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ABSTRACT 

Freshwater is a vital natural resource currently under threat from multiple anthropogenic 

stressors. The effects of watershed and atmospheric disturbances often present themselves in lakes, 

given their deep-lying position within a watershed. Water transparency in many north-temperate 

lakes is rapidly decreasing due to increasing loads of terrestrial dissolved organic matter (“DOM”); 

commonly referred to as lake browning. At the same time, the planet is undergoing rapid and 

widespread changes in climate. Lake surface temperatures are warming at record rates following 

increases in air temperatures. Further, wide-spread declines in surface wind speeds have been 

observed across much of the northern hemisphere; a phenomenon referred to as “atmospheric 

stilling”. Watershed and atmospheric changes can fundamentally alter lake ecosystem structure 

and function, which in turn will reduce many of the ecosystem services lakes provide such as safe 

drinking water, angling, and recreational opportunities. This dissertation investigates how changes 

in water transparency and climate interact to alter physical and chemical lake features, and further 

examines how these changes will ultimately alter habitat availability and growth rates of common 

sport fish. 

 Though a clear pattern has been shown between lake surface temperatures and climate 

warming, less is known about how the multiple factors of climate change affect summer thermal 

stratification. Summer stratification depth and strength are two characteristics that regulate many 

in-lake processes including the creation of a distinct vertical thermal gradient, which strongly 

regulates the distribution of many organisms. Understanding the role climate plays on stratification 

depth and strength can be difficult because non-climate factors like water transparency can 

strongly influence stratification features. In the first study, I utilized a lake in a protected National 

Park as a case study in order to isolate the effects of climate change on stratification depth and 
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strength. Crater Lake is a near-pristine lake which has exhibited little changes in water 

transparency and watershed land use over the last 25 years. I examined long-term trends in water 

temperature profiles and meteorological conditions to determine how summer stratification 

characteristics changed from 1993 to 2017. I next calibrated a hydrodynamic model and performed 

scenarios to investigate how changes in climate variables (mainly air temperature and windspeed) 

alter stratification characteristics. Summer depth and strength of stratification were regulated by 

different climate variables. I found that the depth of stratification decreased by 55% across the 25-

year period, and that this decline was most likely driven by a decrease in wind speeds. While there 

was no clear long-term pattern in summer stratification strength, I found variability in stratification 

strength was largely driven by variation in air temperature, with warmer air temperatures resulting 

in stronger stratification. Notably, I found that spring time conditions in both wind speed and air 

temperature strongly influenced summer stratification characteristics. Since wind speeds are 

declining elsewhere and air temperatures are warming across the globe, other large lakes may be 

experiencing similar stratification changes. 

North temperate lakes have been browning across North America and Europe following 

recovery from acid deposition, and changes in precipitation and land use practices . Browning 

associated decreases in water transparency can strongly influence lake productivity due to the light 

absorbing nature of DOM. However, limiting nutrients (i.e., phosphorus and nitrogen) could be 

associated with DOM, which may help compensate for the negative light absorbing effects of 

DOM on lake productivity. I utilized two spatial surveys across the United States and a long-term 

lake survey of 28 lakes in the Adirondacks to understand how limiting nutrients and DOM 

characteristics were related. Across space, limiting nutrients were strongly positively related with 

DOM concentrations (quantified here as dissolved organic carbon concentration; “DOC”) and 
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DOM specific absorbance. Adirondack lakes strongly increased in DOC concentration and became 

browner from 1994 to 2012, but limiting nutrients did not increase. Instead, phosphorus 

concentrations largely stayed the same while nitrogen concentrations decreased. Further, modeling 

of lake photosynthetic potential in each of the 28 lakes indicates that  most lakes have likely 

decreased in whole-lake productivity from 1994-2012. Contrasting trends in DOM and limiting 

nutrients suggests that the strongest effect of lake browning will likely be a decrease in lake 

productivity through time.  

Many north temperate lakes are warming and browning at the same time. Both warming 

temperatures and decreases in water transparency have the potential to threaten lake dissolved 

oxygen (“DO”) levels. The relative importance of each driver and the combined effects of warming 

and browning are not well understood. The third study investigates how warming air temperatures 

and browning affect DO levels via hydrodynamic and biogeochemical modeling scenarios across 

a 30-year period (1990 – 2019). I calibrated a hydrodynamic and coupled biogeochemical model 

to Lake Giles in Pennsylvania. Lake Giles has a robust long-term data record and is a small 

oligotrophic lake, which is representative of many north temperate lakes. After model validation, 

I recreated Lake Giles across three different initial DOC concentrations to represent a wide initial 

range of DOC. For each of the three lakes, I simulated trends in browning and climate warming 

across the 30-year period and calculated annual summer DO metrics. Lakes with more DOC tended 

to have less DO.  Browning tended to reduce DO in clear lakes quicker than in lakes with higher 

initial DOC concentrations. Climate warming had a smaller negative effect on DO concentrations. 

Browning increased the prevalence of anoxia and hypoxia in the summer, and the combined 

browning and warming scenarios generated the highest levels of summer anoxia and hypoxia. An 

increase in DOC from 1 to 5 mg L-1 shifted the onset of anoxia and hypoxia up to one and half 
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months earlier. This study has major water quality implications, as the onset of anoxia and hypoxia 

can release nutrients stored in the sediments, which can fuel algae blooms in the surface waters.  

Browning traps more heat at the lake surface, which leads to warmer surface waters and 

cooler deep waters in the summer. Fish are ectotherms, and as such many functions including 

metabolism and growth are temperature dependent. Browning therefore has the potential to alter 

growth rates in fish. In this last study, I again used Lake Giles as a case study. I used a 

hydrodynamic model to recreate Lake Giles at different DOC concentrations from 1 to 15 mg L -1 

during a typical year. I then examined how the growth of two common fish with different 

temperature preferences varied in response to browning-induced changes in water temperature. 

Largemouth Bass (Micropterus salmoides) are a common warm-water species present in many 

north temperate lakes. As DOC concentrations increased, summer surface temperatures warmed 

and shifted closer to bass optimal temperatures. Thus, increases in DOC led to larger growth rates 

for bass, most noticeable in the 1 to 3 mg L-1 range. Brook Trout (Salvelinus fontinalis) are a 

common cold-water sport fish that inhabits deeper parts of the lake in the summer. Browning led 

to a slight decrease in deep water temperatures, especially in the spring. As a result, trout growth 

in the spring slightly reduced with browning, but the overall affects were minimal. Though trout 

growth was minimally affected by DOC, I estimated that trout would have to move shallower in 

the water column to track their preferred temperature, which could lead to changes in behavior and 

interspecific competition. Overall, I found differential effects of lake browning on fish growth via 

temperature depending on fish type (i.e., warm-water vs cold-water fish). Lakes may become 

dominated by warm water species as lakes continue to brown if food supplies remain suitable. 
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1. INTRODUCTION 

 

1.1 Thesis Background 

1.1.1 Lakes as Integrators of Environmental Change 

Lakes are a vital natural resource that constantly respond to changes in the environment. 

The physical and chemical environment of lakes largely determines aquatic habitat structure, 

which regulates key biological processes. While aquatic primary productivity is largely limited by 

nutrient availability (Elser et al., 2007), the depth at which productivity occurs is influenced by 

physical parameters like the water clarity and the depth of stratification (Leach, Beisner, et al., 

2018). Due to their low-lying position in the landscape, allochthonous nutrients and organic 

material often cycle through lakes. Moreover, lake surfaces are directly exposed to the atmosphere, 

which influences thermal heat budgets. Thus, lakes have been consistently used as sentinels of 

environmental change (Adrian et al., 2009; Schindler, 2009; Williamson et al., 2009). 

1.1.2 An Overview of Anthropogenic Impacts on Earth’s Climate System  

Widespread anthropogenic activities over the last century and longer have fundamentally 

altered Earth’s climate, with serious implications for the natural environment and lakes in 

particular. As anthropogenic stressors continue (i.e., fossil fuel use, development / land use change, 

etc.), many of the observed atmospheric impacts will become further exacerbated. Recent analyses 

show that Earth surface air temperatures have risen between 0.25 and 0.30°C decade -1 in recent 

years (O’Reilly et al., 2015; Jane et al., 2021). As a result, lake surface temperatures across the 

world have warmed at a rapid pace, with surface water warming rates (0.34 to 0.39 °C decade -1) 

exceeding air temperature warming rates in many instances (O’Reilly et al., 2015; Pilla et al., 2020; 
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Jane et al., 2021).  Climatic warming has even been linked to wide spread declines in dissolved 

oxygen (“DO”) in lakes (Jane et al., 2021). 

Further, wide spread decreases in surface wind speeds have been documented across the 

northern hemisphere; termed “atmospheric stilling” (Roderick et al., 2007; Pryor et al., 2009; 

McVicar et al., 2010, 2012; Deng et al., 2018). Though the exact causes of atmospheric stilling 

remain unclear, anthropogenic factors such as changes in land use and increases in surface 

roughness are important factors (Vautard et al., 2010). Atmospheric stilling has the potential to 

accelerate surface water warming in the presence of climate warming and can even alter summer 

thermal stratification characteristics (Woolway et al., 2019).  

Similarly, precipitation volume and or form is changing in many regions. In the western 

region of the United States, winter snow packs have been declining (Mote et al., 2005, 2018). 

Reduced snowpack decreases the volume of spring inflows to lakes, in turn altering summer water 

temperatures (Sadro et al., 2018). In many northern regions, increases in precipitation has been 

linked with increasing loads of terrestrial DOM into lakes (Wilson & Xenopoulos, 2009; Zhang et 

al., 2010; S. Couture et al., 2012; Kritzberg, 2017). 

1.1.3 An Overview of the Role of Terrestrial Dissolved Organic Matter in 

North Temperate Lakes 

Terrestrial dissolved organic matter (“DOM”) has increased in many lakes in Northeastern 

North America and Northern Europe since the 1990’s (Monteith et al., 2007; Driscoll et al., 2016; 

Creed et al., 2018). Terrestrial DOM is brown in color, and as such, the process of DOM loading 

into lakes is often referred to as “Lake Browning”.  Increases in DOM have largely been attributed 

to reductions in acidic atmospheric deposition, though increases in precipitation, warming air 

temperatures, and changes in land use have also been identified as drivers (Monteith et al., 2007; 

Wilson & Xenopoulos, 2009; Zhang et al., 2010; S. Couture et al., 2012; Kritzberg, 2017). In many 
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cases, lake browning is expected to continue for many decades (e.g., Creed et al., 2018; Meyer-

Jacob et al., 2019). 

Browning is often quantified as the amount of dissolved organic carbon (“DOC”) in water, 

since DOC comprises a major component of DOM. However, other material such as dissolved 

nutrients contribute to DOM. DOM strongly absorbs incoming light in the water column. 

Absorption is often quantified as specific dissolved absorbance at 440 nm (a440) or water color, as 

the two are strongly positively correlated (Cuthbert & Giorgio, 1992). Browning rates have been 

variable across northern latitudes (e.g., Monteith et al., 2007), though a couple of studies have 

found lakes in the Adirondacks and in Quebec to be increasing in DOC at rates close to 0.5 mg L-

1 decade-1 (S. Couture et al., 2012; Leach et al., 2019).  

Widespread increases in DOM can fundamentally alter lake ecosystem structure and 

function. As lakes brown, the amount of photosynthetically active radiation (“PAR”) is reduced, 

which could lead to changes or even reductions in lake primary productivity (Karlsson et al., 2009; 

S. E. Jones et al., 2012; Thrane et al., 2014). Since more heat is trapped at the surface in browning 

waterbodies, surface waters tend to warm more in the summer months. Indeed, in the absence of 

climate warming, an oligotrophic lake exhibited substantial thermal responses to browning. 

Surface temperatures warmed at 1.04°C decade-1, while deep water temperatures cooled at 1.54°C 

decade-1 leading to an over increase in stratification strength (Pilla et al., 2018). In combination 

with climate warming, browning can amplify these opposite trends in surface and deep-water 

temperatures (Rose et al., 2016). Wide spread declines in lake DO levels have been documented, 

and reductions in water transparency through browning and / or eutrophication have been 

identified as some of the main drivers, along with climate warming (Knoll et al., 2018; Jane et al., 

2021). 
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1.1.4 The Physical Lake Environment: The Importance of Lake Mixing 

Processes and Summer Thermal Stratification 

Most north temperate lakes exhibit a predictable seasonal pattern of mixing and are 

stratified in the summer, which can influence many in-lake processes (Wetzel, 2001). The warm 

surface mixed layer is referred to as the epilimnion and much of the aquatic primary production 

occurs here. The deeper colder layer is referred to as the hypolimnion, which when oxygenated 

provides critical habitat for sport fish such as salmonids. 

Thermal stratification is typically characterized in two ways, both of which are regulated 

by the distinct vertical thermal gradients formed in the summer. The depth of largest thermal 

change is often referred to as the thermocline, and is a broader metric of the depth of stratification. 

Stratification depth not only delineates the zones of the epilimnion and hypolimnion, but it also 

plays a large role in regulating the depth of primary productivity, which has important 

consequences for photosynthetic organisms (Serra et al., 2007; Rose et al., 2009; Leach, Beisner, 

et al., 2018). Further, fish are ectotherms and as such many processes such as metabolism and 

growth are temperature dependent. Stratification depth plays a large role in regulating fisheries 

habitat (Hansen et al., 2017) by determining the zones of the epilimnion and hypolimnion. 

Seasonal temperature and density differences between the epilimnion and hypolimnion are often 

characterized as the strength of stratification. Stratification strength plays an important role in 

regulating the exchange of nutrients and dissolved oxygen in the summer months (Tranvik et al., 

2009; Read et al., 2012). Typically, the hypolimnion is devoid of atmospheric exchange in the 

summer, which restricts hypolimnion DO renewal (Jankowski et al., 2006). Stratification strength 

strongly influences summer fisheries habitat quality, especially for cold-water organisms (Hansen 

et al., 2017). 
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Stratification characteristics are largely regulated by atmospheric conditions and water 

transparency. Changes in seasonal phenology, type, frequency, and intensity of extremes in these 

atmospheric characteristics are also critical. Further, conditions shortly after onset of stratification 

can be important in determining stratification characteristics (Schindler, 1971; Mi et al., 2018). 

Variations in any single atmospheric condition or various permutations of these conditions will 

undoubtedly alter stratification features. However, thermal heat budgets are also dependent on 

water transparency. Stratification depth and strength will respond to climate change differently 

depending on water clarity trends (e.g., Rose et al., 2016). Therefore, both climate change and lake 

browning could have independent and interactive effects on thermal stratification characteristics.      

1.1.5 The Chemical Lake Environment: Dissolved Oxygen, Essential Nutrients, 

and Dissolved Organic Matter 

Many vital compounds are dissolved in lakes. The majority of freshwater life relies on 

dissolved oxygen, and most aquatic life occurs in oxygen rich zones of lakes. Recreationally and 

economically important fish like salmonids require oxygen rich water generally greater than 5 mg 

L-1. Further, nutrients are required to fuel the base of lake food webs. Phosphorus and nitrogen 

occur in both organic and inorganic forms and control primary productivity in aquatic systems 

(Elser et al., 2007). Often, dissolved and particulate nutrients are transformed between inorganic 

and organic forms by both biotic and abiotic processes. When dissolved oxygen levels are critically 

low; less than 2.5 mg L-1 (“Hypoxic”) and less than 0.5 mg L-1 (“anoxic”), phosphorus and DOC 

can get released from the sediment and suspended into the water column (Wetzel, 2001; Skoog & 

Arias-Esquivel, 2009; Encinas Fernández et al., 2014; North et al., 2014; Denfeld et al., 2016; 

Peter et al., 2016). Once resuspended, nutrients can make their way to surface waters when the 

lake mixes and can thus fuel algae blooms. 



 

6 

 

Dissolved organic carbon is a common substance found in lakes, whose concentration and 

source can fundamentally alter lake ecosystems. The source of DOM can be both autochthonous 

(generated within aquatic systems) and allochthonous (generated outside of aquatic systems, of 

terrestrial origin). Allochthonous DOM is typically brown in color and enters lakes as organic 

matter from sources such as decomposed leaf litter and soil organic matter  (McDowell & Likens, 

1988; Kalbitz et al., 2000). Decomposed leaf litter first leaches into the soil and then into aquatic 

systems. The amount of allochthonous DOM that enters aquatic systems depends on how much 

organic matter is produced, the rate at which that organic matter is decomposed, soil chemistry 

(e.g. pH, ionic strength), and soil physical properties (e.g., porosity, soil type). Changes in both 

abiotic factors and soil properties dictate the production and availability of organic material.   

Once in lakes, DOM and associated nutrients can be transformed into forms that can be 

used by organisms. Photodegradation of DOC is common and can lead to increased microbial 

production (Tranvik & Bertilsson, 2001). Vähätalo et al. (2003) documented photodegradation of 

dissolved organic forms of both phosphorous and nitrogen into inorganic forms depending on the 

lake zone (e.g., epilimnion vs hypolimnion). Biological activity (e.g., consumption and excretion) 

can further transform nutrients. 

Besides the previously mentioned physical effects browning can have on lake ecosystems, 

DOC is a substrate for respiration. Higher microbial respiration has been linked with higher DOC 

levels and indeed surface water respiration is positively related to DOC concentration (Hanson et 

al., 2003; Houser et al., 2003). 

1.2 Research Objectives 

This dissertation examines how changes in atmospheric conditions largely mediated by climate 

change and lake browning impact physical and chemical lake characteristics, and ultimately 
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examines how recreationally important fish species are affected by these perturbations. I first 

examine how atmospheric conditions impact lake thermal structure over a 25-year period in a 

pristine lake through the use of long-term data analysis and process-based modeling (Project 1). 

Next, I examine how widespread decreases in water transparency through lake browning alters 

lake chemical features and primary productivity through large-scale spatial surveys and long-term 

data analysis (Project 2). Since many lakes are experiencing concurrent warming and browning, I 

next use process-based modeling to investigate how browning and warming interact to affect lake 

DO levels (Project 3). Last, I investigate how changes in lake temperatures associated with lake 

browning alter fish growth for two common sport fish via hydrodynamic and bioenergetic 

modeling (Project 4). In sum, these projects highlight the role changing atmospheric conditions 

and browning play on fundamental lake characteristics, with important consequences for fish. 

In the first project, I wanted to isolate the effects climate variables on summer thermal 

stratification. I selected a pristine lake in a protected National Park, where land use change has 

been minimal (Crater Lake). I examined a 25-year period (1993 to 2017) in which water clarity 

variation was minimal. I first calculated long-term trends in summer stratification depth and 

strength, and then validated a hydrodynamic model using observed meteorological conditions with 

empirical water temperature measurements. Next, I performed model scenarios by manipulating 

three variables (air temperature, wind speed, and inflow volume). In each scenario, I increased and 

decreased the strength of one climate variable, and quantified summer stratification metrics. I hen 

compared these scenarios to a baseline scenario with original climate forcing data. 

Next, I wanted understand how browning alters lake chemical characteristics. I first performed 

a spatial survey of over 30 lakes across three states (Minnesota, New York, and Pennsylvania). I 

tested for correlations between the amount of DOM (i.e., DOC concentration) and limiting 
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nutrients. I calculated total and dissolved inorganic forms of both inorganic and organic 

phosphorus and nitrogen, and then estimated dissolved organic forms of both of these nutrients. 

Further, I tested for correlation between the light absorbing properties of DOM (i.e., a440) and 

limiting nutrients. I then used a nationwide survey of 90 lakes from the 2012 Environmental 

Protection Agency National Lakes Assessment to test for spatial correlations between DOM and 

limiting nutrients at a larger scale.  Finally, I tested whether patterns from spatial surveys could be 

substituted to estimate long-term trends in DOM lake chemical characteristics. I used a public data 

set of 28 lakes from 1994 to either 2006 or 2012 (depending on the lake) in the Adirondacks of 

New York, a region which received historically high levels of acid deposition, and whose lakes 

have been browning through time. I examined long-term trends in DOC and a440 along with trends 

in limiting nutrients. I tested whether the ratio of DOC (or a440) to limiting nutrients remained 

constant through time. Overall, my research suggests that spatial surveys are limited in their ability 

to accurately depict long-term trends in browning related lake chemical conditions, and that lake 

browning will most likely decrease whole-lake productivity. 

Since many lakes experience more than one environmental change at a time, I wanted to 

understand how climate warming and browning interact to affect lake physical and chemical 

conditions. I chose to examine how lake DO is affected by warming and browning because DO is 

a critical resource that can be affected by both physical characteristics (e.g., water temperature and 

water clarity) and chemical characteristics (e.g., microbial respiration of DOM). I calibrated a 

hydrodynamic model coupled with a biogeochemical model to estimate lake temperature and DO 

in one lake as a case study (Lake Giles). Lake Giles is typical of many north temperate oligotrophic 

lakes, and is currently undergoing browning. I performed model simulations over a 30-year period 

(1990 – 2019) and created trends in warming, browning or both, across a wide range of initial 
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DOC concentrations. I then quantified trends in summer DO levels, and calculated the volume of 

hypoxic and anoxic water. This study directly compares the effects of climate warming and 

browning on DO levels, with important implications for water quality and freshwater organisms. 

Last, I wanted to understand how changes in water temperature due to lake browning may alter 

fish growth. I used Lake Giles again as a case study, and used a similar hydrodynamic model to 

recreate water temperature across a wide range of DOC concentrations (1 – 15 mg L-1). I combined 

this hydrodynamic model with an established fisheries bioenergetics model to highlight the role 

temperature plays on fisheries growth in the context of browning. I quantified growth rates of both 

a warm-water species (Largemouth Bass) and a cold-water species (Brook Trout) across this DOC 

gradient. My findings indicate that historically cold-water oligotrophic fisheries may become more 

conducive for warm-water fish as lakes brown. 
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2. ATMOSPHERIC STILLING AND WARMING AIR 

TEMPERATURES DRIVE LONG-TERM CHANGES IN 

LAKE STRATIFICATION IN A LARGE OLIGOTROPHIC 

LAKE 

 

2.1 Abstract 

Lake surface temperatures are warming in many regions and have the potential to alter seasonal 

thermal stratification. However, the effects of climate change on thermal stratification can be 

difficult to characterize because trends in thermal stratification can be regulated by changes in 

multiple climate variables and other characteristics, such as water clarity. Here, we use long-term 

(1993-2017) data from near-pristine Crater Lake (Oregon, USA) to understand long-term changes 

in the depth and strength of summer stratification, measured by the center of buoyancy and 

Schmidt Stability, respectively. The depth of stratification has shoaled significantly (2.4 m decade-

1), while stratification strength exhibited no long-term trend. Empirical observations and modeling 

scenarios demonstrate that atmospheric stilling at Crater Lake is associated with the 25-year 

shoaling trend as spring wind speeds declined over the observation period. While summer lake 

surface water and air temperatures warmed during the study period, spring air temperatures were 

variable and correlated with summer Schmidt Stability. Our results indicate that warmer spring air 

temperature resulted in earlier onset of stratification and stronger summer stratification. The 

observed shoaling of stratification depth at Crater Lake may have important ecological 

consequences, especially for non-motile primary producers who can become constrained within a 

 

This chapter previously appeared as: Stetler, J. T., Girdner, S., Mack, J., Winslow, L. A., Leach, 

T. H., & Rose, K. C. (2020). Atmospheric stilling and warming air temperatures drive long‐term 

changes in lake stratification in a large oligotrophic lake. Limnology and Oceanography, 66(3), 

954-964. https://doi.org/10.1002/lno.11654 
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thinner epilimnion and exposed to higher solar radiation and reduced upwelling of nutrients. 

Driven by climate changes, many large lakes may be experiencing similar trends in seasonal 

stratification. 

2.2 Introduction 

Seasonal thermal stratification (hereafter, “stratification”) is a major regulator of physical, 

chemical, and biological processes in lakes and reservoirs. In freshwater lakes, stratification 

characteristics such as the depth and strength of stratification are determined primarily by vertical 

temperature gradients. In turn, stratification influences many lake features such as the depth of 

primary production (Leach, Beisner, et al., 2018), exposure of planktonic organisms to damaging 

ultraviolet light (Rose et al., 2009), movement and dispersal of plankton assemblages (Serra et al., 

2007), the volume and quality of fisheries habitat (Hansen et al., 2017), deep-water oxygen levels 

and renewal (Jankowski et al., 2006; Piccolroaz & Toffolon, 2018), and atmospheric gas exchange 

(Tranvik et al., 2009; Read et al., 2012). 

Substantial evidence shows that lake surface temperatures are warming rapidly in response 

to climate change (O’Reilly et al., 2015; Winslow, Leach, et al., 2018). However, the effects of 

climate change on lake stratification are less clear. Climate change can encompass changes in 

multiple characteristics such as air temperature, wind speed, and precipitation, which may 

influence the strength and depth of stratification in different ways. Some past research has 

hypothesized that increased temperatures would induce a shoaling of stratification and surface 

mixed layers (Hondzo & Stefan, 1993; De Stasio et al., 1996) by decreasing the depth of surface 

convective mixing (Fang & Stefan, 1999; Jankowski et al., 2006). However, empirical evidence 

from long-term observations supporting this hypothesis is lacking. For example, Kraemer et al. 
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(2015), found that the depth of stratification significantly deepened in 9 of 26 lakes, whereas none 

of their study lakes exhibited a significant shoaling in thermocline depth. 

Warming surface waters may also increase the strength of stratification. Observations 

indicate that surface water temperatures are warming faster than deep-water temperatures in some 

regions, resulting in stronger water column stratification in some lakes (Kraemer et al., 2015; 

Winslow et al., 2015; Richardson et al., 2017). However, other research indicates that climate 

warming can induce earlier ice cover breakup, thereby resulting in a prolonged spring mixing 

period and warmer deep-water temperatures, which in turn can reduce summer stratification 

strength (R.-M. Couture et al., 2015).  

In addition to warming air temperatures, changes in precipitation and wind speeds may 

occur as part of climate change and can regulate lake stratification. Precipitation is changing in 

many regions. For example, in the western United States, winter snowpacks have been declining 

in recent decades (Mote et al., 2005, 2018). Reduced snowpack decreases the volume of spring 

inflows to lakes, in turn altering summer water temperatures (Sadro et al., 2018). Further, long-

term declines in wind speeds, also referred to as “atmospheric stilling” have been observed in 

many regions (Roderick et al., 2007; Pryor et al., 2009; McVicar et al., 2010, 2012; Deng et al., 

2018). Although stilling may not be directly driven by climate change (Vautard et al., 2010), wind 

plays an important role in determining the depth of stratification by regulating physical mixing, 

especially in larger lakes (Fee et al., 1996; Read et al., 2012). Indeed, wind speeds may be just as 

important as air temperature in driving changes in thermal stability, and may amplify or suppress 

air temperature warming effects, depending on the direction and magnitude of wind speed change 

(e.g., Magee & Wu, 2017; Woolway et al., 2019). The relative and combined importance of 

changing wind speeds, precipitation, and inflows on stratification relative to warming or one 
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another are largely unknown, especially when observed patterns in climate (e.g., warming 

temperatures and atmospheric stilling) are expected to have opposite effects  on thermal 

characteristics. 

 Forecasting the future impacts of climate change on the depth and strength of stratification 

requires understanding the effects of changes in air temperature, wind speed, and precipitation in 

isolation and together in systems lacking other major types of environmental change that can 

impact stratification. However, because changes often occur simultaneously, it can be difficult to 

identify mechanisms producing stratification changes. In addition to long-term observations, one 

way to understand long-term physical changes in lakes is by the application of hydrodynamic 

modeling. Here, we use a long-term (25 years, 1993-2017) observational data set and calibrated 

hydrodynamic model to understand climate change impacts on the depth and strength of 

stratification in Crater Lake, OR, USA as representative of potential climate change impacts in 

large lakes.  

2.3 Materials and Methods 

Our goal was to assess the degree to which climate changes (i.e., increases in air temperatures, 

changes in wind speeds and precipitation) induce changes in depth and strength of stratification. 

To do this we first analyzed long-term in situ observations from Crater Lake over a 25-year period 

(1993-2017) to characterize empirical trends in stratification strength and depth and identify 

potential drivers of long-term trends. Second, we calibrated and validated a one-dimensional lake 

hydrodynamic model [General Lake Model V 2.2 (GLM); Hipsey et al., 2019] to recreate observed 

long-term stratification trends. Finally, we ran a series of scenarios in GLM based on observed 

trends in Crater Lake. These scenarios manipulated components of climate change in isolation to 

assess their relative impact on long-term trends in depth and strength of stratification.  
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2.3.1 Study Site and Observational Data 

Crater Lake is a deep (594 m) ultra-oligotrophic caldera lake with a surface area of 53.2 

km2 (Bacon et al., 2002). The lake has had no land use change over the observational period owing 

to its protected status in a US National Park, enabling improved attribution of observed changes 

to climate. Summer water transparency is high, with Secchi disk depths usually around 30 m 

(Larson et al., 2007). Consistent summer vertical temperature profile observations have been 

collected since 1993 using a SeaBird profiling conductivity, temperature, and depth (CTD) sensor 

(model 19 and model 19plus) (Crawford & Collier, 2007). Meteorological and surface water 

temperature data has been collected nearly continuously over the observation period of 1993-2017 

by an on-lake weather buoy. 

2.3.2 Metrics of Stratification 

We examined summer vertical temperature profiles from the down cast of the CTD profile 

to characterize long-term trends in summer stratification depth and strength. In 1999, a new CTD 

instrument was introduced (SBE model 19plus). During that year, both CTD’s were cast together, 

and temperatures were strongly correlated (r2=0.998, p<0.001). We applied a small correction 

factor to CTD profiles collected prior to 1999 using the linear regression obtained in 1999, and 

used these corrected data prior to 1999 for all analyses. Mean stratification measurements taken 

between July 15th and September 15th (hereafter referred to as “summer”) were averaged together 

from vertical temperature profiles to create annual (n=25 years) averages. We chose to exclude 

profiles in the beginning of July and end of September because the lake exhibited strong day to 

day variability in stratification; indicating that stratification for the summer was not fully set up 

yet in early July, and by the end of September stratification was weakening and deepening (Figure 

A.1). On average, there were 5 temperature profiles collected each season (range: 3-8).  
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 We used rLakeAnalyzer V1.11.4 (Read et al., 2011; Winslow, Read, et al., 2018) in R (R 

Core Team, 2019) to calculate mean annual summer metrics of stratification. We calculated 

Schmidt Stability (Idso, 1973) and used it as a measure of stratification strength. Schmidt Stability 

is a measure of the amount of energy required to mix a lake to isothermal conditions without heat 

exchange. We used the center of buoyancy as a measure of stratification depth. Center of buoyancy 

is defined as the depth of the 50th percentile of the Brunt-Väisälä buoyancy frequency throughout 

the entire water column. The center of buoyancy is an integrative metric of stratification depth that 

is relatively stable over hours to days (e.g., compared with thermocline depth; Figure A.2) and 

therefore useful to characterize long-term trends from periodic profile data.  

2.3.3 Model Description 

We used GLM V 2.2 (Hipsey et al., 2019), an open source one-dimensional hydrodynamic 

model to simulate the annual progression of lake water temperatures and estimate seasonal 

stratification depth and strength from 1993-2017. The one-dimensional approach used by GLM is 

robust to diverse conditions and has previously been applied across a wide variety of lake-types 

(Bruce et al., 2018). GLM uses lake specific morphometry and physical characteristics, along with 

meteorological data at an hourly timestep and daily inflow volumes to predict lake water 

temperatures throughout the entire water column. GLM required hourly time-series meteorological 

data including air temperature, wind speed, relative humidity, downwelling shortwave and 

longwave radiation, and precipitation in the form of rain and snow, which were obtained primarily 

from the on-lake buoy. The quality checking and processing of these data are described in 

Appendix A.   

 We ran the model seasonally to focus exclusively on summer conditions. For each 

simulation year, the model was initialized with an isothermal temperature profile of 3.9 °C one 
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week before the date of the empirically observed onset of stratification. We chose an initial 

isothermal profile because high frequency temperature data in the surface mixed layer was largely 

absent (the surface mixed layer was always on average less than 20 m deep, and the two shallowest 

temperature sensors were at 0m and 20m). Further, using observed initial values from a sensor 

string resulted in poorer model fit. We initialized the model across various isothermal profiles to 

determine which temperature resulted in the most accurate model. We concluded that initializing 

the model with an isothermal temperature profile of 3.9 °C yielded the most accurate model results 

(Figures A.3 & A.7). Model fit, as measured by root mean squared error (RMSE), based on an 

initial isothermal temperature of 3.9 °C was 0.48 °C. 

 We determined the onset of stratification based on temperatures sensors deployed in the 

lake. Surface water temperature observations were collected under an on-lake buoy near the center 

of the lake. However, surface data were occasionally missing due to equipment failure. In this 

case, missing data were filled in from a thermistor located at a lake level gage at a nearshore site, 

Cleetwood Cove. Surface temperatures from the buoy and Cleetwood Cove were significantly 

correlated with a 1:1 relationship (p<0.001, r2=0.99, slope =1.0). Onset of stratification was 

identified as the day of year when mean daily surface water temperature at the weather buoy 

reached and remained above 3.98 °C, the temperature of maximum density (Austin & Colman, 

2007). We did not run the model through winter because the model would occasionally incorrectly 

form ice on the lake, which would alter spring water temperature characteristics and reduce model 

accuracy. We also removed snowfall from the precipitation data which resulted in minimal ice 

formation. However, in the beginning of the model run, GLM would occasionally still form small 

amounts of ice (always less than 0.09 m) for a few days (always 15 days or less). More details are 

provided in Appendix A. Running the model seasonally provided accurate representation of 
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temperature and stratification characteristics from spring through fall (approximately February 

through September; model accuracy results provided in the Results section). Simulations were 

ended on September 30th of each year.  

2.3.4 Empirical Trends 

We first characterized changes in meteorological variables through the study period. To do 

this, we calculated the Sen’s Slope (Sen, 1968; Hipel & McLeod, 1994) of daily mean values for 

wind speed and air temperature. We then calculated the seven-day moving average for each 

variable, excluding leap year days (February 29th). Further, we examined long-term annual trends 

in summer and spring (April and May) annual inflow volume and shortwave radiation. 

We characterized long-term trends in key meteorological driver variables at different times 

of year by examining Sen’s slope for each ordinal day. We examined trends climate characteristics 

in the summer period corresponding to our examination of trends in stratification indices. We also 

examined spring trends in air temperature and wind speed, as these may have effects that carry 

over into the summer period. We detected long-term patterns in stratification characteristics using 

the non-parametric Sen’s Slope (Sen, 1968; Hipel & McLeod, 1994) and tested their relationship 

to meteorological drivers using linear regressions. We used a Pettitt’s test (Pettitt, 1979) to 

determine if a single break point existed when no long-term trend was detected. 

2.3.5 Model Parameterization and Performance 

GLM parameters (Table A.2) were largely left as default values described in Hipsey et al. 

(2019), except for the bulk aerodynamic coefficient parameter for transfer of momentum, which 

was reduced from 0.0013 to 0.0004. This parameter was adjusted to improve fit of summer 

stratification depth. Metrics of stratification depth and strength have previously been shown to be 

sensitive to the bulk aerodynamic coefficient parameter in a “stress test” of GLM  (Bruce et al., 



 

18 

 

2018). The light extinction coefficient (0.06 m-1) was estimated from profiles of photosynthetically 

active radiation (PAR) irradiance versus depth. Bathymetry data were previously collected from 

Gardner et al. (2000). Because there are not well-defined and permanent inflows (i.e., no large and 

permanent streams or rivers draining into Crater Lake), we calibrated the inflow parameters for 

the half angle (100) and stream bed slope (0.05) as parameter values that produced the best model 

fit, described by the RMSE of annual summer center of buoyancy.  

To assess model performance, we calculated RMSE for modeled center of buoyancy, 

Schmidt Stability, and water temperature at various depths relative to summer CTD casts (see 

Model accuracy and scenarios in results section). We calculated these values for annual 

observations (1993-2017). Annual field observations were based off of mean summer values from 

vertical profile observations. We compared empirical observations to simulated values on the same 

date and then calculated mean summer values. 

2.3.6 Climate Scenarios 

Following empirical analyses, we conducted a series of modeling scenarios to assess how 

three individual climate components (temperature, wind speed, or precipitation/inflow volume) 

affect long-term trends in stratification depth and strength using the calibrated GLM model. To 

run scenarios, all model parameter coefficients were set as described above. However, we 

initialized the model for each year on the same day of year because we were simulating changes 

in climate conditions that can affect the onset of stratification. The model was initialized on 

February 24th, which corresponds to one week before the earliest stratification onset of all 

observational years 1993-2017. When all models started on February 24th ice cover was slightly 

more prevalent than when the model began one week before the onset of stratification each year 

but always less than 0.11 m and persisted for a maximum of 28 days. Therefore, we chose to 
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perform the same scenarios again, but allowing the model start date to vary based on the observed 

onset of stratification (i.e., one week before the onset of stratification each year). Initial water 

temperatures at each depth were set as an isothermal profile at 3.9 °C. Consistent with our previous 

simulations, the model was terminated on September 30 th each year. For each scenario, we 

characterized the long-term trend relative to observed conditions (mean and variance in 

stratification characteristics).   

We were interested in how stratification characteristics responded to perturbation in wind 

speeds and air temperatures. To do this, we created a minimum and maximum scenario for both 

meteorological variables. We performed scenarios where each year the model was simulated with 

values that represented either the minimum or maximum annual mean value throughout the 

simulation period over the 25 years. All other variables did not change during the scenarios. 

For wind, we first calculated the annual mean wind speed for every year during the 

observation period. We then identified the minimum (2017, 2.27 m s-1) and maximum (2011, 4.18 

m s-1) mean wind speed years. We then made each year of the simulation have the mean minimum 

and maximum annual values by multiplying each hourly wind speed value over the entire year by 

the annual percent difference between that year and the minimum or maximum value. This 

approach retained seasonal and day to day variability in wind speeds while altering the magnitude 

of wind speeds to match the long-term annual minimum or maximum. For comparison, mean wind 

speed over the entire observational period (1993-2017) was 3.50 m s-1.  

We next performed scenarios where air temperature was either the 25-year minimum or 

maximum annual value of the simulation period. Similar to our scenario for wind speed above, we 

first identified the long-term annual minimum (6.13 °C, year 2011) and maximum (9.87 °C, year 

2015). We first converted temperatures to Kelvin (to avoid negative values) and then made each 
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year of the simulation have the mean minimum and maximum annual temperature by multiplying 

each hourly air temperature value over the entire year by the annual percent difference between 

that year and the minimum or maximum value. This manipulation made the annual average equal 

to the long-term annual minimum or maximum, while still retaining seasonal and day to day 

variability. For comparison, the mean air temperature over the entire observational period (1993-

2017) was 7.93 °C. 

We simulated variations in inflow volume and how this impacted stratification strength 

and depth. Because there were no long-term patterns or trends (see results), instead of using the 

annual minimum and maximum inflow volume values, we increased or decreased inflow volume 

by 3 m3 s-1 while keeping the timing of inflow discharge the same to assess the impacts of changing 

precipitation volume on stratification. A daily inflow rate of 3 m3 s-1 represents an annual inflow 

volume of approximately 0.09 km3, which represents approximately 9-17% of the total epilimnion 

as defined by the depth of center of buoyancy depending on the year. In the reduced inflow 

scenario, any inflow volume that was negative after reducing it by 3 m3 s-1 was set to zero. By 

comparison, the mean inflow rate over the entire observational period was 1.7 m3s-1 (range: 0 m3 

s-1 to 5.34 m3 s-1). 

2.4 Results 

2.4.1 Empirical Trends 

Long-term observations demonstrate that depth of stratification in Crater Lake, measured 

by center of buoyancy, has been shoaling at a rate of 2.4 m decade-1 over the period 1993-2017 

(Figure 2.1a, p<0.001). This equates to a reduction of the epilimnion by approximately 55 % over 

the 25-year study period. Conversely, we observed no consistent long-term trend in stratification 

strength, as described by Schmidt Stability (Figure 2.1b; p=0.59). Further, a Pettitt’s test was used 
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to test for a break point in the time series, but a significant break point was not found (p=0.85). 

Instead, Schmidt Stability exhibited substantial year to year variability. Summer surface 

temperatures significantly warmed over the study period at a rate of 0.6 °C decade-1 (Figure A.4a, 

p=0.02). Meanwhile, temperatures at 20 m became colder throughout the study period at a rate of 

-1.23 °C decade-1 (Figure A.4b, p=0.01). 

 

Figure 2.1: Mean annual summer center of buoyancy (a) and Schmidt Stability (b). Error bars represent the 

standard error of mean profiles, defined as the period between July 15th and September 15th. 

 Daily mean wind speeds exhibited long-term declines over most of the calendar year 

(Figure 2.2a). The onset of stratification was most often in the months of April and May (n=17; 68 

% of years). Similarly, while borderline significant (p=0.09), there is a general trend of declining 



 

22 

 

wind speed in the April-May spring period. In contrast, there has been no long-term trend in daily 

mean wind speeds over the summer period (July 15th through September 15th; p=0.42), although 

there have been some shorter periods in mid-summer when wind speeds have declined (Figure 

2.2a). Meanwhile, mean air temperature has increased during the summer period (Figure 2b; 

p=0.02 slope=0.84 ºC decade-1), but trends were much more variable in spring depending on the 

timeframe within the period of record (p=0.41). A Pettit’s test revealed no significant break point 

in annual mean spring air temperatures (p=0.11). Spring shortwave solar radiation increased 

through the study period at a rate of 7.78 W m2 decade-1 (p=0.05). Summer shortwave radiation 

and spring and summer inflow did not exhibit any long-term trends throughout the study period 

(Figure A.5, all p >= 0.15). 

 

Figure 2.2: a) Seven-day moving average of the Sen’s Slope of daily mean wind speed values (a) and mean air 

temperature (b) from 1993-2017 (black line) and Sen’s Slope for each day (gray points). Horizontal gray line 

denotes a slope of 0 while vertical gray lines denote different times of the year. 
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2.4.2 Empirical Meteorological Conditions and Summer Stratification 

Summer depth of stratification (measured by center of buoyancy depth) was significantly 

correlated with the frequency of spring low wind speeds (Figure 2.3a; p=0.02, r2=0.21) and mean 

summer wind speeds (p=0.02, r2=0.22). However, the depth of stratification was not related to 

mean spring wind speed (p=0.68) or summer low wind speeds (p=0.20). Strength of summer 

stratification was significantly related to mean spring air temperature (Figure 2.3b; p<0.001, 

r2=0.31), but not summer air temperature (p=0.12). Onset of stratification was also closely 

correlated with mean spring air temperatures (p=0.001, r2=0.46,), with warmer air temperatures 

corresponding with earlier dates of stratification onset. Similar to spring air temperatures, there 

was no long-term trend in stratification onset (p=0.47). 

 

Figure 2.3: Mean summer (July 15th through September 15th) center of buoyancy depth versus low spring 

(April and May) wind spends (e.g., winds < 1 m s -1; a). Mean summer Schmidt Stability versus mean spring 

air temperature (b). Gray lines represent linear trends. 

2.4.3 Model Accuracy and Scenario Results 

GLM accurately reproduced long-term trends of both depth and strength of stratification 

(Figure A.6). For the 25-year long-term trend, RMSE was 1.77 m for center of buoyancy and 

4933.52 J m-1 for Schmidt Stability. Summer water temperature RMSE was 0.48 °C and observed 
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and simulated summer water temperatures were closely correlated throughout the entire water 

column (Figure A.7; r2=0.95, p<0.001). 

Modeled perturbations to wind speeds strongly affected stratification depth. Simulations 

where wind speed was the long-term minimum (2.27 m s-1) produced a 10% reduction in depth of 

stratification relative to the baseline simulation, while simulations at the long-term maximum 

annual wind speed (4.18 m s-1) produced a 6% increase in depth of stratification (Table 2.1; Figure 

2.4). Slower winds also had a positive effect on water column stability, with the minimum wind 

speed scenario yielding an 11% increase in Schmidt Stability. Higher wind speeds had a small 

negative effect on Schmidt Stability with the maximum wind speed scenario yielding a 4% 

decrease in Schmidt Stability. However, the interannual variability often greatly exceeded the 

variability in Schmidt Stability due to differences in simulated wind speeds (Figure 2.4). Slower 

wind speeds resulted in earlier onset of stratification by an average of five days, while faster wind 

speeds shifted onset of stratification later by an average of two days (Table 2.1).  
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Table 2.1: Mean summer (July 15th through September 15th) center of buoyancy, Schmidt Stability, and 

onset of stratification (day of year) responses to scenarios conducted. Percent change is relative to the baseline 

simulation conducted without any change in wind speed, air temperature, or inflow volume. Percentages and 

onset of stratification were rounded to the nearest whole number. 

 Center of 

Buoyancy 

Schmidt 

Stability 

Onset of 

Stratification  

  
Mean    

(m) 

Percent 

change 

Mean       

(J m-2) 

Percent  

change 

Mean Onset     

DOY 

baseline 16.48 NA 36027 NA 97 

wind annual minimum  

(2.27 m s-1) 
14.85 -10 39934 +11 92 

wind annual maximum  

(4.18 m s-1) 
17.53 +6 34509 -4 99 

air temperature annual 

minimum (6.13 °C) 
16.88 +2 32078 -11 104 

air temperature annual 

maximum (9.87 °C) 
16.22 -2 41011 +14 92 

inflow -3 m3 s-1 16.57 +1 36390 +1 97 

inflow +3 m3s-1 16.43 0 35898 0 97 
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Figure 2.4: Time series of wind speed scenarios of annual mean summer (July 15th through September 15th) 

center of buoyancy (a) and Schmidt Stability (c) from 1993-2017. Solid line denotes baseline scenario whereas 

dashed and dotted lines are scenarios where each year’s wind speeds were altered so that each year’s annual 

mean matched the mean of the highest and lowest mean year, respectively. Box and whisker plots in (b) a nd 

(d) represent distributions of annual summer center of buoyancy and Schmidt Stability, respectively from 

1993-2017 for the different wind speed scenarios. Horizontal line denotes the median value. 

Our warming scenario, had a small shoaling impact (2%) on the depth of stratification, and 

simulated colder air temperatures increased the depth of the center of buoyancy by 2% (Figure 2.5; 

Table 2.1). In contrast to these small changes in the depth of stratification, air temperature changes 

had larger impacts on the strength of stratification. In the warming scenario, Schmidt Stability 

increased by 14%, while Schmidt Stability decreased by 11% when air temperature was set to the 

minimum annual value (Table 2.1; Figure 2.5). However, similar to wind speeds, there was 
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variability between the warming (or cooling) vs. the baseline simulation among years, with 

substantial differences in stratification strength in some years and essentially no difference in other 

years. Warmer temperatures resulted in earlier onset of stratification by an average of five days, 

and cooler air temperatures resulted in a later onset of stratification by seven days (Table 2.1). 

 

Figure 2.5: Time series of air temperature scenarios of annual mean summer (July 15th through September 

15th) center of buoyancy (a) and Schmidt Stability (c) from 1993-2017. Solid line denotes baseline scenario 

whereas dashed and dotted lines are scenarios where each year’s air temperatures were altered so that each 

year’s annual mean matched the mean of the highest and lowest mean year, respectively. Box and whisker 

plots in (b) and (d) represent distributions of annual summer center of buoyancy and Schmidt Stability, 

respectively from 1993-2017 for the different air temperature scenarios. Horizontal line denotes the median 

value. 
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We found very little effect of inflow volume on stratification depth, strength, or onset of 

stratification (Table 2.1). Reduced inflow volume slightly deepened the depth of stratification by 

1% and increased the strength of stratification by 1%. Increased inflow volume had no effect on 

depth or strength of stratification.  

Performing scenarios where the model was initialized one week before the onset of 

stratification every year resulted in similar findings. However, the effect of wind speed on 

stratification depth increased and the effect of wind speed on stratification strength decreased 

(Table A.3). 

2.5 Discussion 

We observed substantial changes in stratification characteristics at Crater Lake over a 25-

year period. Our empirical observations, supported by modeling scenarios, indicate that both wind 

speed and air temperature are important drivers of the observed changes in stratification 

characteristics. Specifically, our results indicate that the depth of stratification has shoaled 

primarily due to a reduction in wind speed, and summer water column stability has exhibited 

periodic variation driven by variations in spring air temperature.  

Early research predicted that warming temperatures would increase stratification strength 

(Butcher et al., 2015; Edlund et al., 2017) and consequently induce a shoaling of stratification 

depths (Boyd & Doney, 2002; Behrenfeld et al., 2006). While our results demonstrate that depth 

of stratification is shoaling in Crater Lake, this observation is attributable primarily to decreasing 

wind speeds, and not warming air temperatures. Based on our modeling scenarios, the depth of 

stratification was shallower with calmer winds, while there was minimal impact of higher air 

temperatures on stratification depth. Empirically, wind speeds appeared to be declining in the 

spring (and parts of summer) and the depth of stratification was shallower when spring wind was 
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calmer. Therefore, it appears that spring declines in wind speed were the largest contributor to the 

observed stratification shoaling trend at Crater Lake. Spring wind speed conditions are likely 

important as stratification is setting up, and differences from the long-term mean (e.g., low wind 

speed spring periods) are likely driving our observed trends in shoaling. In spring, stratification is 

weaker and higher winds can more easily stimulate deeper mixing. Declines in spring wind are 

thus important in regulating the depth of stratification during the summer. Relatedly, our results 

indicate that increasing air temperatures have had a negligible effect on the observed shoaling 

pattern, while declines in wind speed through time were much more important.  

  Declining wind speeds have been observed in many regions globally (McVicar et al., 

2012) including the United States (Pryor et al., 2009). The causes of declining wind speeds at 

Crater Lake are unknown and warrant further investigation. Given widespread observations of 

declining wind speeds in many regions and the sensitivity of stratification depth to wind, shoaling 

may be occurring in other large lakes, with important biological and ecological consequences (e.g., 

Janatian et al., 2019). Additionally, wind speed decreases are also associated with prolonged 

seasonal duration of stratification (Woolway et al., 2017), reduced deep ventilation activity 

(Piccolroaz & Toffolon, 2018), and in some cases, stronger stratification (Woolway et al., 2019; 

Christianson et al., 2020), indicating their importance in regulating various limnological 

characteristics.   

 Our empirical observations and modeling scenarios suggest that air temperatures are an 

important factor driving long-term variability in the strength of stratification. We observed 

variability the onset of stratification and summer stratification strength that corresponded with 

spring air temperature variability. Spring air temperatures may influence summer stratification 

strength by influencing the date of onset of stratification, which then controls the phenology of 
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summer stratification. Spring air temperatures have been thought to play a key role in determining 

summer lake stratification characteristics (Schindler, 1971; Fee et al., 1996; Mi et al., 2018) and 

our observations are consistent with previous work that has demonstrated that warmer air 

temperatures correspond with more strongly stratified lake water columns (Kraemer et al., 2015; 

Winslow et al., 2015; Richardson et al., 2017). However, stratification strength can also be 

sensitive to wind. For example, Mi et al. (2018) demonstrated with the use of GLM that strong 

perturbations to wind speeds (+ 10 m s-1) over just a short period of time (48 hours) in the spring 

and early summer (April-June) can result in substantial decreases in summer lake stability. The 

relative importance of changing wind speeds and air temperature on stratification strength is likely 

regulated by the magnitude of changes in these climate drivers as well as the lake morphometry, 

with larger lakes likely exhibiting greater wind sensitivity (Read et al., 2012).  

Commonly, sensitivity analyses will manipulate meteorological data by either changing 

the value by a constant value (e.g., Bueche & Vetter, 2014) or as a percent change (e.g., Magee & 

Wu, 2017; Bruce et al., 2018; Mi et al., 2018). The magnitude of change in a driver variable can 

have strong effects on the magnitude of change in a response variable. Thus, while performing 

scenarios in this way is useful, it is possible that the conclusions of these scenario analyses could 

be incorrect if the magnitude of change is unrealistic. For example, an increase of air temperature 

of 5 °C or an increase of wind speed of 10 m s-1 would surely alter the depth and strength of 

stratification in Crater Lake, but the magnitude of change in these driver variables is beyond the 

range of the observation period or reasonable extrapolation from this period. We chose to 

manipulate meteorological data so that scenarios were conducted at the maximum and minimum 

of the historically observed range. This is likely a conservative approach to estimating the impacts 

of future climate changes, as future changes could introduce novel meteorological conditions, 
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including the possibility of even lower wind speeds and warmer air temperatures, which could 

facilitate continued trends in stratification strength and depth. Because we found no trends in 

inflow volume at Crater Lake, we performed synthetic simulations where we manipulated values 

by a large amount (3 m3 s-1) to test for any effect of inflow volume on stratification characteristics 

at Crater Lake. We found inflow volume to have negligible effects on stratification depth, strength, 

or onset even when it was changed substantially 

Our hydrodynamic model was predictive of long-term trends and supported empirically 

based patterns and relationships. However, the model did not always reproduce thermal 

characteristics well. Because the model occasionally formed ice cover on Crater Lake which is 

exceedingly rare, we ran the model seasonally and removed precipitation in the form of snow from 

the meteorological data. While small periods of ice persisted upon model initiation for a few days, 

we found our model was able to reproduce changes and variability in summer time stratification 

characteristics. It is likely that GLM was not able to accurately characterize very shallow thermal 

gradients and corresponding deep mixing that prevent ice from forming on Crater Lake most 

winters. Further, CTD profilers were switched in 1999, and though we corrected these early 

profiles with a linear regression, modeled Center of Buoyancy was much more accurate with the 

new sensor from 1999 to 2017 (RMSE 1.58 m) compared to the old CTD that was used from 1993-

1998 (RMSE 2.27 m). However, the opposite was true for Schmidt stability (RMSE from 1999-

2017 was 2374.55 J m-1 while from 1993-1998 RMSE was 2374.65 J m-1. Overall, these 

uncertainty estimates indicate that a change in sensors, rather than model process error, may have 

been the root cause of some uncertainty. Despite these weaknesses, the model reproduced long-

term patterns in seasonal (February through September) water temperature and stratification depth 

and strength. Our annual model accuracy also compares favorably with a previous study of 32 
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lakes using GLM. Bruce et al. (2018) found base model RMSE for thermocline depth to be on 

average 11.3 m and full water temperature RMSE was 1.34 °C. Our uncertainty compares at 1.77 

m (center of buoyancy) and 0.48 °C (water column temperature), respectively, but it should be 

noted that the Bruce et al. (2018) uncertainty measurements are based on base simulations, whereas 

ours are based on a calibrated model; see table B1 in Bruce et al. 2018 for more details).   

Our thermal characteristic most often modeled with the highest uncertainty was 

stratification depth, which may have relatively high uncertainty due to factors including initial 

conditions, input data accuracy, model structure and parameter values, and uncertain validation 

data (Gal et al., 2014). We found that model uncertainty (RMSEs for center of buoyancy and 

Schmidt stability) were sometimes larger than the magnitude of the impact of air and wind speed 

changes in our scenarios. This indicates that model predictive capacity is limited and thus its’ 

ability to predict future changes is further limited. However, in our case, we used GLM to support 

insights gained from observed long-term trends and patterns. Together, the model and 

observational data provide complementary results which strengthen overall conclusions. 

Our results indicated that overall inflow volume was relatively unimportant in regulating 

stratification characteristics of Crater Lake. One area not explored in our simulations is the effect 

of changes in inflow timing (e.g., the timing of peak discharge). In small lakes with short residence 

times, timing and volume of peak discharge can strongly influence summer temperatures and thus 

may regulate interannual variability in stratification (e.g., Sadro et al., 2018). In other regions such 

as the northeastern United States, increases in precipitation have been shown to increase dissolved 

organic matter loads and reduce lake water transparency, which can lead to a shoaling of 

stratification depth and strengthening of summer stratification (e.g., Pilla et al., 2018). While 

declines in water clarity can contribute to stratification shoaling, water transparency at Crater Lake 
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increased throughout the study period, ruling this out as a potential driver of shoaling at Crater 

Lake. While Crater Lake is large and deep compared with most lakes, its protected status within a 

United States National Park has provided the opportunity to attribute observed trends in 

stratification to climate conditions alone because there have been essentially no watershed land 

use changes. 

The implications of changes in the depth and strength of stratification are numerous, 

especially for lake food webs and biogeochemistry. Unless there are corresponding reductions in 

water clarity or incident solar radiation, a reduction in the depth of stratification will increase 

exposure of non-motile organisms in the surface mixed layer to both photosynthetically active 

radiation (PAR) and ultraviolet radiation (UVR). Given the high water clarity of Crater Lake, this 

could result in substantially more UVR exposure and consequent damage to organisms. 

Additionally, shallower stratification without corresponding reductions in light penetration may 

increase the likelihood of deep chlorophyll maxima (DCM) formation in the stable water below 

the surface mixed layer. Crater Lake has historically had a DCM well below its depth of 

stratification due to its high clarity, as do many other lakes (Leach, Beisner, et al., 2018). However, 

shoaling thermoclines in lower clarity systems may allow enough light to penetrate such that a 

DCM can now form below the epilimnion. Stronger and shallower stratification may also inhibit 

nutrient upwelling and increase sinking velocities, thereby reducing productivity in surface waters 

(Winder & Hunter, 2008; Winder et al., 2009). Additionally, stronger stratification may reduce gas 

exchange between lakes and the atmosphere because stratification alters turbulent energy in the 

water column (Cole et al., 2010). Finally, organisms like cyanobacteria that can self-regulate their 

buoyancy may become more dominant with a shoaling depth of stratification, especially in more 

productive lakes (Huber et al., 2012). Cumulatively, changes in stratification strength and depth 
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may substantially alter community composition, trophic interactions, and services these 

ecosystems provide (Winder & Schindler, 2004; Trolle et al., 2011).  

Overall, our results suggest that climate change, including both atmospheric stilling and 

warming, has substantially altered the depth of stratification in Crater Lake, which could have 

important ecological and biological implications, especially for free-floating organisms such as 

phytoplankton and zooplankton. Our results also highlight the important role that spring 

meteorological conditions have on controlling summer stratification characteristics, including 

fluctuations in the timing of stratification onset. It is likely that similar processes are occurring in 

other large lakes undergoing similar climatic changes as Crater Lake. Whether these patterns are 

occurring in lakes more broadly may largely be a function of the magnitude of changes in 

meteorological conditions, lake sensitivity to meteorological changes, and other environmental 

changes such as water clarity (Rose et al., 2016).  
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3. LAKE BROWNING GENERATES A SPATIOTEMPORAL 

MISMATCH BETWEEN DOC AND LIMITING NUTRIENTS 

 

3.1 Abstract 

Widespread long-term increases in dissolved organic carbon (DOC) concentrations (i.e., 

“browning”), have been observed in many lakes, but the ecological consequences are poorly 

understood. Some studies suggest a unimodal relationship between DOC and primary 

productivity, with peak productivity at intermediate DOC concentrations. This peak is 

hypothesized to result from the tradeoff between light absorbing properties of DOC, and 

increases in limiting nutrients with browning. Nevertheless, it is unclear whether nutrient 

stoichiometry is constant as lakes brown. Across both regional and national surveys, we found a 

positive linear relationship between DOC and both total and organic forms of nitrogen and 

phosphorus. However, long-term data from a suite of browning lakes indicates that total nutrients 

do not increase as DOC increases through time. Our results show that DOC and limiting 

nutrients are coupled spatially, but not temporally, and that this temporal mismatch challenges 

previous conceptualizations of the long-term effects of browning on productivity. 
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3.2 Introduction 

Dissolved organic matter (DOM), often quantified by dissolved organic carbon (DOC) 

concentration, is increasing in many inland and coastal waters in several regions, including 

throughout Northeastern North America and Northern Europe (Monteith et al., 2007; de Wit et al., 

2016; Creed et al., 2018). This phenomena, referred to as “browning” of aquatic ecosystems, is 

driven by multiple complex and often co-occurring factors. Browning is widespread in regions 

recovering from past decades of acidic deposition, but is also occurring in response to climate and 

land cover changes in some regions (Monteith et al., 2007; de Wit et al., 2016; Kritzberg, 2017). 

Lakes may continue to be susceptible to browning in future decades depending on the direction 

and magnitude of change in these large-scale drivers (Creed et al., 2018; Meyer-Jacob et al., 2019). 

 Forecasting the long-term consequences of browning on ecosystem productivity is 

challenging. Whole-lake primary productivity in lakes is often limited by light and/or nutrients, 

especially phosphorus (P) and nitrogen (N) (Karlsson et al., 2009; Leach, Beisner, et al., 2018; 

Elser et al., 2007). It has been hypothesized that browning may increase primary production at low 

DOC concentrations, but decrease production at high DOC concentrations, with a unimodal peak 

in productivity occurring at intermediate DOC concentrations (R. I. Jones, 1992; Klug, 2002; 

Finstad et al., 2014; Kelly et al., 2018). These contrasting effects are predicted to occur based on 

the net effect of stimulatory DOC-associated increases in limiting nutrients at low DOC 

concentrations, versus the negative effects of decreasing water clarity and increased light 

limitation. While surface waters may not become light limited, light limitation may still be 

prevalent due to a decrease in benthic and deep-water habitats in browning waterbodies (Karlsson 

et al., 2009; Solomon et al., 2015; Creed et al., 2018). With increasing DOC, a unimodal peak in 

productivity thus implies a shift from nutrient to light limitation. This hypothesis has, in general, 
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been supported across spatial surveys and short-term experiments across various trophic levels 

such as primary productivity (including both pelagic and benthic productivity), zooplankton, and 

fish (Ask et al., 2009; Finstad et al., 2014; Kelly et al., 2014).  

Because the hypothesized effects of long-term browning on limnetic productivity depend 

on simultaneous increases in nutrients and light absorbance, the response may be regulated by the 

degree to which DOM quality is constant through time. DOM quality characteristics include 

nutrient stoichiometry (defined here as the in-lake ratio of P:DOC or N:DOC) and the ratio of 

dissolved absorbance to DOC (termed DOC specific absorbance or ad:DOC); these characteristics 

may constrain productivity and the response of surface productivity along a DOC gradient. 

Therefore, the ratio of nutrient stoichiometry (in-lake P:DOC or N:DOC) to DOC specific 

absorbance may be an important characteristic describing how primary production responds to 

browning. Through time, an implicit prediction of this unimodal hypothesis is that the ratio of 

limiting nutrients to light absorbance of the DOM pool (i.e., P:ad or N:ad) remains constant (Kelly 

et al., 2018). 

This important assumption of long-term constant DOM quality has not been tested. Long-

term ecosystem data from browning waterbodies are scarce, which makes detecting consequences 

of decadal-scale changes difficult. Therefore, space for time substitutions (Pickett, 1989), 

experiments, and modeling have been implemented to predict the long-term effects of lake 

browning (Ask et al., 2009; Finstad et al., 2014; Kelly et al., 2014; Bergström & Karlsson, 2019). 

Spatially, studies have found constant nutrient stoichiometry across a wide range in DOC 

concentrations (Perakis & Hedin, 2007; Corman et al., 2018; Thompson & Cotner, 2018). 

However, temporal trends may not be consistent with spatial patterns (e.g., Isles et al., 2018), 
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which may indicate that long-term trends in DOM quality (e.g. P:DOC, N:DOC, ad:DOC, and P:ad 

or N:ad) are not well understood. 

If spatial surveys and shorter-term experiments do not match long-term trends, then a 

spatiotemporal mismatch has occurred, meaning that the consequences of long-term browning may 

not be fully explained by hypotheses based on past spatial, experimental, or model studies. Here, 

we use a combination of long-term data-set analyses and large multi-region and continental-scale 

spatial surveys to assess the ecological impacts of browning on both water color and nutrient status 

through space and time in lakes. Our results indicate that findings from spatial surveys are 

inconsistent with long-term trends, suggesting the need for cautious interpretation of projections 

of longer-term changes in DOM quality from short term experiments or surveys. 

3.3 Materials and Methods 

We set out to determine if DOM quality is constant over a large DOC concentration 

gradient both across space and through time in lakes. We investigated changes in DOC 

concentration and quality characteristics, including DOC to dissolved absorbance and DOC to 

organic nutrient concentration ratios, and the ratio of dissolved absorbance to organic nutrient 

concentrations. We conducted this research in three ways: (1) we performed a multi-region  spatial 

survey of limiting nutrients (P and N), DOC concentration, and dissolved absorbance of lakes; (2) 

we analyzed continental-scale spatial relationships between these endpoints using the US 

Environmental Protection Agency’s (EPA) National Lakes Assessment (NLA) data base; and (3) 

we investigated long-term trends in limiting nutrients, DOC concentration, dissolved  absorbance, 

in-lake light availability (light extinction coefficient of photosynthetically active radiation; Kd), 

and modeled estimates of the depth of the euphotic zone and whole-lake photosynthetic potential 
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from a long-term data set of browning lakes in the Adirondack region of New York (Leach, 

Winslow, et al., 2018). 

3.3.1 Regional-Scale Survey 

We performed a field survey of 38 lakes across three US States (New York, Pennsylvania, 

and Minnesota), with a range of DOC from 1.6 mg L-1 to 11.1 mg L-1 (Stetler et al., 2021). Lakes 

selected in New York and Pennsylvania were in regions that have experienced substantial recovery 

from acidification and associated browning in recent decades (Williamson et al., 2015; Leach et 

al., 2019). Lakes in Minnesota were selected because the region contrasts with the Northeast 

United States and was not subjected to the same substantial historic acidification. This approach 

ensured that we sampled a substantial range in potential differences in DOM quality in case major 

historical acidification had legacy effects on current DOM quantity and quality.  

We collected surface grab samples (~0.5 m below the surface) in lakes in summer 2018. In 

most lakes, we collected samples in the pelagic zone, except for two lakes, which were sampled 

by wading in to the near shore area due to inclement weather. Three lakes in Pennsylvania were 

sampled twice and chemical parameters were averaged. Lakes were predominately oligotrophic to 

mesotrophic and covered a wide range in size (Table 3.1). We also examined the nutrient 

stoichiometry of wetlands that were adjacent to a subset of lakes (n = 9) in order to assess whether 

DOM in lakes was associated with known sources of organic matter (see Appendix B for more 

information). In total, we sampled 38 lakes. Sample preservation, lab analyses, and data quality 

assurance procedures for field samples are described in Appendix B.  
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Table 3.1: Descriptive information for the 38 lakes included in the 2018 summer field survey from the 

Northeastern United States (NE: New York and Pennsylvania) and Minnesota (MN). 

  Region 

Trophic State NE MN 

Oligotrophic 25 5 

Mesotrophic 3 2 

Eutrophic 0 3 

      

Maximum Depth (m) NE MN 

<=5 2 2 

>5 & <=15 19 3 

>15 & <=30 5 4 

> 30 2 1 

      

Surface Area (ha) NE MN 

<= 25 10 4 

>25 & <= 50 7 0 

>50 & <= 100 5 4 

> 100 6 2 

 

3.3.2 Continental-Scale Survey 

To understand the relationships between DOM and limiting nutrients at a continental scale, 

we used data from the 2012 NLA conducted by the US EPA. The NLA included measurements of 

DOC concentration, water color (Platinum Cobalt Units, PCU), total phosphorus (TP) and total 

nitrogen (TN). To minimize the impacts of large anthropogenic nutrient sources in our analysis of 

EPA NLA lakes, we chose to only include lakes that were designated as reference lakes. Reference 

lakes are defined by the EPA NLA as “a lake, either natural or man-made, with attributes (such as 

water quality) that come as close as practical to those expected in a natural state, i.e., a least 

disturbed lake” (US EPA 2016). We further restricted our selection to include only those lakes 

with TP concentrations less than 48 µg L-1 corresponding to a Carlson Trophic Status Index of 60 

or less (Wetzel, 2001), and focused on freshwater lakes that had a specific conductance of less 



 

41 

 

than or equal to 50 µS cm-1 @ 25°C which resulted in 90 total lakes. Standard field and laboratory 

methods for this survey are provided in previous publications (US EPA, 2011, 2012). 

3.3.3 Long-Term Data Analysis 

We used a publicly available data set of 28 lakes in the Adirondack region of New York 

(Leach, Winslow, et al., 2018) to determine long-term trends in DOM quality and test for constant 

nutrient to DOC ratios. Due to its protective status within a state park, Adirondack lake watersheds 

are predominantly heavily forested and have experienced minimal land use change in recent 

decades. Data were collected 1994 to 2012, but all lakes were not sampled every year (see Leach, 

Winslow, et al., 2018 for details, including methods). We calculated annual summer averages for 

DOC, TP, TN, and water color (PCU) measurements. We estimated and calculated long-term 

trends in the light extinction coefficient (Kd; units: m-1) by converting from average summer DOC 

concentrations using a coefficient of 0.22*DOC (Morris et al., 1995; Read & Rose, 2013). We 

then used the light extinction coefficient to estimate the euphotic zone and whole-lake 

photosynthetic potential using a generic photosynthetic irradiance (PI) curve (Kirk, 1994). Further 

details describing this modeling are described in Appendix B. 

3.3.4 Statistical Analyses 

We performed all statistical analyses in R version 3.6.2 (R Core Team, 2019). To determine 

whether the ratio of DOC to limiting nutrients was constant across space, we tested for significant 

linear relationships between DOC concentration and different limiting nutrient forms in both 

spatial surveys (our regional survey and the EPA NLA continental survey). We tested if  linear 

regression assumptions were met using the ‘gvlma’ R package (Peña & Slate, 2006). When 

assumptions were not met, we used Kendall’s rank correlation to test for significant correlations. 

For all statistical tests, α = 0.05. We also report linear slopes. To test if nutrient stoichiometry 
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significantly varied between the Northeast lake region and Minnesota lake region, we performed 

a Welch’s t-test of the average nutrient to DOC ratio [e.g., log-transformed (TP/DOC)], which 

accounts for uneven sample sizes. We tested for normality using the Shapiro-Wilk test.   

To determine if nutrient stoichiometry was constant through time, we calculated the Sen’s 

slope trend of the nutrient (TP or TN) to DOC and a440 to DOC ratio for each lake (n=28) using 

the ‘zyp’ R package (Bronaugh & Arelia, 2019). We also calculated long-term trends in DOC, a440, 

nutrients, Kd and light availability in each lake by determining the Sen’s Slope. Summer average 

ratios were log-transformed before analysis (e.g., Isles, 2020). We determined trend significance 

using a Mann-Kendall test. We converted water color (PCU) to a440 based on established 

relationships described in Cuthbert and Giorgio (1992).   

3.4 Results 

Across our regional survey of 38 lakes, TP, DOP, TN, and DON were all significantly and 

linearly correlated with DOC concentrations (Figure 3.1, Table B.2). TP and DOP had slope 

coefficients of 2.52 µg TP mg DOC-1 and 0.97 µg DOP mg DOC-1. TN and DON had slope 

coefficients of 0.09 mg TN mg DOC-1 and 0.06 mg DON mg DOC -1, respectively (Table B.2). 

Both total and dissolved organic P and N forms were also positively linearly correlated with a440 

(Figure 3.1, Table B.2). a440 was also significantly correlated with DOC concentrations (Figure 

B.1a, p<0.001, Table B.2).  At a continental-scale, TP and TN were positively correlated with 

DOC concentrations with linear slopes of 1.15 µg TP mg DOC-1 and 0.04 mg TN mg DOC-1 

(Figure 3.2, Table B.2). While TP and TN were correlated with a440, we found stronger 

relationships between TP and TN with DOC (Table B.2). Ratios between DOP, DON, or TN and 

DOC did not regionally differ between waterbodies in the Northeast and Minnesota (minimum p 
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= 0.06). However, the (log-transformed) ratio between TP and DOC was higher in Minnesota lakes 

than the Northeast (p=0.02; Figure B2; Table B.3).  

 

 

Figure 3.1: Relationships between total phosphorus (TP, a), dissolved organic phosphorus (DOP, b), total 

nitrogen (TN, c), dissolved organic nitrogen (DON, d), with DOC concentration or dissolved absorbance 

(a440) from a survey of 38 lakes in the Northeastern United States (New York and Pennsylvania: blue) and 

Minnesota (maroon). Statistics are reported in text and Table B.2. Gray line denotes linear trend line. 
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Figure 3.2: Relationships between total phosphorus (a & c) or total nitrogen (b & d) with DOC (a & b) or 

a440 (c & d) from the 2012 (n=90) NLA survey. Statistics are reported in text and Table B2. Gray line denotes 

linear trend line. 

 Our long-term dataset analysis showed that over the period 1994-2012, DOC 

concentrations increased at a median rate of 0.56 mg L-1 decade -1 (Figure B.4a, 17 of 28 lakes 

with significant trends) and a440 also increased (Figure B.4b, 22 of 28 lakes significant). Over the 

same period, TP declined at a median rate of -0.24 µg L-1 decade-1 (Figure B.4c, 4 of 28 significant) 

and TN declined at a median rate of -1 mg L-1 decade-1 (Figure B.4d, 2 of 28 significant). The Kd 

increased at a median rate of 0.12 m-1 decade-1 throughout the study period (Figure B.4e, 17 of 28 

lakes significant), indicating a general trend toward reduced light penetration into the water 

column through time (Figure B.4e). Accounting for surface light availability, light attenuation, and 

the relationship between photosynthesis and irradiance, we found that the proportion of the water 

column in the euphotic zone significantly declined in 15 of 28 lakes (Figure B.7) and whole-lake 

photosynthetic potential significantly declined in 17 of 28 lakes (Figure 3.4). We also found that 
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ratios (log transformed) of TP:DOC (11 of 28 significant) and TN:DOC (20 of 28 significant) both 

decreased through time (Figure 3.3b, c; Figure B.5; Figure B.6). In contrast, DOC specific 

absorbance increased through time (Figure 3.3a), with significant trends in 16 of 28 lakes, and the 

ratios of TP or TN to a440 decreased through time (Figure 3.3d, e, Figure B.5, Figure B.6) with 

significant trends in 13 of 28 lakes and 18 of 28 lakes, respectively. The TP:TN ratio generally 

increased through time (Figure 3.3f, 5 of 28 lakes significant). 
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Figure 3.3: Box and whisker plots of long-term trends (Sen’s Slope) of average summer (June, July, August) 

water samples from 28 lakes in the Adirondack region over the period 1994-2006 or 2012.  Trends of ratios 

were log transformed. Units for the plots include: a440:DOC (a: m-1 mg DOC L-1), TP:DOC (b: µg TP mg 

DOC-1), TN:DOC (c: mg TN mg DOC-1), TP: a440 (d: µg TP L-1 m-1), TN: a440 (e: mg TN L-1 m-1), and 

TP:TN (f: µg TP mg TN-1). The black horizontal line denotes the median trend of the 28 lakes while the lower 

and upper limits of the box denotes the 25th and 75th percentile of the data respectively. The trend for each 

lake is denoted with a point (solid blue points represent significant trends while hollow points are non-

significant). Horizontal dashed gray line denotes a trend of 0 in each plot. 
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Figure 3.4: Estimates of whole-lake peak summer average photosynthetic potential for 28 study lakes over the 

period 1994-2012 in the Adirondacks (data from Leach, Winslow, et al., 2018). Solid blue points represent a 

significant long-term decrease while solid red points represent a significant long-term increase in the Sen’s 

Slope trend (p<0.05; hollow black points represent non-significant trends). 

3.5 Discussion 

Our results indicate that the ratio of DOC to limiting nutrients was constant across space 

at both regional and continental scales, but not-constant through time. Changing ratios (in-lake 

TP:DOC, TN:DOC, and ad:DOC) through time indicates that space-for-time substitutions are 

likely insufficient to fully characterize the ecological consequences of long-term browning 

observed in many regions. While our spatial surveys indicate that nutrients are associated with 
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DOM, our results indicate that long-term browning is not associated with increases in-lake nutrient 

concentrations. This observation is contrary to the implications of past studies that identify long-

term browning as a factor that would contribute to long-term increases in nutrient loading (e.g., 

Corman et al., 2018). However, our results are consistent with long-term studies from other 

regions. For example, in a study of Swedish lakes, researchers found tight spatial coupling of 

nutrients and DOC, but no correlation between changes in DOC and changes in P or N through 

time (Isles et al., 2018). Thus, a unimodal relationship between DOC concentration and measures 

of productivity, with peak productivity at intermediate concentrations of DOC, likely does not 

fully represent the response of many lakes undergoing browning. 

Across space, we observed that DOC and nutrients were tightly correlated, with organically 

bound nutrients comprising approximately 38% of TP and 67% of TN, and few differences in 

nutrient stoichiometry between regions. Our results build on past spatial studies that have 

demonstrated tight regional coupling between DOC concentration and nutrient concentration 

(Perakis & Hedin, 2007; Corman et al., 2018; Thompson & Cotner, 2018; Isles et al., 2020) . 

However, our results also show that the ratio of TP:DOC decreased through time, as has also been 

observed in lakes in Sweden (Huser et al., 2018).  

While our results demonstrate that long-term browning is not associated with increases in 

nutrient concentrations, it was associated with increasing dissolved absorbance and light 

attenuation. Thus, absent nutrient enrichment via other mechanisms, the primary effect of long-

term browning is likely to be a reduction in whole-lake production. Indeed, a majority of our study 

lakes (n=17, 61%) exhibited a long-term decrease in whole-lake photosynthetic potential, and 15 

(54%) lakes exhibited a long-term reduction in the proportion of the water column in the euphotic 

zone. This estimate of light availability (and limitation) is likely conservative since it was 
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calculated based on the brightest time of year (i.e., the summer solstice). At other times of year, 

light limitation in deep water column layers is likely to be much greater. Over time, increases in 

light limitation may shift the depth distribution of production toward surface waters and away from 

benthic and meta- or hypolimnetic sources (e.g., Vadeboncoeur et al., 2003). However, our model 

implicitly assumes a static primary producer community and excludes the possibility for species 

turnover and adaptation to perform better in low light environments.  

Our findings highlight the potential negative effects of browning on lake productivity. 

Similar implications have been suggested by others including Thrane et al. (2014) who found a 

negative relationship between DOC and pelagic lake productivity across 75 boreal lakes. While 

light limitation may decrease primary production, if organisms such as zooplankton can utilize 

terrestrial resources as DOC increases (e.g., Solomon et al., 2011), they may offset some primary 

production losses in aquatic food webs. Browning may also increase productivity in some 

oligotrophic waterbodies where reduced light attenuation may increase primary production by 

reducing the penetration of damaging solar radiation (H. Bernhard et al., 2020).  

The discrepancy between short-term experiments or surveys and our long-term results - 

suggest that space-for-time substitutions are not a suitable replacement for examining long-term 

trends. These substitutions inaccurately predict future conditions when the drivers of variability 

across space are different from the drivers of variability through time (Pickett, 1989). Variation in 

DOC concentrations in the Northeastern United States through time is driven predominately by 

recovery from acid deposition (Monteith et al., 2007; Leach et al., 2019) and, likely to a lesser 

extent, precipitation increases (de Wit et al., 2016). In contrast, spatial variability in DOC is driven 

more by individual lake and watershed characteristics, such as percent wetlands coverage 

(Solomon et al., 2015).  
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We observed that nutrients were not increasing with increasing DOC through time. 

Widespread decreases in TN have been reported and attributed to reductions in anthropogenic 

emissions and associated deposition (Driscoll et al., 2016). Drivers of P dynamics through time 

are likely complex. Though a mechanistic explanation has not yet been verified, we offer three 

potential explanations to explain the lack of P increases as DOC increased through time. First, 

delays in soil pH recovery from acidification can delay P mobilization (e.g., Kopáček et al., 2015). 

Thus, as lakes and watersheds continue to respond to decreased acidic deposition, P concentrations 

may indeed increase in future decades. In less acidified regions such as WI, USA, lags in P 

liberation may be minimal (e.g., Kopáček et al., 2015), which may explain the discrepancy between 

our work and that of Corman et al. (2018). Corman et al. (2018) assumed DOM soil quality to be 

constant through time, which could be true in WI, but is not true in the Adirondacks, a region that 

was strongly acidified by acid deposition (Shao et al., 2020). Since browning is largely driven by 

recovery from acidification (Monteith et al., 2007), the degree to which browning has the potential 

to contribute P through time may be largely driven by the amount of historical acidification and 

current soil recovery rates. Alternatively, terrestrial plants are experiencing longer growing 

seasons in response to climatic warming (Linderholm, 2006). This can increase terrestrial nutrient 

demand (Jonard et al., 2015) and P limitation (Goswami et al., 2018), thereby reducing nutrient 

export to lakes while also increasing the amount of terrestrial carbon available for export 

(Groffman et al., 2018). Finally, as lake DOC concentrations increase under browning in response 

to environmental drivers such as recovery from acidification, the character of the DOM pool may 

be changing in ways that alter DOM solubility (e.g., de Wit et al., 2007) and nutrient stoichiometry. 

For example, increases in solubility may be associated with increases in inputs of older and more 

nutrient-poor DOM from soils (e.g., Tipping et al., 2016), or increases in the proportion of 
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allochthonously-derived DOM, which is typically more nutrient depleted than autochthonous 

DOM (e.g., SanClements et al., 2012). Of these three mechanisms, only the third would actually 

impact DOM stoichiometry, while all three would depress the P:DOC ratio. The above potential 

explanations are not mutually exclusive and it is possible that a combination of factors are acting 

simultaneously (e.g., Huser et al., 2018).  

Patterns in the ratio of limiting nutrients to DOC at the continental scale appeared more 

variable than our regional survey, but still indicated that DOC likely serves as an important source 

of nutrients across inland waterbodies. Further, substantial variability existed between a440 and 

total nutrients especially at low a440 values. Given the broad geographic diversity, it is likely that 

only a small proportion of lakes in the NLA are undergoing browning. Variation in a wide suite of 

lake characteristics such as land use and land cover, water residence time, lake morphometry, food 

web composition, and underlying geology likely contribute to the large variation in DOC, a440, and 

nutrients at the national scale. We calculated that each mg of DOC contributes 1.15 µg TP and 

0.04 mg TN, and about 37.6% and 55.9% of the total TP and TN pool, respectively. Past research 

has shown that DOP represents over 75% of lake TP in forested watersheds and that while DOP is 

often bound in complex molecules, it is still a readily bioavailable nutrient supporting aquatic food 

webs (Thompson & Cotner, 2018).  

Our results demonstrate that long-term browning leads to light limitation, and although 

DOC and nutrients were correlated across space, nutrient levels are not increasing through time as 

lakes brown. Together, our results indicate that browning is likely to result in a reduction in whole-

lake productivity, especially in oligotrophic lakes where the majority of productivity occurs in 

benthic and other deep-water habitats (e.g., Vadeboncoeur et al., 2003; Leach, Beisner, et al., 
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2018). Caution is therefore warranted when applying space-for-time substitutions to understand 

lake browning. 
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4. BOTH THE MAGNITUDE AND DURATION OF ANOXIA 
ARE DRIVEN BY LAKE BROWNING: CONCURRENT 

CLIMATE WARMING CAN FURTHER EXACERBATE 

THESE TRENDS 

 

4.1 Abstract 

Many north temperate lakes are experiencing concurrent climate warming due to climate 

change and decreases in water transparency through lake browning. These large environmental 

drivers have been shown to decrease dissolved oxygen (“DO”) in both surface and deep waters. 

However, the contribution of each driver (browning and warming) to DO declines have not been 

thoroughly quantified. We applied a hydrodynamic model coupled with a biogeochemical model 

to a small oligotrophic lake to determine the individual combined effects of browning and 

warming on deep-water DO levels. Through hindcast modeling scenarios, we found an increase 

in DOC from 1 to 5 mg L-1 resulted in an earlier onset of anoxia by up to 48 days and overall 

increase in the volume of summer anoxic waters. Further, we found that the combined presence 

of climate warming and browning amplifies this trend. Browning was often a stronger driver of 

DO depletion than warming, which highlights the role DOC can play on oxygenic dynamics 

through its effect on stratification strength. Our results indicate that continued browning and 

warming will continue to threaten water quality and lead to increased anoxia. 

4.2 Introduction 

DO is a master variable regulating many aspects of aquatic ecosystems (Jane et al., 2021). 

Low DO levels can harm aquatic life and negatively impact important ecosystem processes. Many 

organisms require oxygen rich environments above a hypoxic (DO less than 2mg L-1) threshold. 

Additionally, anoxic (DO less than 0.5 mg L-1) bottom waters can release nutrients (i.e. 
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phosphorous) and organic carbon stored in lake sediments (Denfeld et al., 2016; Encinas 

Fernández et al., 2014; Skoog & Arias-Esquivel, 2009; Wetzel, 2001). Internal loading of nutrients 

from low oxygen waters can then fuel primary productivity once these nutrients reach surface 

waters.  

Lakes are rapidly changing. Air temperatures and lake surface temperatures are rapidly 

warming across the globe (Jane et al., 2021; O’Reilly et al., 2015). Many north temperate lakes 

are also experiencing reductions in water clarity and increases in dissolved organic carbon 

(“DOC”), a phenomenon often referred to as “lake browning”. Though there is substantial 

variability in DOC trends across the northern hemisphere (e.g. Monteith et al., 2007), it is not 

uncommon for lakes to have doubled in DOC concentration in recent years (Williamson et al., 

2015). 

Lake browning and climate warming can have many impacts on aquatic ecosystems, 

including on physical, chemical, and biological processes and characteristics (Rose et al., 2016; 

Knoll et al., 2018; Pilla et al., 2018; Leach et al., 2019; Jane et al., 2021). Climate warming 

increases lake surface temperatures, which in turn leads to stronger summer stratification and 

longer stratification duration (Fang & Stefan, 2009; Jane et al., 2021; Jankowski et al., 2006). As 

lakes brown, more heat becomes trapped in the epilimnion, which allows deep waters to stay cool 

and stratification strength to increase (Solomon et al., 2015; Pilla et al., 2018). Warming and 

browning occur simultaneously in many regions (Leach et al., 2019; Palmer et al., 2014), which 

can amplify surface water temperature warming rates (Rose et al., 2016).  

Changes in climate, stratification strength, duration, and water clarity have been shown to 

alter DO concentrations especially in deep waters. Jane et al. (2021) demonstrated widespread 

long-term losses of DO across the temperate zones over the last 30 plus years. Decreases in surface 
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water DO were driven primarily through changes in DO solubility. As water temperature increases, 

less oxygen can be dissolved, resulting in lower DO levels. Jane et al. (2021) also found DO in 

deep waters to be declining at rapid rates, and this change could not be explained by changes in 

DO solubility, as deep-water temperatures largely did not change throughout the study period. 

Instead, stratification strength increased due to both warming air temperatures and reductions in 

water clarity. The strengthening and/or lengthening of summer stratification lead to the observed 

reductions in bottom water DO and have been documented elsewhere (Fang & Stefan, 2009; Jane 

et al., 2021; Jankowski et al., 2006; Knoll et al., 2018). Since browning reduces water clarity and 

strengthens stratification, similar DO declines have been observed in browning lakes (e.g., R.-M. 

Couture et al., 2015; Knoll et al., 2018). 

Though warming and browning can increase stratification strength and thus reduce DO, 

some modeling work suggests climate warming alone may increase DO in deep waters.  (R.-M. 

Couture et al., 2015) found warming can decrease ice cover duration resulting in a prolonged 

spring mixing period, which in turn supplies greater ventilation and deep-water DO renewal, 

resulting in higher DO concentrations. However, R.-M. Couture et al. (2015) found that combined 

browning and warming led to decreases in deep-water DO through a large increase in stratification 

strength. The individual and combined effects of warming and browning on deep-water DO levels 

remain unclear. 

Understanding the effects of climate change and lake browning on aquatic habitats 

necessitates understanding their impacts on dissolved oxygen.  Since both browning and climate 

warming have the potential to decrease DO, the prevalence of anoxic and hypoxic waters in many 

north temperate lakes may increase in the coming decades, with important water quality 

implications. Here, we apply a calibrated one-dimensional hydrodynamic and water quality model 
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to examine the independent and combined effects of browning and warming on dissolved oxygen 

levels across a 30-year period (1990-2019) using a small oligotrophic lake in Pennsylvania, USA 

as a representative lake experiencing rapid browning. Our results highlight the important role DOC 

plays in regulating deep-water DO and demonstrates that oligotrophic lakes are losing critical cold-

water habitat. 

4.3 Materials and Methods 

We set out to understand how browning and warming interact to alter DO levels. We first 

calibrated and validated a one-dimensional hydrodynamic model [General Lake Model V2.2 

(GLM); Hipsey et al., 2019] coupled with a water quality module [Framework for Aquatic 

Biogeochemical Modeling (FABM) and the Aquatic EcoDynamics module library (AED)] 

(Hipsey et al., 2019) to in situ field observations. Then, we performed hindcast scenarios across a 

30-year period (1990-2019) to simulate browning and warming across a range of initial DOC 

concentrations. For each scenario, we characterized several DO and thermal characteristics. 

4.3.1 Study Site and Observational Data 

Lake Giles is a small oligotrophic lake located in the Pocono Mountains of Pennsylvania, 

USA with a maximum depth of 23 m and approximate surface are of 48 ha. The lake is situated in 

a protected forested landscape and historically had DOC concentrations between 1 and 2 mg L -1, 

though DOC concentrations have been increasing in recent years (Williamson et al., 2015). There 

has been no long-term increase in air temperature at Lake Giles (Pilla et al., 2018). We chose to 

use Lake Giles as a case study because its size class (48 ha) is representative of many lakes across 

the northeast and the world (Peterson et al., 1998; Verpoorter et al., 2014). 
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4.3.2 Model Description and Calibration 

We used hourly meteorological data as forcing data for GLM which included air 

temperature, wind speed, shortwave and longwave radiation, precipitation (both rain and snow), 

and relative humidity, which were obtained from reanalysis data from the National Land Data 

Assimilation Systems (NLDAS; available at https://ldas.gsfc.nasa.gov/index.php). We coupled 

GLM with three modules from FABM-AED: sediment flux, oxygen, and organic matter. 

Combined, these modules include sources of oxygen from the atmosphere only and do not include 

any extra production through photosynthetic organisms. DOC can be broken down through both 

photodegrading and microbial respiration, and the latter can draw down DO concentrations. 

However, once the initial DOC concertation is set, no more DOC enters the system, which results 

in the transformation of most DOC by the end of one year. Further, fluxes between the sediment 

layers are enabled. Parameters were left largely as default values (see Table C.1 for default 

parameter values and values used in this model). GLM also required bathymetric data which was 

obtained from Moeller et al. (1995). Lake Giles has no clear permanent surface inflow.  

 We compared the model to summer (July, August, and September) temperature and DO 

profile observations collected every summer from 2010 to 2018. Each year the model began on 

January 1st with an initial isothermal temperature profile of 3.9°C and ran through the end of the 

calendar year. The model must be stopped each year to change the light extinction coefficient (Kd).  

We annually varied Kd based on observational data. Within each year, selected Kd values varied 

withing the range of observed values to minimized model error rate. Initial DOC concentrations 

were set equal to the annual average of each year.  

We calculated multiple metrics to assess model accuracy and comparability with other 

modeling studies. We chose to calculate the r2 and correlation coefficient to test the strength of 

correlations between observation and simulation data. We also calculated the root mean standard 

https://ldas.gsfc.nasa.gov/index.php
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error (RMSE) and the normalized mean absolute error (NMAE). We report model accuracy in the 

results section. 

4.3.3 Model Scenarios 

Following calibration and validation, we used our model to hindcast a 30-year period 

(1990-2019) to assess how browning and warming impact deep-water habitat. We simulated initial 

conditions beginning with one of three DOC concentrations (1 mg L-1, 2.5 mg L-1, and 5 mg L-1). 

For each of these initial conditions, we simulated the 30-year period (1990-2019) with 4 model 

scenarios as follows 1: no browning and no warming, which keeps the DOC concentrations at the 

initial concentration each year and uses the observed meteorological conditions over the time 

period; 2: Browning only, which increases the DOC concentration each year from the initial 

concentration in 1990 at a rate of 0.05 mg L-1 year-1 and uses the observed metrological conditions; 

3: Warming only, which increases the air temperature each year at a rate of 0.038 °C year -1 but 

retains the initial DOC concentration for the entire simulation period; and 4: Combined browning 

and warming which increases both DOC and air temperatures at the aforementioned rates. We 

selected these browning and warming rates as they are similar to median observations observed in 

recent decades (O’Reilly et al., 2015; Williamson et al., 2015; Leach et al., 2019; Pilla et al., 2020; 

Jane et al., 2021). 

  To simulate warming, we first used meteorological data obtained from NLDAS as a 

baseline for the 30-year period. Then, we changed air temperature each year by the corresponding 

warming rate. Simulations began on January 1, 1990 and were completed on December 1st of each 

year since Kd must be manually changed each year. We chose to do this in the beginning of 

December because water temperatures were isothermal, and the lake has yet to freeze. On 

December 2nd of each year, the DOC concentration increased in accordance to each scenario. Kd 
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was also changed based on the DOC specific absorbance found by Morris et al., (1995) and Read 

and Rose (2013) and assuming a y-intercept of 0 where Kd = 0.22 * DOC. We assumed Kd was 

constant throughout the year. We also assumed that after the initial annual DOC concentration was 

set, no more DOC entered the system, and DOC was allowed to be transformed and degraded in 

accordance with the model. On December 2nd, initial temperature conditions were set to be equal 

to the modeled temperatures on December 1st.  

4.3.4 Oxygen and Temperature Metrics 

We examined multiple DO and physical characteristics of the simulations to understand the 

response of Lake Giles to browning and warming. We calculated July average values for most 

metrics because the lake is typically most strongly stratified in this month (Knoll et al., 2018). We 

used the rLakeAnalayzer R package V1.11.4 (Read et al., 2011; Winslow, Read, et al., 2018) in R 

(R Core Team, 2019) to calculate epilimnion, hypolimnion, and whole-lake DO averages in July 

of each year. We estimated the volume of hypoxia and anoxia in July for each year. We linearly 

interpolated bathymetry data to 1 m intervals and then we calculated the volume assuming a shape 

of a right circular cone. We also calculated the average July surface (0-2m) and bottom (20-22m) 

DO concentration. Finally, we calculated the average July summer hypolimnion thickness as the 

depths between the bottom of the metalimnion to the bottom of the lake. 

4.4 Results 

Our model accurately predicted water temperature and DO concentrations (Figure C.1). 

Simulated and observed summer (July August and September) water temperatures were strongly 

correlated (r2 = 0.98, correlation = 0.99) with an RMSE of 1.25 an NMAE of 0.04. Simulated and 

observed summer DO concentrations were also correlated (r2 = 0.67, correlation = 0.82) with an 

RMSE of 1.70 and an NMAE of 0.09. 
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In our simulations, higher initial DOC concentrations reduced DO levels across each lake 

layer in the summer (Figure 4.1). Additionally, initial DOC concentration (i.e., 1 vs. 5 mg/L) had 

a larger impact on DO than browning or warming, or the combination of browning and warming. 

Generally, browning was a stronger driver of reductions in DO than warming air temperatures. 

The combined scenario of browning and warming resulted in a smaller DO decline than the 

browning alone scenario. The effects of browning and warming on bottom (20-22m) DO were 

stronger than the effects of hypolimnion layer average DO (Figure 4.2). 
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 Figure 4.1: July average dissolved oxygen concentrations for the epilimnion (a), hypolimnion (b) and 

whole lake (c) across four different scenarios (columns) and three different initial DOC concentrations 

(color). Lines are loess smooth through time for each scenario. Each scenario is further explained in the 

methods section. 
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Figure 4.2: July average dissolved oxygen concentrations for surface waters: 0-2 meters (a), and deep waters: 

20-22 meters (b) across four different scenarios (columns) and three different initial DOC concentrations 

(color). Lines are loess smooth through time for each scenario. Each scenario is further explained in the 

methods section. 
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At 1 mg L-1 DOC, summer hypoxic and anoxic volumes were relatively low (Figure 4.3). 

However, the browning only scenario increased the prevalence of hypoxia and anoxia. The 

warming only scenario appeared to reduce the volume of hypoxia and anoxia in most instances, 

except for the high DOC simulation where the volume of hypoxia increased. The combined effects 

of warming and browning on hypoxic and anoxic lake volume were stronger than any individual 

model scenario. 

 

Figure 4.3: July average volumes of hypoxic and anoxic water across four different scenarios (columns) and 

three different initial DOC concentrations (color). Lines are loess smooth through time for each scenario. 

Each scenario is further explained in the methods section. 
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Increased DOC concentration resulted in warmer summer surface waters and colder deep 

waters (Figure 4.4). As DOC increased, the thickness of the metalimnion decreased, and the depth 

of stratification became shallower. Warming air temperatures led to warmer surface waters in the 

summer. Browning also induced a shoaling of the surface mixed layer and increased the volume 

of the hypolimnion (Figure 4.5, Figure C.2). 

 

Figure 4.4: Seasonal thermal heat maps for different DOC and air temperature model scenarios in the year 

2018. 
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Figure 4.5: Seasonal oxygen heat maps for different DOC and air temperature model scenarios in the year 

2018. 

 

 In low DOC lakes (1 mg L-1 DOC), the onset of hypoxia occurred in mid-to late August 

while anoxia occurred in mid to late September (Table 4.1). As DOC concentrations increased, the 

onset of hypoxia and anoxia began earlier. From 1 to 5 mg L-1 DOC, the onset of both anoxia and 

hypoxia occurred over 48 and 47 days earlier respectively. The presence of climate warming 

shifted the onset of anoxia and hypoxia by about a week earlier at 1 and 5 mg L-1 DOC, but 

warming temperatures had less of an effect on the onset of low oxygen conditions at intermediate 

(e.g., 5 mg L-1) DOC concentrations. 
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Table 4.1: Day of year (“DOY”) of onset of hypoxia and anoxia in 2018 for different DOC and air 

temperature model scenarios. 

 

DOC Air Temperature 

Change 

Onset of Hypoxia 

DOY 

Onset of Anoxia 

DOY 

1 0 234 258 

1 + 1.064°C 228 250 

2.5 0 196 225 

2.5 + 1.064°C 199 216 

5 0 187 210 

5 + 1.064°C 182 201 

 

4.5 Discussion 

Browning contributed to larger volumes and earlier onset of hypoxia and anoxia. Combined 

browning and warming further amplified this pattern. An increase of DOC from 1 to 5 5 mg L -1 

DOC resulted in onset occurring about 1 and half months earlier. Increased prevalence of DO 

depleted waters through browning and warming is a major water quality concern. Reductions in 

oxygen at the sediment-water interface can lead internal loading of nutrients and DOC (Wetzel, 

2001; Skoog & Arias-Esquivel, 2009; Encinas Fernández et al., 2014; Denfeld et al., 2016). This 

positive feedback can in turn lead to increased productivity and decreased water clarity, further 

degrading water quality. Decreases in DO near the sediment may limit benthic habitat for 

invertebrates in the future (Craig et al., 2015). This reduction in a vital food source could lead to 

reductions in fisheries productivity in browning lakes (e.g., Finstad et al. 2014; Dorst et al. 2019). 
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Consistent with others, lake browning led to decreases in DO (e.g., Knoll et al. 2018). 

Temperatures warmed in surface waters thereby reducing DO solubility, as has been documented 

elsewhere (Jane et al., 2021). Deep-waters cooled with browning, implying solubility did not drive 

changes in deep-water DO concentrations. Instead, DO was reduced through the effects of thermal 

stratification and the effects of DOM on microbial respiration. Indeed, surface warming and deep-

water cooling led to the stronger separation of the epilimnion and hypolimnion in the summer, 

thereby reducing the potential for deep-water oxygen renewal (e.g., Jankowski et al. 2006; Fang 

and Stefan 2009; Knoll et al. 2018; Jane et al. 2021).  

 Lake browning was a stronger driver of DO depletion than climate warming. This is likely 

due to the fact that lake thermal characteristics responded more strongly to decreases in water 

transparency compared to climate warming. Indeed, Pilla et al. (2018) found decreases in water 

transparency can strongly regulate lake thermal characteristics. The applicability of this pattern 

depends on the magnitude of change in both driver variables. For example, if lake browning rates 

decrease, while climate warming rates increase, then the importance of warming air temperatures 

on lake DO concertation would likely increase.  

 The effects of browning on hypolimnion average DO appeared muted, due to the fact that 

hypolimnion volume increased. While this implies that some parts of the hypolimnion may still 

have adequate DO for fish species, we found bottom water DO declined rapidly with browning. 

While cold-water species may still be able to find cool and well-oxygenated water, fish may need 

to move shallower in the water column, which could lead to changes in physical habitat (i.e., 

amount of sediment substrate) and/or introduce a new interspecific competitive environment.  

 Climate warming had little impact on layer DO concentration (i.e., epilimnion or 

hypolimnion), and warming alone even reduced the amount of anoxic volume in clear lakes. This 
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likely arose due to a decrease in ice cover with warming and an increase in the spring mixing 

period as proposed by R.-M. Couture et al. (2015). However, warming may also increase 

stratification strength, and it is likely that at higher temperatures, warming alone may indeed 

decrease deep-water DO. Combined warming and browning scenarios, resulted in the largest 

volume of anoxia. This indicates the combined effects of browning and warming on deep-water 

DO will likely be negative (e.g., R.-M. Couture et al., 2015). 

 Even in our baseline scenarios, we observed annual to decadal scale variability in DO 

concentrations. Often, this variability was larger than variability due to browning or warming. This 

implies that the full of effects of warming or brown may not be realized over 30 years and that 

longer time scales are necessary. Further, the degree to which decadal scale variability in climate 

variables affect DO levels remains unclear. Therefore, more long-term data is needed, along with 

longer temporal scale modeling studies. 

 While our model accurately predicted DO concentrations, we neglected to add known 

sources and sinks of DO. First, we ignored primary productivity, which influences DO, especially 

when deep chlorophyl maximum may be present (Leach, Beisner, et al., 2018). Second, because 

we did not continually add DOC, the full effect of DOC on DO consumption was not fully realized. 

Often times, incorporating higher trophic levels introduces more model uncertainty. Further, our 

model does not incorporate known feedback loops between low DO and internal loading of 

nutrients and DOC. However, our model was within the accuracy range of previously published 

models (e.g., Magee & Wu, 2017; Bruce et al., 2018; Snortheim et al., 2017) and modeling the 

role of browning and warming on DO is relatively new. Our modeling work and findings serve as 

a strong foundation for further projects. Further studies should quantify the degree to which 

internal loading and higher trophic levels modulate these patterns.  
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 Overall, we found browning was a strong driver of DO depletion, especially in clear lakes. 

The observed increase in onset and magnitude of low DO conditions has profound water quality 

implications, and further work should investigate this phenomenon in greater detail. Given the 

wide spread declines of DO already documented (e.g., Jane et al. 2021), further research is not 

only warranted, but necessitated. 
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5. THERMAL EFFECTS OF LAKE BROWNING ON 

FISHERIES GROWTH 

 

5.1 Abstract 

As lakes across the northern hemisphere brown, widespread changes in food web composition 

have been documented. Largely, primary productivity and benthic invertebrates have decreased 

due to reductions in light and dissolved oxygen. These effects have been thought to move up the 

food web, as declines in fish biomass with browning have been documented. However, other lake 

characteristics are changing with browning including water temperature. Generally, surface waters 

have increased with browning while deep waters have could, which could lead to changes in fish 

growth. While fisheries surveys are beneficial to detect patterns in fisheries productivity across 

dissolved organic carbon gradients, comparing the magnitude of various potential drivers of 

fisheries declines can be difficult. We applied a hydrodynamic model coupled with a bioenergetic 

model to investigate how browning-induced changes in water temperature alter growth rates in 

two common sport species: Brook trout (Salvelinus fontinalis) and Largemouth Bass (Micropterus 

salmoides). We found that Largemouth Bass growth increased with browning due to an increase 

in water temperatures. Though deep waters cooled with browning, Brook Trout growth varied little 

across DOC concentrations (1-15 mg L-1), because trout could move shallower in the water 

column to track their preferred water temperatures. Our results highlight the potential for browning 

to increase the growth of warm-water species through warmer water temperatures. At the same 

time, the effects of browning induced changes in temperature on cold water species appeared 

minimal, indicating that other drivers such as in reductions in benthic food resources are likely 

responsible for the observed decreased in cold-water growth with browning. 
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5.2 Introduction 

Many north temperate lakes increasing in dissolved organic matter [“DOM”, i.e., 

“browning” (Monteith et al., 2007; de Wit et al., 2016; Creed et al., 2018; Driscoll et al., 2016; 

Creed et al., 2018; Leach et al., 2019)]. Browning can lead to reductions in water clarity, which 

can lead to changes in many physical and chemical lake characteristics (Rose et al., 2016; Knoll 

et al., 2018; Pilla et al., 2018; Leach et al., 2019).  Driven by recovery from acid deposition, 

increases in precipitation, warming temperatures, and changes in land use (Monteith et al., 2007; 

S. Couture et al., 2012; de Wit et al., 2016; Kritzberg, 2017), lake browning will likely continue 

for many years (Creed et al., 2018; Meyer-Jacob et al., 2019).  

Though some have suggested browning could have potential positive effects on 

productivity at lower dissolved organic carbon (“DOC”) concentrations (i.e., Finstad et al., 2014), 

recent evidence suggests that the most likely effect of browning on whole-lake productivity will 

be largely negative, particularly in benthic zones through a reduction in dissolved oxygen and or 

light. Some studies indicate that fisheries productivity may decline due to reductions in resource 

supply and habitat quality (Karlsson et al., 2009; Finstad et al., 2014; Dorst et al., 2019). Reduced 

light from browning suppresses primary production in both the water column and benthic habitats 

(Ask et al., 2009; Karlsson et al., 2009; Thrane et al., 2014; Seekell et al., 2015). Reductions in 

benthic primary productivity along with reductions in dissolved oxygen concentrations can reduce 

benthic food resources (Karlsson et al., 2009; Craig et al., 2015). At the same time, browning 

reduces multiple habitat characteristics including reductions in deep-water dissolved oxygen 

concentrations, colder deep-water temperatures, and increased light attenuation (Williamson et al., 

1999; Rose et al., 2016; Knoll et al., 2018; Pilla et al., 2018). However, changes in temperature 

and light may not result in declines in all fish species due to widely different habitat needs. Thus, 
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while empirical studies can help identify broader scale environmental patterns, quantifying the 

effects of individual drivers (e.g., decreases in productivity versus changes in water temperature) 

on fisheries growth can be difficult. 

Changes in lake thermal structure driven by browning may lead to changes in fisheries 

growth given that fish are ectotherms and all metabolic processes are temperature dependent 

(Brown et al., 2004). As lakes brown, deep-waters remain cool and can often become colder (Rose 

et al., 2016; Pilla et al., 2018). Thus, deep-water habitats may have beneficial or detrimental 

impacts on fish growth rates, depending on the season, geographic setting of the lake, and the 

species being considered.  In contrast to deep waters, browning typically amplifies surface water 

temperatures (Rose et al., 2016; Pilla et al., 2018). Warm-water fish may therefore benefit from 

browning and could experience higher growth rates, whereas growth in cold-water fish could 

decrease. However, fish may actively seek out their thermal preferences. Indeed, Koizumi et al. 

(2018) found bass tend to swim at shallower depths when DOM concentration is higher to stay 

within the epilimnion. Thus, browning has the potential to alter the vertical distribution and growth 

of fish through changes in lake thermal structure. 

The multiple effects of lake browning on aquatic food resources and habitat quality 

suggests that browning has the potential to alter fisheries production and composition in many 

ways. However, the relative importance of different effects (e.g., thermal vs. food resources) is 

unclear, challenging the ability to predict fisheries productivity and compositional changes a priori. 

Unfortunately, it can be difficult to compare the effects of changing thermal regimes and food 

resources on fisheries growth through empirical studies. Here, we use hydrodynamic and 

bioenergetic models to understand browning-mediated changes in thermal habitat and growth 

rates, and how these changes compare with hypothetical dietary shifts. We focus on Brook Trout 
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(Salvelinus fontinalis) and Largemouth Bass (Micropterus salmoides) as widespread and 

ecologically and economically important representatives of cold- and warm-water fishery guides, 

respectively.  

5.3 Materials and Methods 

We coupled a hydrodynamic model and bioenergetic model to predict how growth in two 

fish species vary across a DOC gradient of 1 to 15 mg L-1. To do this, we first simulated water 

temperature using a hydrodynamic model [General Lake Model V 2.2 (GLM); Hipsey et al., 2019] 

at Lake Giles, similar to the model used in Chapter 4, with the same meteorological data from 

NLDAS. We used one year (2017) as an example year, and ran simulations with various light 

extinction coefficients. Major meteorological conditions in 2017 were similar to other years on 

record (Figure D.2). We estimated the DOC concentration from the light extinction coefficient as 

previously done in Chapter 4 with equations from Morris et al. (1995) and Read and Rose (2013) 

where Kd = 0.22*DOC to create a range of DOC concentrations from 1 to 15 mg L-1.  

Following simulation of water temperature, we applied a fisheries bioenergetic model 

(“FB4”; Deslauriers et al., 2017) for a warm-water species (Largemouth Bass) and a cold-water 

species (Brook Trout). Trout and bass are common sport fish in temperate lakes, and the 

bioenergetic models for both of these species are robust and thoroughly tested (Chipps & Wahl, 

2008; Hartman & Cox, 2008). FB4 is driven primarily by daily water temperature at one depth and 

prey composition. We used energy values of various prey items to drive the prey component of 

the model.  

In our modeling exercises, we chose to use smaller trout who are likely not yet piscivorous. 

Browne and Rasmussen (2009) suggest Brook Trout reach piscivory near 25 cm fork length. Thus, 
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we chose to model a smaller non-piscivorous trout with a fork length of 20 cm and total length of 

20.4 cm using the equation in Hyatt and Hubert (2001).  

Since FB4 is initialized with fish weight not length, we needed to estimate the weight of a 

trout with a total length of 20.4 cm. We used the work of Hyatt and Hubert (2001) to estimate the 

standard weight of a 20.4 cm brook trout (95.67 grams). For consistency, we modeled a bass at 

20.4 cm total length and a standard weight of 151.73 grams (Wege & Anderson, 1978).  

We left prey items constant for most of the simulations. Brook trout fed on benthic 

invertebrates with an energy density of 3076 J g-1 wet mass (James et al., 2012). Bass were fed 

dace with an energy density of 5522 J g1 wet mass (Deslauriers et al., 2017). 

Next, we performed a generic experiment to determine the water temperature at which trout 

and bass performed best, keeping prey items constant. We ran simulations where water 

temperature was held constant throughout the year, and we calculated the total weight gained 

across a wide range of temperatures (e.g., Figure D.1). 

In each simulation, we applied FB4 to both fish species and fit the model to a P value 

(proportion of maximum consumption) of 0.5. We allowed the fish to move to their optimal 

temperature each day, and input FB4 with the corresponding water temperature value. Thus, the 

only thing that varied across simulations was the water temperature, and amount of food consumed 

(which is temperature dependent). 

5.3.1 Trout Diet Experiment 

We used our model to assess the relative impacts on trout growth from thermal changes 

versus changes in food sources. Specifically, since browning may reduce the amount of benthic 

resources available for trout, we performed simulations where we varied the number of benthic 

resources in trout’s diet and then compared this to the browning-mediated impact on trout growth 
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rates via temperature change. When the proportion of benthic invertebrates in trout diet decreased, 

their diet was supplemented by zooplankton with an energy density of 2050 J g-1 wet mass (James 

et al., 2012). 

Since trout growth is directly influenced by diet composition (Figure D.3), diets with a 

larger proportion of benthic invertebrates (relative to zooplankton) yielded higher growth rates. 

We quantified the effect of diet composition on trout growth by creating a linear model (Figure 

D.3; r2 = 0.99).   

5.3.2 Estimate of the Underwater Light Environment 

We estimated theoretical light availability and the depth of euphotic zone based on the Kd 

for each simulation. Assuming light at the surface was equal to 100% we estimated the maximum 

depth of the euphotic zone to be where 0.01% of light remains, assuming light decays 

exponentially in water (e.g., Kirk, 1994). We also estimated percent light available at trout depth 

in a similar manner. 

5.4 Results 

Increasing DOC led to divergent trends in surface and deep-water temperatures. Summer 

surface temperatures were higher and more variable at higher DOC concentrations. In contrast, 

deep-water temperatures and whole-lake volumetrically weighted temperatures were cooler and 

less variable at higher DOC concentrations (Figure 5.1 a-c; D.2). The sensitivity of temperature to 

changes in DOC was greatest at low DOC concentrations, specifically below about 5 mg L-1 

(Figure 5.2 a-c). Meanwhile, the depth of stratification was shallower and stratification was 

stronger at higher DOC concentrations; the increasing stratification strength was driven by the 

divergent trends in temperature between surface and deep waters (Figure D.4). Higher DOC 

concentrations were also associated with earlier fall turnover (Figure 5.2 f). For example, from 1 
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to 5.5 mg L-1 DOC, fall turnover shifted 6 days earlier. There was essentially no effect of higher 

DOC on turnover date above about 5.5 mg L-1.   

 

Figure 5.1: Summer (July August September average) epilimnion temperature (a), hypolimnion temperature 

(b) and whole-lake temperature (c) across DOC concentrations. Percent change in brook trout (solid points) 

and largemouth bass (hollow points) final weight across DOC concentrations (d). 
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Figure 5.2: Seasonal (April through November) temperature range (maximum solid points and minimum 

hollow points) in the epilimnion (a) hypolimnion (c), and whole-lake (e) water temperatures across DOC 

concentrations. Durations of stratification (b), onset of stratification (d), and fall turnover (f) across DOC 

concentrations. 
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The depth at which temperatures were optimal (or as close to optimal as possible) to 

maximize fish growth varied with DOC concentration (Figure 5.3a, D.4). Trout performed best at 

7°C, while bass performed best at 27°C (Figure D.1). The depth at which 7°C was located became 

substantially shallower as DOC concentration increased (Figure 5.3a), with a major shift in depth 

of over 10 m over the range from 1 to 7 mg L-1 DOC. There was negligible shoaling of the optimal 

temperature depth above 7 mg L-1 DOC (Figure 5.3a, D.4). In contrast, we observed less variation 

in the depth of the optimal temperature (27°C) for bass across the DOC gradient. The optimal bass 

temperature was mostly within the upper 2m of the surface during warm summer months at all 

DOC concentrations. However, peak surface temperatures exceeded the optimal bass temperature 

frequently in high DOC scenarios (Figure D.4). 

 

Figure 5.3: Summer (July August September average) trout depth (a; solid points; depth closest to 7 °C) and 

estimates of the euphotic zone (a; hollow points; depth of 1% light) across DOC concentrations. Estimated 

summer percent of surface light available at trout depth across DOC concentrations (b). Error bars represent 

standard error of the mean. 
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Despite trout occupying shallower depths at higher DOC concentrations, the percent light 

at their preferred optimal temperature (7°C) decreased substantially (Figure 5.3a). The reduction 

in light at the preferred temperature and associated depth was greatest when moving from moderate 

to high DOC concentrations (e.g., 7-15 mg L-1). For example, at 1 mg L-1, the preferred depth was 

2.8% of the surface light, at 7 mg L-1 it was 0.001% (i.e., over 1000 times lower). At 15 mg L-1, 

there was essentially no light (0.0000003%) at the depth with optimal temperature (Figure 5.3b).  

Variations in DOC had a larger impact on trout growth rates outside the summer period 

(defined here as January to March and October to December) relative to impacts during the 

summer period (Figure 5.4; D.5). During summer months, nearly optimal temperatures were 

always available below the surface mixed layer. However, during colder months, higher DOC 

concentrations were associated with colder temperatures, which during these seasons were farther 

from optimal, and resulted in slower growth rates.  
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Figure 5.4: Box and whisker plots of temperatures closest (without exceeding) fish optimal temperatures for 

trout (a; 7°C) and bass (b; 27°C) in 3-month groups across various DOC concentrations (colors). Specific 

growth rates of trout (c) and bass (d) across DOC concentrations. Black horizontal lines represent median 

values. 

In contrast with trout, variations in DOC had a larger impact on bass growth rates during 

the summer period as opposed to outside it. During the warm summer months, bass growth rates 

were higher at higher DOC concentrations, whereas during the colder months, bass growth rates  

were lower at higher DOC concentrations. This is because temperatures during the colder months 

were colder throughout the water column at higher DOC concentrations, whereas higher DOC 

amplified surface temperatures in warm months, pushing them consistently close to optimal. 

The net effect of DOC on growth rates differed between trout and bass. Overall, bass 

growth rates increased. The effect of higher DOC concentrations was greatest at low DOC 

concentrations. For example, increasing DOC from 1 to 3 mg L-1 resulted in a 30 % increase in 



 

81 

 

weight (from 554 grams to 615 grams). Meanwhile, there was a smaller effect, but negative effect 

of increasing DOC on trout growth. In total, across 1-15 mg L-1, there was a 6% decrease in trout 

weight. Trout weights were greatest at the lowest DOC concentrations while bass weights were 

greatest in the high DOC concentrations.  

We compared the browning induced thermal effects on trout growth rates with potential 

dietary shifts between food resources from different habitats. Specifically, a linear relationship 

between total weight gain and percent benthic invertebrates (Figure D.3) enabled us to estimate a 

percent change in food resources due to effect of browning on temperature. We found that thermal 

effects of browning reduced trout growth by 5.74 g, which equated to a 4.4% dietary shift from 

benthic invertebrates to zooplankton.  

5.5 Discussion 

Our research demonstrates that browning-induced changes in temperature impact cold-

water and warm-water fish growth differently. Bass responded strongly to more favorable (i.e., 

warmer) thermal conditions associated with browning. Trout preferred temperature was almost 

always available across DOC concentrations, leading to little variation in trout growth indicating 

that the overall thermal impacts on trout are relatively small compared with potential impacts on 

food availability. 

Previous surveys have shown browning negatively impacts trout at high DOC 

concentrations (Finstad et al., 2014). However, the mechanisms behind this observation are 

unclear. Changes in lake thermal structure or reductions in benthic food resources could both 

negatively impact growth. Trout were largely able to track their preferred temperature across the 

entire DOC gradient of 1 to 15 mg L-1. As a result, trout growth decreased by a maximum of 5.74 

grams due to changes in temperature alone. We estimate this is equivalent to a 4.39% reduction in 
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benthic food supply (supplemented by zooplankton). By comparison, Craig et al. (2015) observed 

an 89% decrease in zoobenthos across a DOC gradient of 5.3 to 15.7 mg L-1. This implies that 

DOC mediated thermal effects on trout growth is substantially smaller than the effects that occur 

via reductions in zoobenthos food supply. 

Largemouth bass thrived as DOC concentrations increased. Browning is associated with 

warming summer surface waters (Rose et al., 2016; Pilla et al., 2018), and this led to higher growth 

rates in bass during the summer. Clear lakes are most sensitive to browning (Read & Rose, 2013), 

and we observed larger variation in trout growth at the low end of the DOC range. Further, 

browning lakes are predominately north temperate oligotrophic lakes (i.e., Monteith et al., 2007), 

with surface temperatures historically below bass optimal temperatures of 27°C. If food resources 

in the epilimnion remain sufficient, we could expect to see browning lakes transition from a 

historically cold-water fishery to a warm water fishery. 

Changes in seasonal temperature variability could have important ecological implications. 

Surface temperatures warmed and became more variable with browning. At higher DOC 

concentrations, surface temperatures became too warm during peak summer and bass had to move 

deeper in the water column. Interactions with climate warming could exacerbate summer surface 

water warming and lead to warm water fish die offs (Rose et al., 2016; Till et al., 2019). Further, 

more variable surface temperatures could have implications for fish eggs. As surface waters warm 

faster, hatching and development time could become shorter, which could lead to a mismatch in 

food supply for larval fish. Further, bass may be forced to move nests into deeper water which 

could impact egg survivor ship. Ultimately, temperatures could warm to a lethal level for egg 

survival. In deep waters, temperatures cooled and became more stable, which could potentially 



 

83 

 

stunt cold water egg development. Further, the depth zone and thus habitat substrate of the lake 

where trout need to lay their eggs could change. 

Since benthic invertebrates and productivity will decrease with browning, especially in 

deep-water habitats (e.g., Karlsson et al., 2009; Craig et al., 2015), deep-water fish who are too 

small to be piscivorous may need to shift to more pelagic food resources like zooplankton. Since 

zooplankton are typically less nutritious than benthic invertebrates (James et al., 2012), fish 

switching to a zooplankton food source will likely experience slower growth rates. On the other 

hand, warm-water species may experience less changes in food resources, since they primarily live 

near the surface where light and dissolved oxygen are less limiting. Browning has the potential to 

transform primary energy pathways in oligotrophic lakes from previously deep-water benthic 

resources (e.g., Karlsson et al., 2009), to warm-water resources (both pelagic and littoral). 

Trout had to move shallower to track their preferred temperature as DOC increased. Even 

by doing so, trout were positioned farther below the euphotic zone and encountered less light at 

higher DOC concentrations. Though fish can pursue prey in dark environments through their 

lateral line system, some species like walleye (Sander vitreus) are low-light adapted (Hansen et 

al., 2019). Therefore, trout may be at a competitive disadvantage against low-light adapted species. 

Further, browning increases attenuation of light in the ultra-violet (“UV”) fields (e.g., Williamson 

et al., 1997), which may benefit some warm-water species whose eggs are particularly sensitive to 

UV by allowing warm-water fish to lay their eggs at shallower. This potentially opens the door for 

successful invasion of warm-water species in oligotrophic lakes that are decreasing in water clarity 

(Tucker et al., 2010). Lower light levels at trout depth at higher DOC concentrations may 

negatively impact trout visual foraging efficiently. The effects of visual predator foraging ability 

in high DOC waters are complex and understudied; though see Ranåker et al. (2012) and Jönsson 
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et al. (2013). However, since trout preferred temperature is shoaling, trout are already avoiding the 

deepest lake layers, which may help trout mitigate the impact of lower deep-water oxygen levels 

associated with browning (Knoll et al., 2018). 

We found browning decreased the duration of stratification, which may have important 

implications for fish. Earlier fall turnover was driven by colder whole-lake temperatures at high 

DOC concentrations. With earlier turnover, trout may be able to exploit littoral habitats and food 

resources that are not as easily available during the summer months. Since decreases in water 

clarity are linked with deep-water dissolved oxygen losses (e.g., Knoll et al., 2018; Jane et al., 

2021), earlier fall turnover may be beneficial for trout. However, earlier turnover reduces the 

summer growing season for warm water fish like bass. We observed little variation in onset of 

stratification across DOC concentrations. 

We are among the first to couple a hydrodynamic and bioenergetic model to elucidate the 

effects of browning on fish growth. Our findings indicate that warm-water species may benefit 

from warmer temperatures associated with browning.  At the same time, trout may be able to 

largely mitigate the effects of deep-water cooling on growth by simply moving shallower in the 

water column to track their preferred temperature. However, trout growth will likely decrease in 

the face of browning through a reduction in benthic invertebrates, an important food resource 

(Karlsson et al., 2009; Craig et al., 2015). 
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APPENDICES 

APPENDIX A SUPPORTING INFORMATION FOR CHAPTER 

2 

Water temperature profiles in the early and late summer period (Defined as July 1 st through 

the 14th and September 16th through the 30th) exhibited high day to day variability. For example, 

in 1999 CTD casts were performed on consecutive days, and it is clear that the lake was not yet 

strongly stratified. On July 13th, 1999, the depth of stratification was measured at 4.6 m (Figure 

A.1a). The following day, depth of stratification was recorded at 8.5 m (Figure A.1b). We 

compared the variability between the peak summer period (July 15 th through September 15th) and 

the non-peak summer period (the combination of measurements taken July 1st through July 14th 

and September 16th through the 30th) by calculating the coefficient of variation for each period. 

We found that higher variability existed in the non-peak summer period when compared with peak 

summer values (Figure A.1c). The median coefficient of variation for peak summer center of 

buoyancy was 23.94 while the non-peak summer median coefficient of variation was 27.36 for 

center of buoyancy. Further, we observed large variability in Schmidt Stability. The median peak 

summer coefficient of variation for Schmidt Stability was 12.83 while the non-peak summer 

median coefficient of variation was 53.26. Calibrating our model to this peak summer period 

resulted in improved model accuracy. 

We used the center of buoyancy to describe the depth of stratification. While the center of 

buoyancy is relatively common, the thermocline depth is also quite common. We did not use the 

thermocline depth for several reasons. Consistent with published methods (Read et al., 2011), we 

defined the thermocline as the depth of maximum change in water density throughout the water 

column and the center of buoyancy as the 50th percentile of the water column Brunt -Väisälä 

buoyancy frequency. Center of buoyancy exhibited substantially lower day-to-day variability than 
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thermocline depth. On days when the water column was strongly stratified and did not exhibit a 

diurnal thermocline, thermocline depth and the center of buoyancy provide very similar 

characterizations of stratification depth (Figure A.2b). However, on other days, such as when the 

water column was only weakly stratified or when a diurnal thermocline developed, thermocline 

depth was calculated as very shallow relative to the center of buoyancy (Figure A.2a). Because of 

this, thermocline depth exhibited higher day to day variability than center of buoyancy, while 

exhibiting the same seasonal patterns. Thus, center of buoyancy provided a characterization of 

depth of stratification that was thus more suitable for long-term observations and comparison with 

our hydrodynamic modeling.  

Originally, we initialized the starting temperature conditions of the model based off of 

observed water temperature data from a sensor string in the middle of Crater Lake. However, the 

model would not strongly stratify in the summer on some occasions (most notably when onset of 

stratification occurred later). Therefore, we changed the initial conditions to be an isothermal 

temperature profile. To determine which initial temperature to use to initialize the model, we 

performed a sensitivity analysis (Figure A.3). Initializing the model with an isothermal profile of 

3.9 ° C resulted in the most accurate model fit. 

Because ice formation occurred only in the beginning of a model run, GLM likely requires 

a spin up period (e.g., Bruce et al., 2018). We were interested in summer time conditions, and our 

hydrodynamic data analysis always began on July 15th of each year, which was anywhere from 26 

days (1999) to 141 days (2015) after the model began. In all other years besides 1999, July 15 th 

occurred more than 28 days after model initialization, consistent with Bruce et al. (2018). Since 

our model scenarios began on February 24th, all summer time data was well beyond any spin up 

period. 
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We analyzed long-term trends at the surface and 20 m using sensor data. Data used for 

surface sensor temperatures was primarily the same data that was used for estimating onset of 

stratification. Water temperature data at 20 m was obtained from a thermistor (Alpha Omega MDR 

9102, SeaBird SBE 39) located in the center of the lake with uncertainties estimated to be typically 

+/– 0.002 °C (Crawford & Collier, 2007). In some years, sensor data were rarely available in the 

summer (1997: 6 days, 1999: 1 day, 2003: 6 days, 2007 11 days, and 2009 5 days), and were 

excluded from analysis.  

The hydrodynamic model required hourly time-series meteorological data including air 

temperature, wind speed, relative humidity, downwelling shortwave and longwave radiation, and 

precipitation in the form of rain and snow. Air temperature, wind speed and relative humidity time-

series were from an on-lake meteorological buoy and nearby (“rim”) meteorological platform that 

were installed in 1991 (see Redmond, 2007 for more details). When lake buoy data were not 

available (less than 20% of the study period), we used meteorological data from the caldera rim 

station (hereafter, rim). This was done by first regressing hourly data during the simulation period 

(February 24th through September 30th) from the lake buoy and rim station for each measurement 

type, and then applying these relationships when the buoy data were unavailable. For the small 

portion of time (< 3.5 %) when lake buoy nor rim station data were not available, we used 

reanalysis data from the National Land Data Assimilation Systems (NLDAS; National Land Data 

Assimilation Systems). Data were processed using R (R Core Team, 2019). 

We used shortwave and longwave radiation data from NLDAS and accounted for cloud 

cover in the model by setting the cloud mode in GLM after the model of  Yajiima & Yamamoto 

(2015). Precipitation data were obtained from NLDAS. We estimated daily inflow of the melting 

snowpack based on changes in daily lake level with adjustments for precipitation, evaporation, and 
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seepage for the period 2012-2017.  We used an average daily loss rate of 0.675 cm day-1 for 

evaporation and seepage combined based on (Redmond, 2007).  Total volume of snowpack on the 

caldera wall was assumed equal to April 1 snow water equivalent measurements at the nearby park 

headquarters snow course/snowtel site applied across 14.4 km2 of caldera wall.  We estimated 

inflow temperature as the 24-hour mean air temperature, except in cases when air temperature was 

below 4 °C, the inflow temperatures were set equal to 4 °C. From 2012-2017, snowpack depth 

(April 1) was highly correlated with the snowmelt peak volume (p<0.05, r2=0.96) and total annual 

snowmelt volume (p<0.05, r2=0.56).  Further, the number of days to melt that volume of snow and 

the Julian day of peak inflow were correlated with air temperature (p<0.05, r2=0.86 and p<0.05, 

r2=0.40, respectively). Prior to 2012, the lake level gauge was not sensitive enough to perform 

inflow discharge calculations (a new lake level gauge was installed in summer of 2011 enabling 

estimates to begin for 2012). Therefore, annual April 1 snowpack depth and spring air temperature 

were used to estimate daily snowmelt inflow for all years prior to 2012 based on these established 

relationships.   

We quality checked all time-series of meteorological data using quality control protocols 

described in Table A.1 before inputting the data into General Lake Model (GLM; Hipsey et al., 

2019). A persistence check was used to detect sensor malfunction. We removed sensor 

measurements that measured the same value for greater than 24 hours. We then calibrated GLM, 

using coefficients described in Table A.2. Finally, we validated the model by comparing the 

hydrodynamically modeled stratification depth (center of buoyancy) and stratification strength 

(Schmidt Stability) with the corresponding observed summer (July 15th through September 15th) 

metric from in situ temperature observations. These long-term comparisons showed that, overall, 
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the model reproduced the mean as well as interannual variability in stratification depth and strength 

(Figure A.6). 

We chose to begin each scenario on the same day every year (February 24 th), which 

corresponded to one week earlier than the earliest onset of stratification year (2015). By starting 

the model on the same day every year, we were able to evaluate changes in the onset of 

stratification. However, we also performed scenarios where the model began one week before the 

observed annual onset of stratification (similar to how we validated the model with observational 

CTD casts). This was done to ensure that starting the model February 24th every year did not bias 

our results. Because simulations began every year one week before the empirically observed onset 

of stratification, changes in stratification onset were not calculated.  Results are summarized in 

Table A.3. 

Table A.1: Quality control parameters used on meteorological driver data for hydrodynamic modelling . 

Variable Range Check 

Persistence 

Check 

Median 

Absolute 

Deviation 

Air Temperature °C < -59.44, > 57.22 > 24 hours > 3 

Wind Speed m s-1 < 0, > 200 > 24 hours > 3 

Relative Humidity % < 0, > 100 > 24 hours > 3 
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Table A.2: Parameters and corresponding coefficient values used in hydrodynamic modeling scenarios. Refer 

to Hipsey et al., (2019) for further model description. 

Variable Description Units Default 

Value 

Value 

Used 

max_layers Maximum number of layers 
 

500 20000 

min_layer_vol Minimum layer volume m3 
 

0.025 

min_layer_thick Minimum thickness of a layer m 
 

0.15 

Kw Light extinction coefficient  m-1 
 

0.06 

coef_mix_conv Mixing efficiency - convective 

overturn 

 
0.2 0.2 

coef_wind_stir Mixing efficiency - wind 

stirring 

 
0.23 0.23 

coef_mix_turb Mixing efficiency - unsteady 

turbulence 

 
0.51 0.51 

coef_mix_KH Mixing efficiency - Kelvin-

Helmholtz billowing 

 
0.3 0.3 

coef_mix_hyp Mixing efficiency - 

hypolimnetic turbulence 

 
0.5 0.5 

coef_mix_shear Mixing efficiency - shear 

production 

 
0.3 0.3 

lake_depth Maximum lake depth m 
 

591.4 

latittude Latitude, positive North °N 
 

42.9446 

longitude Longitude, positive East °E 
 

-122.109 

bsn_len Length of the basin m 
 

10000 
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bsn_wid Width of the basin m 
 

10000 

rad_mode Incoming radiation mode 
  

2 

albedo_mode Albedo calculation 
  

1 

lw_type Longwave radiation 

('LW_IN' = Incident 

longwave) 

  
LW_IN 

cloud_mode Atmospheric emissivity 

calculation 

  
4 

cd Bulk aerodynamic transfer 

coefficient for momentum 

 
0.0013 0.0004 

ce Bulk aerodynamic transfer 

coefficient for latent heat flux 

 
0.0013 0.0013 

ch Bulk aerodynamic transfer 

coefficient for sensible heat 

flux 

 
0.0013 0.0013 

strm_hf_angle Angle describing the width of 

an inflow river channel 

  
100 

strmbd_slope Slope of the streambed 
  

0.05 

strmbd_drag Drag coefficient of the river 

inflow 

 
0.016 0.016 

snow_albedo_factor Scaling factor used as a 

multiplier to scale the snow/ice 

albedo estimate 

 1 1 
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snow_rho_min Minimum snow density 

allowable 

kg m 

-3 

50 50 

snow_rho_max Maximum snow density 

allowable 

kg m 

-3 

300 300 

 

 

Table A.3: Mean summer (July 15th through September 15th) center of buoyancy, Schmidt Stability, and 

onset of stratification (day of year) responses to scenarios conducted. Percent change is relative to the baseline 

simulation conducted without any change in wind speed, air temperature, or inflow volume and were 

rounded to the nearest whole number. Simulations began every year one week before the empirically 

observed onset of stratification. 

 Center of 

Buoyancy 

Schmidt 

Stability 

  
Mean    

(m) 

Percent 

change 

Mean       

(J m-2) 

Percent  

change 

baseline 13.49 NA 27838 NA 

wind annual minimum  

(2.27 m s-1) 
10.75 -20 27675 0 

wind annual maximum  

(4.18 m s-1) 
14.88 +10 27588 0 

air temperature annual 

minimum (6.13 °C) 
13.69 +1 24580 -11 

air temperature annual 

maximum (9.87 °C) 
12.84 -5 30431 +9 

inflow -3 m3 s-1 13.36 -1 27735 0 

inflow +3 m3s-1 13.56 +1 28083 +1 
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Figure A.1: Observed vertical temperature profiles of the top 30 m of Crater Lake for July 13th, 1999 (a) and 

July 14th, 1999 (b). The center of buoyancy is denoted by a black horizontal dashed line for both days. Box 

plot of the coefficient of variation (c) for both center of buoyancy and Schmidt Stability during the peak 

summer period (white; July 15th through September 15th) and non-peak summer period (gray; July 1st 

through July 14th, and September 16th through September 30th). Black horizontal line denotes median 

values while open circles represent outlier measurements defined as values 1.5 times greater than the inter 

quartile range. 
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Figure A.2: Vertical temperature (black line) and buoyancy frequency profiles (gray line) of the top 30 m for 

two example days in Crater Lake when the water column was weakly stratified (a: July 16, 1997) and 

strongly stratified (b: August 15, 2017). The horizontal lines indicate the thermocline depth (dotted line ) and 

the center of buoyancy depth (dashed). 



 

122 

 

 

Figure A.3: Scatter plot of summer (July 15th through September 15th) water temperature RMSE versus 

various initial isothermal water temperature profiles. Simulations began one week before the empirically 

observed onset of stratification each year. 
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Figure A.4: Mean annual summer (July 15th through September 15th) temperature at 0 m (a) and 20 m (b). 

Error bars represent the standard error of mean annual summer temperatures.  



 

124 

 

 
Figure A.5: Mean annual shortwave radiation in spring (April and May; a) and summer (July 15th through 

September 15th; b). Mean annual inflow in spring (April and May; c) and summer (July 15th through 

September 15th; d). 
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Figure A.6: Observed (black line) and simulated (gray line) mean summer (July 15th through September 

15th) center of buoyancy (a) and mean summer Schmidt Stability (b). 
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Figure A.7: Observed (CTD casts) versus simulated summer water temperature for all depths across the 

entire summer study period 1993-2017. Gray line represents 1:1 line.  
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APPENDIX B SUPPORTING INFORMATION FOR CHAPTER 

3 

B.1 Sample Preservation and Lab Analysis 2018 Regional Lake Survey 

Water samples were typically subsampled and filtered (when applicable) within 48 hours 

of collection, though some samples were not subsampled until 72 hours after collection (Table 

B.1). Upon filtration, samples were frozen and kept in a dark environment until analysis could 

occur. 

 We analyzed phosphorus and nitrogen species via spectrophotometry and DOC 

concentrations using a Shimazdu total organic carbon L analyzer (See table B.1 for more details), 

and DOC specific absorbance using a Shimazdu spectrophotometer. We converted blank corrected 

absorbance values at 440 nm to the Naperian absorption coefficient (Green & Blough, 1994; Jane 

& Rose, 2018). We estimated water color of our samples based on the absorbance at 440 nm 

(Cuthbert & Giorgio, 1992).  

Because Fe III can alter the dissolved absorbance of water (Weishaar et al., 2003), total Fe 

was analyzed in our samples. However, we chose not to correct absorbance values for Fe because 

all but 4 lakes had total Fe concentrations at or below the limit of detection of 0.1 mg L -1 (median 

= 0 mg L-1). Associated wetland samples tended to have higher total Fe concentrations than lakes 

(median = 0.4 mg L-1), but concentrations in most samples were low, implying little dissolved 

absorbance was due to Fe. 

To determine the amount of P bound to DOM, we estimated the dissolved organic 

phosphorus (DOP) as the difference between total dissolved phosphorus (TDP) and dissolved 

molybdate-reactive phosphorus (DRP) (e.g., Thompson & Cotner, 2018). We estimated dissolved 

organic nitrogen (DON) in a similar manner as DOP. We subtracted dissolved nitrate (NO3
-) and 

total ammonium (NH4
+) from total dissolved nitrogen (TDN). 
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B.2 Data Processing and Quality Control  

We implemented quality control practices as follows and some lakes and wetlands 

originally sampled were removed from analysis. In some instances, measurements of analytes were 

below the limit of detection (lt): DRP (21 lakes and 2 wetlands, lt = 1 µg L-1), NH4
+ (11 lakes, lt = 

10 µg L-1), and NO3
-(21 lakes, lt = 0.01 mg L-1). In these cases, we chose to set values equal to 0. 

Performing statistical analysis where values below lt were set equal to 0 or the lt does not change 

the conclusions of this study. Total dissolved phosphorus values were below lt of 1 µg L-1 in two 

lakes and one wetland and were excluded from data analysis. After estimating DOP, two lake 

estimates were less than 0 and were excluded (remaining n=38 lakes). Finally, one wetland whose 

phosphorus values were more than four times greater than the next highest wetland was excluded 

from analysis due to possible contamination (remaining n=9 wetlands).  

B.3 2018 Wetland Survey  

We collected wetland samples as surface grab samples near the shore of each wetland. Of 

these wetlands, six were in the Adirondack region of New York and three were in Pennsylvania. 

In watersheds where we surveyed both lakes and wetlands, the TP:DOC ratio (reported as log 

TP/DOC) was positively correlated between lakes and upstream wetlands (Figure B.3a; p=0.03; 

r2=0.54, Table B.4), though no relationship was found between TN:DOC or DOP:DOC (Figure 

B3b and c, Table B.4). The ratios of both TP and DOP to a440 were positively correlated between 

lakes and their associated wetlands (maximum p = 0.02; Figure B.3 d, e; Table B.4). 

B.4 PAR Irradiance Estimates  

 We estimated the amount of total radiation based on latitude using the ‘solaR’ R package 

(Perpiñán, 2012) during June 21st at noon of each year (i.e. the summer solstice). We made the 

assumption that only 48% of light reaches the surface of the Earth, and of that 45% is PAR (Kirk, 
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1994). From here, we estimated albedo at noon using methods described in Briegleb et al. (1986) 

equation 8. Given PAR at the lake surface and Kd, we estimated light availability throughout the 

water column in 0.1 meter depth intervals, as described in Kirk (1994); 𝐸𝑑 (𝑧) = 𝐸𝑑(0) 𝑒−𝐾𝑑𝑧 . In 

this equation, Ed(z) is the irradiance at depth (z) and Kd is the light attenuation coefficient at depth 

(z) throughout the water column, and e is Euler's number (2.718). We next estimated the euphotic 

zone as the depth where 1% of the surface light remains and then quantified the proportion of the 

water column in the euphotic zone. We used a generic photosynthesis irradiance (PI) curve (Belay, 

1981; Kirk, 1994) to estimate whole-lake primary productivity based on light availability in each 

layer of the water column. Finally, we quantified trends in whole-lake average photosynthetic 

potential using the ‘rLakeAnlayzer’ V1.11.4 R package (Read et al., 2011; Winslow, Read, et al., 

2018) (Read et al. 2011; Winslow et al. 2019) by assuming a simple cone bathymetry in each lake 

and using the layer.temperature function (except inputting photosynthetic rate at each depth instead 

of temperature). 

Table B.1: Description of analytical techniques used to estimate various chemical parameters. 

Parameter 
Raw or 

Filtered 

Filter 

Pore Size 
Filter Type 

Storage and 

Preservation 
Method  

Total Phosphorus Raw NA NA Frozen and Dark Molybdate Color Reaction 

Total Dissolved Phosphorus Filtered 0.4 µm 
Track Etched 

Membrane 
Frozen and Dark Molybdate Color Reaction 

Dissolved Molybdate-Reactive 

Phosphorus (DRP) 
Filtered 0.4 µm 

Track Etched 

Membrane 
Frozen and Dark Molybdate Color Reaction 

Total Nitrogen Raw NA NA Frozen and Dark Persulfate Oxidation 

Total Dissolved Nitrogen Filtered 0.4 µm 
Track Etched 

Membrane 
Frozen and Dark Persulfate Oxidation 

Total Ammonium Raw NA NA Frozen and Dark Colorimetric 

Dissolved Nitrate Filtered 0.4 µm 
Track Etched 

Membrane 
Frozen and Dark Ion Chromatography 

Dissolved Organic Carbon Filtered 0.4 µm 
Track Etched 

Membrane 
Frozen and Dark TOC Analyzer 

Dissolved Absorbance Filtered 0.4 µm 
Track Etched 

Membrane 
Frozen and Dark Spectrometry 

Total Iron Raw NA NA 

Preserved with 1 ml 

50 % HNO3  

Room Temperature 

Atomic Absorption 

Spectrometry 
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Table B.2: Summary statistics for spatial regression analyses. Violated assumptions are: 1 Skewness, 2 

Kurtosis, 3 Link Function, and 4 Heteroscedasticity. When any assumptions were violated the Pearson’s 

correlations coefficient test was also performed. Significant p values (less than 0.05) are in bold face. 

 

TP vs DOC (µg TP per mg DOC) 

Region Slope p r2 n 

Global Stat  

Assumption Met 

Violated 

Assumptions 

Kendall's  p 

Value 

Kendall's 

Tau 

All Lakes in 2018 2.52 <0.001 0.54 38 No 1,2 <0.001 0.53 

NY Lakes in 2018 1.57 <0.001 0.57 25 Yes    
PA Lakes in 2018 2.68 0.12 0.97 3 Yes    
Northeast Lakes  

in 2018 1.85 <0.001 0.60 28 Yes    
MN Lakes in 2018 2.58 0.1 0.31 10 Yes    
NLA Lakes in 2012 1.15 <0.001 0.20 90 No 1 0.002 0.23 

TP vs a440 (µg TP L-1 per m-1) 

Region Slope p r2 n 

Global Stat  

Assumption Met 

Violated 

Assumptions 

Kendall's  p 

Value 

Kendall's 

Tau 

All Lakes in 2018 5.65 <0.001 

0.3

8 38 Yes 1 0.003 0.33 

NY Lakes in 2018 3.35 <0.001 

0.4

0 25 Yes    

PA Lakes in 2018 14.53 0.3 

0.7

9 3 Yes    
Northeast Lakes 

in 2018 3.30 0.006 

0.2

5 28 No 1,2 0.05 0.26 

MN Lakes in 2018 6.28 0.03 

0.4

5 10 Yes    

NLA Lakes in 2012 1.97 0.001 

0.1

2 90 No 1 <0.001 0.24 

DOP vs DOC (µg DOP per mg DOC) 

Region Slope p r2 n 

Global Stat  

Assumption Met 

Violated 

Assumptions 

Kendall's  p 

Value 

Kendall's 

Tau 

All Lakes in 2018 0.97 <0.001 

0.6

1 38 Yes    

NY Lakes in 2018 0.68 <0.001 

0.6

0 25 Yes    

PA Lakes in 2018 1.13 0.21 

0.8

9 3 Yes    
Northeast Lakes  

in 2018 0.79 <0.001 

0.6

2 28 Yes    

MN Lakes in 2018 1.10 0.04 

0.4

3 10 Yes       

DOP vs a440 (µg DOP L-1 per m-1) 

Region Slope p r2 n 

Global Stat  

Assumption Met 

Violated 

Assumptions 

Kendall's  p 

Value 

Kendall's 

Tau 

All Lakes in 2018 2.11 <0.001 

0.4

0 38 No 1,2 0.004 0.33 

NY Lakes in 2018 1.89 <0.001 

0.7

2 25 Yes 3 0.02 0.34 

PA Lakes in 2018 5.82 0.4 

0.6

6 3 Yes    
Northeast Lakes  

in 2018 1.86 <0.001 

0.4

6 28 No 1,2,4 0.01 0.33 

MN Lakes in 2018 1.64 0.15 

0.2

4 10 Yes       

TN vs DOC (mg TN per mg DOC) 

Region Slope p r2 n 

Global Stat  

Assumption Met 

Violated 

Assumptions 

Kendall's  p 

Value 

Kendall's 

Tau 

All Lakes in 2018 0.09 <0.001 

0.8

0 38 Yes    
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NY Lakes in 2018 0.07 <0.001 

0.7

4 25 Yes    

PA Lakes in 2018 0.09 0.17 

0.9

3 3 Yes    
Northeast Lakes  

in 2018 0.08 <0.001 

0.7

7 28 Yes    

MN Lakes in 2018 0.10 0.001 

0.7

5 10 Yes    

NLA Lakes in 2012 0.04 <0.001 

0.5

1 90 No 2,3,4 <0.001 0.65 

TN vs a440 (mg TN L-1 per m-1) 

Region Slope p r2 n 

Global Stat  

Assumption Met 

Violated 

Assumptions 

Kendall's  p 

Value 

Kendall's 

Tau 

All Lakes in 2018 0.18 <0.001 

0.5

1 38 No 1,2 0.002 0.42 

NY Lakes in 2018 0.19 <0.001 

0.7

8 25 Yes    

PA Lakes in 2018 0.45 0.36 

0.7

1 3 Yes    
Northeast Lakes  

in 2018 0.19 <0.001 

0.6

8 28 No 1,2,4 <0.001 0.53 

MN Lakes in 2018 0.10 0.19 

0.2

0 10 Yes 3 0.59  

NLA Lakes in 2012 0.05 <0.001 

0.2

0 90 No 1,2,3 <0.001 0.49 

DON vs DOC (mg DON per mg DOC) 

Region Slope p r2 n 

Global Stat  

Assumption Met 

Violated 

Assumptions 

Kendall's  p 

Value 

Kendall's 

Tau 

All Lakes in 2018 0.06 <0.001 

0.7

8 38 Yes    

NY Lakes in 2018 0.05 <0.001 

0.7

5 25 Yes    

PA Lakes in 2018 0.05 0.29 

0.8

0 3 Yes    
Northeast Lakes  

in 2018 0.05 <0.001 

0.7

6 28 Yes    

MN Lakes in 2018 0.05 0.003 

0.6

9 10 Yes 3 0.17 0.47 

DON vs a440 (mg DON L-1 per m-1) 

Region Slope p r2 n 

Global Stat  

Assumption Met 

Violated 

Assumptions 

Kendall's  p 

Value 

Kendall's 

Tau 

All Lakes in 2018 0.13 <0.001 

0.4

7 38 No 1 <0.001 0.40 

NY Lakes in 2018 0.13 <0.001 

0.7

1 25 Yes    

PA Lakes in 2018 0.24 0.48 

0.5

3 3 Yes    
Northeast Lakes  

in 2018 0.13 <0.001 

0.6

1 28 No  0.005 0.38 

MN Lakes in 2018 0.06 0.17 

0.2

2 10 Yes 3 0.37 0.24 

a440 vs DOC (m-1 per mg DOC L-1) 

Region Slope p r2 n 

Global Stat Assumption 

Met 

Violated 

Assumptions 

Kendall's  p 

Value 

Kendall's 

Tau 

All Lakes in 2018 0.29 <0.001 

0.5

8 38 Yes    

NY Lakes in 2018 0.36 <0.001 

0.8

4 25 No 1,2 <0.001 0.67 

PA Lakes in 2018 0.16 0.19 

0.9

2 3 Yes    
Northeast Lakes  

in 2018 0.31 <0.001 

0.7

4 28 No 2 <0.001 0.68 

MN Lakes in 2018 0.25 0.13 

0.2

6 10 Yes 3 0.21  

NLA Lakes in 2012 0.40 <0.001 

0.7

9 90 No 1,2 <0.001 0.64 
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Table B.3: Mean ratio (log transformed) of various ratios for lakes in the summer 2018 regional survey. 

Significant p values (less than 0.05) are in bold face. 

Region Ratio Units 

Mean Ratio 

 (log 

transformed) 

Welch's T-test  

p Value 

Normally Distributed 

 (Shapiro-Wilk test) 

Northeast TP:DOC µg TP per mg DOC 0.50 
0.02 

Yes 

Minnesota  TP:DOC µg TP per mg DOC 0.97 Yes 

Northeast TN:DOC mg TN per mg DOC -2.37 
0.74 

Yes 

Minnesota  TN:DOC mg TN per mg DOC -2.34 Yes 

Northeast DOP:DOC µg DOP per mg DOC -0.31 
0.17 

No 

Minnesota  DOP:DOC µg DOP per mg DOC -0.06 Yes 

Northeast DON:DOC mg DON per mg DOC -2.71 
0.07 

Yes 

Minnesota  DON:DOC mg DON per mg DOC-1 -2.54 Yes 

Northeast TP:a440 µg TP L-1 per m -1 2.05 
0.06 

Yes 

Minnesota  TP:a440 µg TP L-1 per m -1 2.63 Yes 

Northeast TN:a440 mg TN L-1 per m -1  -0.83 
0.67 

Yes 

Minnesota  TN:a440 mg TN L-1 per m -1  -0.69 Yes 

Northeast DOP:a440 µg DOP L-1 per m -1  1.23 
0.28 

Yes 

Minnesota  DOP:a440 µg DOP L-1 per m -1  1.59 Yes 

Northeast DON:a440 mg DON L-1 per m -1  -1.17 
0.37 

Yes 

Minnesota  DON:a440 mg DON L-1 per m -1  -0.88 No 

 

 

Table B.4: Summary statistics for regressions between lakes and associated wetlands. Violated assumptions 

are: 1 Skewness, 2 Kurtosis, 3 Link Function, and 4 Heteroscedasticity. When any assumptions were violated 

the Pearson’s correlations coefficient test was also performed. Significant p values (less than 0.05) are in bold 

face. 

Ratio Units Slope  p r2 n 

Global Stat  

Assumption 

Met 

Violated 

Assumptions 

Kendall's  p 

Value 

Kendall's 

Tau 

TP:DOC 

µg TP per mg DOC-1 Lake  

µg TP per mg DOC-1 

Wetland 

0.44 0.03 0.54 9 Yes 

   

TN:DOC 

mg TN per mg DOC-1 

Lake  

mg TN per mg DOC-1 

Wetland 

0.28 0.26 0.17 9 Yes 3 0.18  

DOP:DOC 

µg DOP per mg DOC-1 

Lake  

µg DOP per mg DOC-1 

Wetland 

0.35 0.14 0.29 9 Yes    

TP:a440 
µg TP L-1 per m -1 Lake µg  

TP L-1 per m -1 Wetland 
0.76 0.003 0.73 9 Yes    

TN:a440 

mg TN L-1 per m -1 Lake  

mg TN L-1 per m -1 

Wetland 

0.56 0.07 0.38 9 Yes    

DOP:a440 

µg DOP L-1 per m -1 Lake  

µg DOP L-1 per m -1 

Wetland 

0.72 0.02 0.57 9 Yes 3 0.05 0.56 
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Figure B.1: Relationships between a440 versus DOC concentration for lakes (n=38) in our 2018 regional 

spatial survey (a) in the Northeastern United States (New York and Pennsylvania: blue) and Minnesota 

(maroon).  Relationships between a440 estimated from water color (Cuthbert and Del Giorgio, 1992) and 

DOC concentration for the EPA NLA survey in 2012 (b, n=90). Gray line denotes significant linear trend. 

Summary statistics are available in Table B2. 
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Figure B.2: Box and whisker plots of various ratios (log transformed) of nutrients to either DOC (a-d) or 

a440 (e-h) for lakes in Minnesota (MN; maroon) and the Northeast (NY and PA, NE; blue) in our 2018 

regional spatial survey. Phosphorus species are in units of µg L-1, nitrogen species are in units of mg L-1, DOC 

is in units of mg L-1, and a440 is in units of m-1. Black horizontal line denotes median values, while the black 

points represent outliers (any points greater than or less than 1.5 times the interquartile range). Horizontal 

gray dotted line represents a value of 0. Asterisks indicate significant differences in the mean ratio as 

determined by a Welch’s T-test. See Table B.3 for summary statistics. 
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Figure B.3: Relationships between lakes (y axis) with associated wetlands (x axis) for total phosphorus (TP, 

a), total nitrogen (TN, b), dissolved organic phosphorus (DOP, c) versus DOC or ratios (log transformed) of 

a440: TP(d) and DOP(e). Gray line represents linear trend line. Phosphorus species are in units of µg L -1, 

nitrogen species are in units of mg L-1, DOC is in units of mg L-1, and a440 is in units of m-1. Summary 

statistics are available in Table B.4. Dissolved organic nitrogen samples were not taken from the wetland 

samples. 
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Figure B.4: Sen’s slope trends of summer (June, July, August average) DOC concentration (a), a440 

estimated from water color (b, Cuthbert and Del Giorgio, 1992), total phosphorus (TP, c),  total nitrogen (TN, 

d), the light extinction coefficient (e) and estimates of whole-lake peak summer average photosynthetic 

potential (f) from 28 lakes in the Adirondack region (data from Leach, Winslow, et al., 2018, starting in 1994 

and ending in either 2006 or 2012). Black horizontal line denotes the median trend of the 28 lakes while the 

lower and upper limits of the box denotes the 25th and 75th percentile of the data respectively. Further,  the 

trend for each lake is denoted with a point (solid blue points represent significant trends while hollow points 

are non-significant). Horizontal dashed gray line denotes a trend of 0 in each plot. 
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Figure B.5: Summer (June, July, August average) ratio (log transformed) of total phosphorus (TP) to a440 

(µg TP L-1 m-1) estimated from water color (Cuthbert and Del Giorgio, 1992), for each of the 28 lakes in the 

Adirondacks (data from Leach, Winslow, et al., 2018), starting in 1994 and ending in either 2006 or 2012). 

Solid blue points represent a significant long-term decrease in the Sen’s Slope trend (p<0.05; hollow black 

points represent non-significant trends). 
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Figure B.6: Summer (June, July, August average) ratio (log transformed) of total nitrogen (TN) to a440 (mg 

TN L-1 m-1) estimated from water color (Cuthbert and Del Giorgio, 1992), for each of the 28 lakes in the 

Adirondacks (data from Leach, Winslow, et al., 2018, starting in 1994 and ending in either 2006 or 2012). 

Solid blue points represent a significant long-term decrease in the Sen’s Slope trend (p<0.05; hollow black 

points represent non-significant trends). 
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Figure B.7: Estimates of peak summer proportion of water column in the euphotic zone for each of the 28 

lakes in the Adirondacks (data from Leach, Winslow, et al., 2018). Solid blue points represent a significant 

long-term decrease while solid red points represent a significant long-term increase in the Sen’s Slope trend 

(p<0.05; hollow black points represent non-significant trends). 

 

 

 

 

 
 

 

 

 

 



 

140 

 

 APPENDIX C SUPPORTING INFORMATION FOR CHAPTER 

4 

 

Figure C.1: Observed versus modeled summer (July, August, and September) water temperature (a) and 

dissolved oxygen (b). 
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Figure C.2: Seasonal oxygen heat maps for different DOC and air temperature model scenarios in the year 

2018 truncated to the summer and early winter months. 
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Table C.1: Default and actual model parameters used in this study.  

 

Parameter Description Default 

Value 

Value Used Units Notes 

sedflux_model Sediment flux 

type 

NA Constant NA 
 

Fsed_oxy Sediment 

oxygen 

demand 

-14.375 -14.375 mmol O2 

m-2 day-1 

 

Ksed_oxy Half-

saturation  

constant of 

oxygen 

sediment flux 

15.6 15.6 mmol m-3 
 

theta_sed_oxy Arrhenius 

temperature  

multiplier for 

sediment 

 oxygen flux 

1.08 1.08 NA 
 

Rdoc_miner Maximum 

rate of  

DOC 

mineralisation 

Lakes: 

0.003 – 

0.05 

0.05 day-1 
 

Rdocr_miner Maximum 

rate of  

DOCR 

mineralisation 

0.01 0.01 day-1 
 

Fsed_doc Sediment 

DOC flux 

0.01 0.1 mmol C 

m2 -1 day 

-1 

 

Kdoc_miner Half-

saturation 

oxygen  

concentration 

for DOC 

mineralisation 

Lakes: 

47-78 

50 mmol m-3 
 

Ksed_doc Half-

saturation 

constant for 

oxygen 

dependence 

of DOC 

sediment flux 

15.626 15.626 mmol o2 

m-3 

 

theta_doc_miner Arrhenius 

temperature 

1.08 1.08 
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multiplier for 

DOC 

minerilisation 

rate 

KeDOM Light 

extinction 

coefficient 

 due to DOM 

contribution 

Lake 

dependent 

0 m-1 We varied kd 

in the model 

based on doc 

concentration 

and did not 

manipulate 

KeDOM  

KePOM Light 

extinction 

coefficient 

 due to POM 

contribution 

Lake 

dependent 

0 m-1 We varied kd 

in the model 

based on doc 

concentration 

and did not 

manipulate 

KePOM       

max_layers Maximum 

number of 

layers 

500 2000 
  

min_layer_vol Minimum 

layer volume 

0.025 0.025 m3 
 

min_layer_thick Minimum 

thickness of a 

layer 

0.5 0.5 m 
 

max_layer_thick Maximum 

thickness of a 

layer 

1.5 1.5 m 
 

Kw Light 

extinction 

coefficient 

Lake 

dependent 

Variable 

depending on 

the year and 

observational 

data 

m-1 
 

coef_mix_conv Mixing 

efficiency - 

convective 

overturn 

0.2 0.2 
  

coef_wind_stir Mixing 

efficiency - 

wind stirring 

0.23 0.23 
  

coef_mix_shear Mixing 
efficiency - 

shear 

production 

0.3 0.3 
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coef_mix_turb Mixing 

efficiency - 

unsteady 

turbulence 

effects 

0.51 0.2 
 

Value 

changed to 

allow better 

mixing of 

oxygen in 

lower layers 

coef_mix_KH Mixing 

efficiency - 

Kelvin-

helmholtz 

billowing 

0.3 0.3 
  

coef_mix_hyp Mixing 

efficiency - 

hypolimnetic 

turbulence 

0.5 0.2 
 

Value 

changed to 

allow better 

mixing of 

oxygen in 

lower layers 

ode_method Method to use 

for ODE 

solution of 

water quality 

module 

1 1 
  

split_factor Factor 

weighting 

implicit vs 

explicit 

numerical 

solutions of 

the WQ 

model 

1 1 
  

benthic_mode Mode to 

determine 

how benthic 

fluxes occur 

(mode 1 

includes 

bottom layer 

and layer 

flanks) 

 
1 

  

bioshade_feedback Switch to 

enable Kw to 

be updated by 

the WQ 

model 

.true. .false. 
 

No influence 

from 

bioshade 

because Kd is 

changed 

annually 
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repair_state Switch to 

correct 

negative or 

out of range 

WQ variables 

.true. .true. 
  

latitude Latitude Lake 

dependent 

41.37633 
  

longitude Longitude Lake 

dependent 

-75.09301 
  

bsn_leng Length of the 

lake basin at 

crest height 

Lake 

dependent 

10000 
  

bsn_wid Width of the 

lake basin at 

crest height 

Lake 

dependent 

10000 
  

met_sw Switch to 

enable the 

surface 

heating 

module 

 
.true. 

  

lw_type Longwave 

radiation 

input type 

('LW_IN' = 

Incident 

longwave) 

 
LW_IN 

  

rad_mode Radiation 

mode 

2 2 
  

albedo_mode Albedo mode 1 1 
  

cloud_mode Cloud mode 
 

4 
  

ce Bulk 

aerodynamic 

transfer 

coefficient for 

latent heat 

flux 

0.0013 0.0013 
  

ch Bulk 

aerodynamic 

transfer 

coefficient for 

sensible heat 

flux 

0.0013 0.0013 
  

cd Bulk 

aerodynamic 

transfer 

0.0013 0.00065 
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coefficient of 

momentum 

snow_rho_min Minimum 

snow density 

50 50 
  

snow_rho_max Maximum 

snow density 

300 300 
  

      

other parameters 

(i.e., scaling 

factors were left as 

1 or default) 

     

 

  



 

147 

 

APPENDIX D SUPPORTING INFORMATION FOR CHAPTER 

5 

 

Figure D.1: Final weight of brook trout (a) and largemouth bass (b) across a range of temperatures. 

Temperature and food type were held constant each day of the year for each simulation. 
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Figure D.2: Box and whisker plot time series of major meteorological variables (a: Air temperature, b: wind 

speed, and c: short wave radiation) at Lake Giles from 1990 to 2019. Red plot highlights the year 2017, which 

was used for this study. 
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Figure D.3: Change in total weight gain as a function of benthic invertebrates in diet for trout in a 1.5 mg/L 

DOC lake. Blue line represents linear trend line. 
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Figure D.4: Thermal heat maps of each DOC simulation. Black line represents the depth of temperature 

closest to 27°C (without going over) for bass while the gray line represents the depth of temperature closest to 

7°C (without going over) for trout. Lines only appear when they do not overlap. 
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Figure D.5: Daily temperature for trout (a; <= 7 °C) and bass (b; <= 27 °C) across DOC concentrations 

(color). Daily specific growth rate for trout (c) and bass (d) across DOC concentrations. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

152 

 

APPENDIX E PERMISSIONS TO REPRODUCE TEXT, 

FIGURES, AND TABLES 

Below is permission to reproduce chapter 2 from a previously published manuscript. Chapter 3 is 

under an open access license and therefore permission is not required. 
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Figure E.1: Permission to reproduce Chapter 2. 

 


