as primary productivity and biomass production are all occurring in 

measurable ways. Together, these patterns demonstrate the necessity of adaptive strategies for 

microbial and planktonic metacommunities to meet metabolic demand under less favorable 

conditions and contribute new evidence of a developing pool of DOM enriched of N, S, and P-

containing groups that could potentially stimulate lake metabolism during turnover after ice-out. 

Through the statistical relationships and the interpretation of environmental drivers to 

DOM molecular composition, significant trends emerged that couple the physical, chemical and 

biological environment. These techniques allow us to connect fluxes of inorganic nutrients, 

reactive ions, as well as organic compounds, to processes associated with both the production of 

biomass and shifts in diversity of phytoplankton communities. This research also highlights the 

importance of spatiotemporal data in providing comparative data regarding the diversity of 

humic substances and a broader pool of organic compounds between contrasting redox stratum 

to understand carbon cycling dynamics under ice cover, which should be considered in 

developing future lake models. Our findings further stress the need for winter study of mountain 

lakes to interpret regional phenological response as well as regulating capacity to improve our 

overall understanding of their sensitivity to continuing disturbance effects from changes in 

hydroclimate.  
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To identify these long-terms impacts, intraseasonal variability must be monitored to 

understand the broader manifestations of these factors on ecosystem function. In the alpine and 

subalpine, lakes are ice covered for the winter, spring, and into early summer; making ice 

coverage often the dominant state [Weyhenmeyer et al., 2011]. Yet there remain few studies of 

mountain lakes under these conditions [Hampton & Powers 2016]. In Colorado, summer is the 

highest period of primary production [McKnight el al., 1986, Miller et al., 2009], but 

phytoplankton activity and nutrient depletion has also been shown to occur under ice cover 

[Spaulding et al., 1993; 1994, Priscu et al., 1995]. Thus, the duration of winter may be equally 

important in regulating ecosystem structure and potentially in priming aquatic ecosystem 

succession [Guenet et al. 2010, Catalan et al., 2015, Bengtssen et al. 2018]. 


