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“In spring of youth it was my lot, 
 to haunt of the wide earth a spot 
… 
Of a wild lake, with black rock bound, 
And the tall pines that tower’d around” 
 

 

-The Lake, Edgar Allan Poe 
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Abstract 

Lake ecosystems receive, transmit and process terrestrial carbon and thereby link 

terrestrial, aquatic and global carbon cycles. Most lakes evade CO2 to the 

atmosphere, but the annual magnitude of CO2 evasion, as well as sources and 

mechanisms underpinning CO2 evasion from lakes are still largely unresolved. 

CO2 evasion from lakes can be sourced from direct external input from the 

catchment, but CO2 can also be produced in-lake from organic carbon 

breakdown. Both sources have been shown to be of importance to individual 

systems, but a landscape perspective is still missing. Globally, most lakes are in 

northern high latitudes, but due to infrequent seasonal sampling the magnitude 

of CO2 evasion on an annual scale is largely unknown, as are constraining 

variables of in-lake metabolism (i.e. production and consumption of CO2). As a 

consequence of these knowledge gaps, there is little possibility to predict future 

lake carbon cycling, for instance due to changing dissolved organic carbon (DOC) 

input or lake temperature resulting from global warming. 

In this thesis I aim to resolve these knowledge gaps surrounding the magnitude, 

cycling and sources of CO2 evasion from high-latitude (mainly arctic) lakes. By 

combining the estimates of annual CO2 evasion and metabolism, I investigated 

the magnitude of CO2 evasion, as well as the contribution of the internal carbon 

processing to CO2 evasion. Inclusion of ice-melt evasion allows to assess the 

importance, and drivers, of ice-melt CO2 evasion on the annual scale. 

Furthermore, by pooling lakes from multiple different lake surveys I was able to 

analyse the lake and landscape variables associated with high-latitude lake 

metabolism. Finally, through use of an experimental pond facility I manipulated 
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dissolved organic carbon input and temperature to explore the effects of future 

climate conditions on lake carbon cycling and CO2 evasion. 

I found that both external input and internal CO2 production can contribute to 

CO2 evasion from lakes, but it is often dominated (>75%) by a single source and 

forest cover increased the amount to which the internal source contributed to 

annual CO2 evasion. I also found that the concentration of DOC in the lakes was 

inversely correlated to the proportion of CO2 lost at ice-melt. As a result, the ice-

melt season is of significant importance to the annual CO2 evasion from low DOC 

high-latitude lakes, and omission can underestimate the magnitude of annual 

CO2-evasion by ~50%. Metabolism in these types of clear-water, low nutrient 

systems is dominated by benthic (on the sediment) production. Consequently, in-

lake metabolism in these high-latitude clear-water lakes is largely constrained by 

lake depth and basin shape, and the potential for ice-scouring to disturb the 

benthic system in littoral areas. Convex lakes with predominantly shallow 

sediments were thus less productive compared to concave lakes where benthic 

production is less affected by ice-scouring. Finally, increasing DOC inputs (e.g. as 

a result of changes in climatic conditions) positively related to the amount of CO2 

produced within and evaded from the lakes. However, warming was found to 

decrease in-lake CO2 production and evasion, potentially via increased nutrient 

limitation of carbon mineralization (i.e. more energy expanded for nutrient 

uptake in order to break down organic carbon in warmer water), and changes in 

community structure (e.g. different macrophytes). This thesis thus clearly 

outlines the annual magnitude (both open water and the specific importance of 

ice-melt), source contribution (quantified for many lakes rather than single 
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systems) as well as the lake and landscape factors of note to source contribution 

(i.e. forest cover and DOC input increased internal cycling, especially in shallow 

and concave systems). Taken together, the results advance understanding the 

mechanisms behind cycling and evasion of CO2 in earth’s most common lake type. 



 

8 
 

Abbreviations 

C - Carbon 

DOC – Dissolved organic carbon 

DIC – Dissolved inorganic carbon 

DO – Dissolved oxygen 

CO2 – Carbon dioxide 

GPP – Gross Primary Production 

R – Respiration 

NEP – Net Ecosystem Production 

TN – Total Nitrogen 

TP – Total Phosphorous 
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Introduction 

The necessity of studying lakes 

Lakes are a common landscape feature on our blue planet, and many people have 

fond memories of sitting at the shoreline, watching the setting sun throw a 

spectacle of light that is reflected on the waters’ surface. But lakes are not just 

watery depressions of the landscape where one whiles away their time, but they 

form an integral part of global biological and chemical (hereafter, 

biogeochemical) cycles. In fact, most lakes on Earth evade carbon dioxide (CO2), 

a well-known greenhouse gas, to the atmosphere (Cole et al., 2007; Drake et al., 

2018). In particular, the contribution of lakes at high (northern) latitudes to CO2 

evasion is pronounced (Raymond et al., 2013), and of significance to carbon (C) 

cycling in these regions (Lundin et al., 2013; Stackpoole et al., 2017). The high-

latitude region is also the most-lake abundant region on earth (Verpoorter et al., 

2014), many of which are found in the (sub)arctic climate (Figure 1). Although 

only around 3.7 % of earths non-glaciated land surface is covered by lakes 

(Verpoorter et al., 2014), CO2 evasion from lakes ranges 0.06–0.84 (median 0.32) 

Pg carbon per year (Raymond et al., 2013), which is equal to the terrestrial net 

uptake (Field & Raupach, 2004). The C that is emitted from lakes can both be 

generated in the lake, as well as through transmission from exterior aquatic or 

terrestrial systems. Lakes thus constitute an important component connecting 

regional terrestrial and aquatic to global C cycles (Raymond et al., 2013; Tranvik 

et al., 2009; Verpoorter et al., 2014).  
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Figure 1. Latitudinal distribution of lake abundance on Earth. The red line 

illustrates the general latitude above which (sub)arctic climates are found. 

Modified from (Verpoorter et al., 2014). 

In the current climate, one cannot refer to global carbon cycles without 

considering our future conditions. Pronounced warming (~twice global average) 

at high-latitudes has already been observed, and is predicted to continue (IPCC, 

2019). In addition, vegetation increases (arctic greening) (Jia et al., 2003), 

hydrological changes (Boisvert & Stroeve, 2015), permafrost melt (Schuur et al., 

2015) and land use change (King et al., 2018) are predicted in the future. 

Mediated by these changes, terrestrial C turnover, and inputs of C from terrestrial 

to aquatic systems will increase. In addition, the in-lake turnover of C is affected 

by the climatic changes, and evasion of CO2 is affected as a consequence (Adrian 

et al., 2009). Yet, much uncertainty in the effects of climate change to lake C 

cycling still remains. The prominent snow and ice cover at high latitudes 
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frequently makes these lakes difficult to reach and a lack of (research) 

infrastructure in many of these regions make intensive (and safe) study of these 

lakes a challenge and generally costly (Metcalfe et al., 2018). Consequently, 

available data describes only a small number of lakes, often sampled sparingly, 

and then mainly during summer or autumn (open water season). As a result, full 

annual estimates of CO2 release and its drivers are missing and knowledge gaps 

remain in how much high-latitude lakes actually contribute to the contemporary 

and future C cycle, and how it is controlled. Consequently, without good 

understanding of regional or lake C cycling, the ability to form predictive models 

of high-latitude lake carbon processing and evasion is limited.  

Deep dive into lake carbon cycling 

CO2 evasion from lakes can only be understood by diving deeper into the 

underlying processes (broadly illustrated in Figure 2). That is, getting to the 

bottom of the various sources and sinks of C and CO2 in lakes. Part of the CO2 that 

is evaded originates from water rich in dissolved inorganic carbon (DIC, which 

are carbonates and CO2, but mainly CO2 in these low pH regions) transferred 

laterally from the catchment (i.e. the drainage basin or watershed). As this CO2 

input is generally outgassed without additional processing steps, this makes lakes 

function as ‘chimneys’ in the landscape (Jones et al., 2001; Prairie, 2008). 

Although it does not have to evade immediately upon entering the lake, as 

thermal stratification (i.e. water layers having distinct temperatures, and thus 

densities, greatly limiting exchange of dissolved compounds) can lock the CO2 in 

deeper water layers until stratification ends (when the water mixes, e.g. at ice-

melt). Contribution of DIC rich water from catchments is suggested to be of 
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importance for lake CO2 evasion (Martinsen et al., 2019; Wilkinson et al., 2016). 

Furthermore, studies have shown that most of the annually evaded CO2 from 

lakes can be delivered from external sources (Stets et al., 2009; Striegl & 

Michmerhuizen, 1998). 

Secondly, CO2 levels (and subsequent evasion) can stem from processing of 

dissolved organic carbon (DOC) in lakes. The DOC pool in a lake is made up of 

organic C, which can both be produced in lake through production in the lake (e.g. 

algal biomass), or be delivered from the catchment, originally produced in the 

terrestrial system (e.g. leaf litter or soil organic matter). Microbial and 

photochemical breakdown of organic carbon generates CO2. Because of the in-

lake processing involved, this makes lakes function more like ‘reactors’ in the 

landscape (Tranvik et al., 2009). Metabolism fundamentally constrains 

ecological and biogeochemical processes in ecosystems (such as lakes) (Weathers 

et al. 2012). The metabolic balance (or net ecosystem production, NEP) in an 

ecosystem determines whether CO2 is produced or consumed within the system. 

NEP is defined as the difference between gross primary production (GPP, 

colloquially understood as ‘photosynthesis’, which uses CO2 and produces organic 

C and O2) and ecosystem respiration (R, which uses organic C and O2 and 

produces CO2). When NEP (GPP-R) is positive, the lake is autotrophic (literally, 

self-nurturing) and when NEP is negative, the lake is heterotrophic (different-

nurturing). With positive NEP, CO2 consumption can be so efficient that lakes 

take up CO2 from the atmosphere, and thus act as sinks of CO2 in the landscape. 

However, the general observation is that NEP is negative for lakes, and thus that 

the lakes are landscape sources of CO2 (Duarte & Prairie, 2005). This indicates 
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that internal CO2 production contributes to CO2 supersaturation and is also of 

importance for lake CO2 evasion (Del Giorgio et al., 1999).  

 

Figure 2. Simplified schematic of Lake C cycling, inputs and losses. I. External 

input of DIC and DOC, can lead to a ‘chimney’ in the landscape (solid line) or 

internal lake processing of DOC can lead to a ‘reactor’ in the landscape (dotted 

line). II. Atmosphere-water CO2 exchange. III. In-lake C cycling, mediated by 

GPP and R. IV. Photooxidative mineralization of DOC to CO2. V. Downstream 

export of DOC and DIC. Thermal stratification is illustrated by the colour 

differences of the water layers.  

Fishing for answers 

While there is agreement on potential sources of CO2 evasion from lakes, there 

are conflicting reports in scientific literature on the importance of each of the 

sources. It remains unclear how these sources are controlled, and accordingly, 

how much each actually contributes to high-latitude lake CO2 evasion. For one, 

the role of lakes in the C cycle is still difficult to discern due to uncertainties in 
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annual CO2 flux estimates. Most studies measure CO2 exchange between lake and 

air based on a single or just a few “snap shot” measurements (Klaus et al., 2019; 

Seekell et al., 2014). However, there is substantial temporal variability of air-

water flux from high-latitude lakes (Denfeld et al., 2016; Ducharme-Riel et al., 

2015; Klaus et al., 2019). In particular, CO2-buildup under ice and in the 

hypolimnion during the open water season is evaded later during turnover at 

spring ice-melt and autumn cooldown, with potentially high flux of CO2 in these 

short periods (so called ´hot moments´). Recent studies in clear-water lakes with 

low content of DOC (commonly found in the arctic) reported 30%-60% of annual 

flux is lost at ice-melt (Denfeld et al., 2018; Prėskienis et al., 2021). This annually 

significant flux is often missed when upscaling from few open water 

measurements. Considering that clear-water (low DOC) high-latitude lakes tend 

to feature significant benthic productivity (Norman et al., 2022), and can be net 

autotrophic during the open water season (Tank et al., 2009), omitting ice-melt 

evasion may falsely classify such lakes as carbon sinks. Better understanding lake 

C cycling thus requires annually resolved estimates into both CO2 evasion, as well 

as the sources of the evaded CO2. 

Due to seasonal variability in metabolism or thermal stratification, sampling 

during (transient) periods with high or low NEP may misrepresent lake CO2 

cycling when upscaling (Kelly et al., 2001; Klaus et al., 2019). In-lake production 

of CO2 is known to be seasonally variable, with more positive NEP in summer and 

more negative NEP in autumn and winter (Sadro et al., 2011; Staehr & Sand-

Jensen, 2007). Yet, whole-lake metabolism data over the entire open water 

season is especially rare in high-latitude (arctic) lakes and often limited to single 
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systems (Sadro et al. 2011; Obertegger et al. 2017; Perga et al. 2018). As these 

lakes experience very short summers, and long (ice-covered) winters, as well as 

significant external inputs during snowmelt, seasonality in magnitude and source 

contribution to CO2 evasion are likely pronounced. Hence, there is a need for 

regional comparative studies of whole lake metabolism representative for the full 

open-water season in arctic regions. Furthermore, the external source 

contribution can also vary in space and time. The amount of incoming DIC and 

DOC is strongly related to hydrological connectivity of the lake, meaning lakes 

with higher catchment or stream inputs are likely to receive more CO2 input from 

the catchment (Striegl & Michmerhuizen, 1998). This is also variable in time and 

place, as hydrological connectivity is also affected by dry or wet periods 

throughout the year (Einola et al., 2011; Zwart et al., 2016). A complication factor 

is that the concomitant input of DOC can also increase in-lake C processing 

(Vachon et al., 2017a; Zwart et al., 2016). Consequently, storm events and dry/wet 

seasons can alter the balance of ‘chimney’ versus ‘reactor’ functioning of a lake 

throughout the year (Vachon et al., 2017b). As the climate changes, these extreme 

events will likely occur more frequently. Besides, predicted climate effects to lake 

C sources and cycling may also affect various aspects of lake C cycling. For 

instance, DOC inputs will increase as a result of increased terrestrial productivity, 

but coincide with increased runoff (and DIC inputs) to lakes in the arctic biome 

(IPCC, 2019). Similarly, temperatures will rise, affecting the physicochemical 

parameters (e.g. ice-cover duration, metabolism or terrestrial productivity) that 

will constrain future lake C cycling. Since both internal cycling as well as external 

source contribution can be affected, the conclusive effect of external inputs on 

many lakes in high latitudes is of yet uncertain, especially on an annual scale.  
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Resolving northern lake C functioning requires additional knowledge on the 

controlling factors behind the source of CO2. Part of this is to investigate the C 

processing steps in lakes, and thus, working out what factors drive C dynamics in 

these lakes. Historically, constrains on measurement apparatus availability have 

limited studies on whole-lake metabolism (and CO2 evasion) to single or very few 

lakes (Coloso et al. 2011; Sadro et al. 2011; Obrador et al. 2014). Combining all 

system in these studies may allow for a more encompassing view. However, 

mechanistic effects cannot be understood from global datasets of natural 

ecosystems due to their inherent variability across the landscape that causes 

multiple (uncontrolled) factors to change simultaneously, and the scales of cause 

and effect often do not match (Lapierre et al. 2018). Thus, intermediate, regional 

scale comparisons are needed to determine meaningful drivers (Lapierre et al. 

2018; Seekell et al. 2018). Moreover, by carefully selecting regions, it is possible 

to study (long-term) climate change effects through ‘space-for-time’ substitution 

(Pickett, 1989), although only for interactive effects (as drivers will still differ 

simultaneously). An alternative method to increase understanding and predictive 

power on isolated drivers of future climatic conditions on lake functioning is 

through from observations in experimental systems, such as laboratory 

incubations or small-scale mesocosms (isolating part of a natural system). 

Unfortunately, laboratory experiments or micro/mesocosms are in most cases 

done at spatial and or temporal scales that isolate part of a natural system and at 

transient dynamics or have perfect growth conditions that are rare in natural 

systems (Carpenter et al., 1995; Davidson et al., 2015; Schindler, 1998). While 

they allow for mechanistic understanding of single processes, it remains difficult 

to understand and predict impacts from climate change at the scale of whole 
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aquatic ecosystem from these studies (see e.g. Klaus et al. (2018). Hence, effects 

of specific drivers, and their interactions on ecosystem functioning are uncertain 

because few controlled experimental studies at realistic spatial and temporal 

scales exist (De Boeck et al., 2015; Yvon-Durocher et al., 2010). The drawbacks of 

gradient and experimental studies can however be partly overcome by combining 

the two approaches (Dunne et al., 2004). I combined natural gradient studies 

with experimental manipulations in order to investigate lake C cycling at the 

scales of whole-ecosystems, while retaining the ability of scrutinizing individual 

drivers. Thus, I have realized a significant regional dataset of lake C cycling and 

CO2 evasion, which I used to investigate sources and drivers of CO2 evasion in 

high-latitude lakes. 

The aim of this thesis is to investigate the magnitude and sources of CO2 evasion 

in high-latitude lakes, specifically the contribution of different seasons, and the 

landscape and lake characteristics that influence these processes. Taken together, 

combining regional scale gradient studies with experimental manipulation of 

single drivers allows investigation of high-latitude lake C cycling and CO2 evasion 

at present (i.e. as ‘chimneys’ or ‘reactors’, or even as sources or sinks of CO2), but 

also when conditions change. I stated the following research questions. 

• To what degree do internal and external sources of CO2 drive annual CO2 

evasion in high-latitude lakes? (paper I) 

• How important is the winter season for the annual CO2 evasion from low 

DOC high-latitude lakes? (paper II) 

• What factors constrain metabolism in high-latitude lakes? (paper III) 

• How will changes in terrestrial DOC input and temperature impact lake 

C cycling and CO2 evasion? (paper IV) 
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Materials and Methods 

Study area and sampling overview 

The studies in this thesis involved lake surveys and experimental studies in 

Sweden (Figure 3). The surveys were conducted in the (sub)arctic climate of the 

mountainous regions of Skalstugan (Jämtland sampled in 2017), Ammarnäs 

(Västerbotten, sampled in 2016) and Abisko (sampled in 2018/2019). These lakes 

were situated between latitude 63°-68° N and 367-1018 meters above sea level, 

with annual precipitation ranging from 300-1200 and annual mean temperatures 

ranging from 0 to -2° Celsius. Their catchment cover was variable but dominated 

by (sub)arctic vegetation such as arctic heath (Empetrum nigrum and 

Vacciunium spp), birch (Betula spp.) and pine (Picea abies), or bare rock, with 

minor contributions of mire. The lakes were formed by glacial scouring during 

the last glacial period, and all areas were underlain with glacial till. The results of 

the survey in Jämtland are presented in paper I and III. The results of the survey 

in Västerbotten are presented in paper III. The results of the survey in Abisko are 

presented in paper II and III. Aside from the surveys, a study was done in an 

experimental pond facility in Umeå (sampled in 2019) where temperature and 

DOC input could be manipulated (Figure 3). The results of this ecosystem 

experiment are presented in paper IV. As all of the studies had (partly) 

overlapping methodology, all of them will be explained below without reference 

to the specific study.  
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Figure 3. Map of Sweden with the study locations and illustrative photos of 

systems in each location. In orange the arctic region near Abisko is shown, in 

blue the mountain region of Jämtland/Västerbotten and in red the experimental 

ecosystem facility (EXEF) in Umeå. 

CO2 exchange between water and atmosphere 

CO2 concentrations of the surface water were measured by recording CO2 

concentrations of the equilibrated air in a floating chamber equipped with a CO2 
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logger taking hourly samples during the open water season (Figure 4). The 

chamber was custom designed to withstand waves and winds.  

CO2 exchange between lake and atmosphere (positive going from lake to 

atmosphere, and negative from atmosphere to lake) during the logging period 

was calculated from daily mean surface CO2 concentrations using Fick’s first law 

of diffusion (Fick, 1855), with a wind-based model to determine piston velocity, k 

(Cole & Caraco, 1998; Wanninkhof, 2014). Piston velocity describes the thickness 

of the water layer that equilibrates with the atmosphere in a given amount of time, 

and with the measured surface water CO2 concentration, thus diffusive 

atmosphere-water CO2 exchange was estimated from the concentration 

difference between this layer and the air.  

𝐹 =  𝑘 ×  𝐾0 ×  ([𝑝𝐶𝑂2𝑤𝑎𝑡𝑒𝑟 − 𝑝𝐶𝑂2𝑎𝑖𝑟])   (1) 

Where F is the flux of CO2 between water and the atmosphere (positive if 

outgassing, negative if taking up). 𝑘 is the piston velocity, 𝐾0 is the solubility and 

𝑝𝐶𝑂2𝑤𝑎𝑡𝑒𝑟  and 𝑝𝐶𝑂2𝑎𝑖𝑟  are the partial pressures of carbon dioxide in water and 

air, respectively. 
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Figure 4. Photo of the setup for measuring CO2 exchange. The floating chamber 

in the foreground holds a CO2 logger taking hourly measurements of the air 

within (that is equilibrating with the surface layer), thus getting a 

representation of the surface water CO2 concentration. In the background a 

weather station is set up, measuring wind speed and physical and climatic 

variables of importance for determination of air-water gas flux. 

Mass-balancing ice-melt CO2 evasion 

During the winter season, when the lakes were ice-covered, no gas is assumed to 

escape to the atmosphere. In late winter, when the CO2-buildup underneath the 

ice had presumably reached its peak (Denfeld et al., 2015), the total mass of DIC 

was measured. DIC was sampled by injecting 4ml lake water in a 22ml vial 

containing a strong acid, and measuring CO2 of the air in the vial. These DIC 

samples were upscaled to complete DIC mass by multiplying by the 

representative volume that each water sample was taken from (i.e. the 

epilimnion, above the thermocline or the hypolimnion, below the thermocline). 

By subtracting the total mass of DIC that was measured in the lakes soon after 
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ice-melt from the mass of DIC at peak CO2-buildup (late winter), the amount of 

CO2 that was evaded during ice-off was estimated, assuming negligible 

downstream CO2 losses.  

𝐹𝐶𝑂2_𝑖𝑐𝑒 = 𝑀𝐷𝐼𝐶_𝑖𝑐𝑒 − 𝑀𝐷𝐼𝐶_𝑜𝑝𝑒𝑛   (2) 

Where 𝐹𝐶𝑂2_𝑖𝑐𝑒  is the CO2 evaded during ice breakup, 𝑀𝐷𝐼𝐶_𝑖𝑐𝑒  and 𝑀𝐷𝐼𝐶_𝑜𝑝𝑒𝑛 are 

the total inventories of DIC in the lake when ice-covered and when ice had melted, 

respectively. Combining the (logged) open water CO2 exchange with these losses 

during ice-melt yielded the full annual CO2 evasion for each studied lake. 

In-lake metabolism  

Whole-lake metabolism was modelled by tracking dissolved oxygen 

concentration using two DO-loggers for each lake (one near the surface, and one 

near the bottom). These loggerlines were also outfitted with temperature loggers, 

while the climate station collected continuous PAR data. The model assumed 

there are several processes that affect the diel changes in oxygen concentration of 

the water, of which the most important are: gas exchange with the atmosphere, 

daytime production of O2 via primary production (GPP), and day- and nighttime 

consumption of O2 via respiration (R). By measuring oxygen changes in 

concurrence with gas exchange, metabolism was modelled by correcting the diel 

changes in DO resulting from gas exchange (so that during the day NEP is 

measured, and during night just R). NEP was defined as GPP-R, where GPP and 

R are modelled as functions of incoming light and water temperature, 

respectively. NEP was computed for each day and DO logger and then integrated 
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these daily depth-specific estimates over the whole sampling season and lake 

volume. 

Water chemical and physical characteristics 

All water chemistry samples were analysed at the Biogeochemical Analytical 

Facility at Umeå University, Sweden. Nutrients were analysed using a segmented 

flow analyser (QuAAtro, SEAL Analytical GmbH, Norderstedt, Germany). 

Absorbance at 420 nm was measured with a spectrophotometer (V-560, JASCO 

Corporation, Tokyo, Japan) and the absorption coefficient (α420) was 

subsequently normalized to pathlength of a meter (m-1) according to Hu et al. 

(2002). DOC was measured using a TOC/Nitrogen analyser (Formacs HT-I 

TOC/TN, Skalar Analytical B.V., Breda, The Netherlands). DIC samples were 

analysed with a gas chromatograph (Clarus-500, Perkin Elmer Inc., Waltham, 

MA, USA) equipped with elite plot Q columns and measured through use of a 

flame injection detector.   
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Key findings and implications 

Paper I. Source contribution to CO2 evasion from 

high-latitude lakes 

 

Figure 5. Annual CO2 flux plotted against internal net CO2 production in the 

lakes studied in paper I. Sections separate CO2 contribution as follows: I. 

External CO2 inputs exceed internal CO2 losses (positive NEP) II. External CO2 

contribution dominant. III. Internal CO2 production dominant. IV. Internal CO2 

production not fully evaded.  

The main source of evaded CO2 varied largely across lakes (Figure 5). The CO2 

evasion of the lakes of paper I were found to be either fully externally driven 

(positive NEP and thus consuming CO2, but still evading CO2, section I), mainly 

externally driven (CO2 production lower than half of evaded CO2, section II), 
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mainly internally driven (CO2 production > half of evaded CO2, section III) or 

even fully internally driven, but not fully evaded (internal CO2 production 

exceeded the evaded CO2, section IV). Most lakes were found to evade a 

combination of internal and externally sourced CO2. What was striking is that a 

single source is often dominant, and for 9-10 out of 14 lakes, over 75% of evasion 

came from a single source. This depended on the exact contribution of the sources 

underneath the ice, which I was unable to fully constrain (but is investigated 

further in paper II). In terms of lake functioning in the landscape, I found that 

CO2 evasion increased with DOC, as previously shown (Roehm et al., 2009). 

Much of the lake DOC is delivered from the catchment, which can also contain 

DIC, especially with high catchment productivity (Maberly et al., 2013). As a 

result, the positive relationship between DOC and evasion likely reflects internal 

source increases (increased organic C turnover), as well as external source 

increases (higher CO2 input). I further investigated the effect of increasing DOC 

inputs on internal C cycling in paper IV. On the annual scale, I found that the 

internal C turnover (in-lake CO2 production) was positively correlated to the 

degree of forest cover in the catchment, but none of the included factors 

significantly correlated to external CO2 inputs. In addition, the relative degree to 

which the internal source contributed to CO2 evasion (i.e. the ratio between 

internal CO2 produced:CO2 evaded, so at 1 everything evaded was internally 

produced) increased with forest cover. The results imply that increasing forest 

cover due to current and future tree line shifts may push lakes to increasingly 

evade CO2 that was processed in-lake, thus increasing the amount of ‘reactors’ in 

the landscape. In this scenario, the degree of forest cover may have been 

representative of the amount of DOC input, thus increasing metabolic CO2 
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production (further investigated in paper IV). Note that these results were based 

on a limited sample size (14 lakes), and I have expanded investigation (to 43 

lakes) of controlling factors behind metabolism (and thus, internal CO2 

production) in paper III. 

Paper II. Importance and origin of ice-melt CO2 

evasion  

In paper I it appeared that ice-melt evasion contributed significantly to the CO2 

evasion from lakes. In Paper II, I further investigated this over a DOC gradient, 

adding a set of 14 lakes from the Abisko region. I further appended this dataset 

with literature data of annual (ice-melt as well as open water season) high-

latitude lake CO2 evasion. As the lakes of the combined dataset are representative 

in size, depth and DOC to many arctic lakes the results should be broadly 

applicable. CO2 evasion at ice melt was of great importance for the annual evasion 

from high-latitude clear water lakes (Fig 6A). Although several lakes were net CO2 

sinks during the open water season, all of them were net sources of CO2 to the 

atmosphere when accounting for ice-melt evasion. On average, 80% of annual 

evasion took place in the short period during ice-melt. Comparing to previous 

studies, I found that it was higher than hereto published, and that the proportion 

of annual evasion that was lost at ice-melt was related to the concentration of 

DOC in the lakes (Fig 6B). 
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Figure 6. A) Boxplots of air-water CO2 exchange at ice-melt and over the rest of 

the open water season for the 14 lakes of the Abisko survey and B) The 

proportion of ice-melt:annual CO2 evasion plotted against the DOC 

concentration, including spearman’s rho correlation test. Open circles are the 

14 lakes from the Abisko survey, closed circles data from literature (Jansen et 

al. (2019); Karlsson et al. (2013); Prėskienis et al. (2021); Verheijen et al. 

(2022)); For lakes sampled in multiple studies (2 lakes), only the highest 

resolution data was selected.  

These clear-water high-latitude lakes usually have a high degree of benthic (on 

the lakebed) metabolism (Norman et al., 2022). Lower DOC lakes are generally 

clearer as DOC inhibits light transmittance through the water column and 

constrains GPP (which requires light), especially deeper in the lake. Thus, low 

DOC lakes have higher potential GPP and may evade little (or reach net 

autotrophy and take up) CO2 during the open water season. However, during the 

ice-cover period light is inhibited by the ice with snow on top, and the organic C 
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(built up over the season) can be broken down. As a result, most CO2 is evaded 

during ice-off as opposed to the open water season. Although these results suggest 

underestimation of current CO2 flux data from low DOC arctic lakes (as based on 

open water measurements), lakes with low DOC often have lower overall CO2 

evasion compared to lakes with high DOC (Lundin et al., 2015; Raymond et al., 

2013). I furthermore found that the amount of DOC produced (through GPP) in 

the open water season was sufficient to supply all the CO2 lost during ice-melt. 

However, there is a potential alternative explanation that ice-melt CO2 evasion 

was (partly) sustained through external inputs during the melting season, when 

DIC inputs to lake are high, but DOC inputs are low (Giesler et al., 2014). Our 

results indicate that, current estimates of CO2 evasion from high latitude clear-

water lakes are likely underestimating by at least 50% by omitting ice-melt. This 

calls for reassessment of CO2 evasion from Arctic lakes and the importance of 

inclusion of the full annual evasion.  

Paper III. Metabolism in high latitude arctic lakes 

In paper I, I’ve shown the importance of internal CO2 cycling to the annual 

evasion from lakes, and that it related to forest cover. However, with a limited 

number of lakes there was limited statistical power, and in paper III special 

attention was put into the constraining factors of metabolism in high-latitude 

arctic lakes. GPP and R were found to be strongly coupled in the systems. Lake 

morphometry was found to be the main contributing factor to metabolism and on 

average, GPP and R decreased eightfold from relatively shallow to deep lakes 

(mean depth 0.5−10.9 m). As a result, NEP switched, on average, from positive 

(autotrophic) to negative (heterotrophic) towards deeper lakes, but also in lakes 
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richer in dissolved organic carbon. Furthermore, GPP and R were found to 

decrease twofold from concave (relatively large proportion of deeper area) to 

convex lakes (relatively large proportion of shallower area).  

DOC was expected to decrease NEP, and the results of paper III confirmed this 

when comparing among all 43 systems in the surveys. However, the finding 

regarding lake shape is contradictory to our expectations and earlier studies, 

which showed that the higher sediment area:lake volume in convex lakes would 

enable higher whole-lake productivity. The contradictory findings were 

attributed to the high importance of benthic production for whole-lake 

productivity, and shape-specific sensitivity of benthic GPP to disturbance by lake 

ice. Lakes with a high proportion of shallow area (convex lakes) experience yearly 

disturbance of ice-scouring of the benthic zone on a greater part of the total 

sediment surface compared to concave lakes. As benthic productivity dominates 

whole lake productivity, disturbance of a larger part of the benthic system will 

thus negatively impact annual whole lake metabolism in these systems. Our 

results confirm the role of DOC in stimulating net heterotrophy and highlight 

novel effects of lake shape on productivity in benthic-dominated lake ecosystems 

and its response to changes in lake ice cover. 

Paper IV. Future DOC and warming effects to lake 

C cycling. 

The investigation into lake C cycling in Paper I, II and III all focused on current 

conditions, and space-for-time substitution may not provide sufficient predictive 

power for future trends (Seekell & Gudasz, 2016). Therefore, in paper IV the effect 

of proposed future warming and DOC inputs to lake C cycling was specifically 
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investigated. In an experimental ecosystem facility, 16 identical ponds were 

divided into 2 temperature groups. One group was kept at ambient temperatures 

and the other was kept at median 2.7° Celsius above ambient temperature. Each 

of these groups was subjected to a range of DOC inputs (ranging 2-27 mg DOC 

min-1). 

 

 

Figure 7. Effects of DOC and warming on A) CO2 fluxes and B) net metabolic CO2 

production from the experimental ecosystems. Solid lines indicate linear 

regression and dotted lines give 95% confidence intervals. 

A clear effect of terrestrial DOC and warming on the metabolism (as net CO2 

production) and atmospheric CO2 flux of the systems was found. As hypothesized, 

input of terrestrial DOC caused increased net CO2 production and increased CO2 

emission (Gaussian Generalized Linear Model (GLM), both p < 0.00). Warming, 
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contrary to our hypothesis, resulted in the opposite effect with decreased net CO2 

production (Gaussian GLM, p < 0.00) and no increased CO2 emission. Although 

the warming effect on CO2 exchange was not statistically significant (Gaussian 

GLM, p = 0.14), the warmed ponds exhibited net autotrophy (negative net CO2 

production), while the ambient systems were generally net heterotrophic 

(positive net CO2 production). Thus, the studied ponds tended to change from 

atmospheric CO2 sources to CO2 sinks with warming. There was no interactive 

effect between warming and DOC inputs, implying that the effect of DOC 

increases on net CO2 production and exchange was the same regardless of 

temperature (Gaussian GLM, p=0.44). 

There was a tight coupling between CO2 evasion and metabolism in our study, 

and DOC clearly increased both net CO2 production and emission. This indicates 

that, while DOC increases may boost NEP (and thus CO2 consumption) (Olson et 

al., 2020), R was increased over GPP per unit of DOC received. Terrestrial organic 

C is thus mineralized in the ponds and causing increased negative NEP (Del 

Giorgio et al., 1999; Karlsson et al., 2007). 

While individual-level responses of metabolism state that R increases over GPP 

with warming (Yvon-Durocher et al., 2012), I found that this response did not 

scale to the whole-ecosystem level. The differences found in metabolism between 

temperature treatments may have been mediated through nutrient competition 

(Davidson et al., 2015; Rodríguez et al., 2016). Primary producers may have been 

able to increase uptake rates (Oleksy et al., 2021) and thus decrease nutrient 

availability for bacterial consumers in warmed systems. Practically, increased 

nutrient competition between producers and consumers could have led to less 
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efficient organic carbon breakdown in the warmed systems, and thus dampened 

responses in R. However, the effect of community composition structure may also 

have played a role in affecting how warming influenced CO2 production and 

emission. Ambient ponds were dominated by floating-leaved Potamogeton 

pectinatus (79% of total plant cover), while warmed ponds were dominated by 

wholly-submerged Mycrophyllum spicatum (73% of total plant cover). The 

floating leaves may have allowed direct exchange of O2 and CO2 with the 

atmosphere, causing the diel oxygen method to miss part of the plants’ growth 

(GPP) in the ambient systems, while the subsequent respiration of broken down 

or leached plant DOC would still contribute to in-lake respiration (R), and the net 

CO2 production in the ambient systems could thus have been somewhat lower 

than resulting from out measurements. However, this would imply that 

metabolism (both GPP and R) had been higher in ambient compared to warmed 

systems.  

Even though warming is predicted to increase R over GPP due to different 

activation temperatures, nutrient availability, growth efficiency and community 

composition changes may enable complex patterns to arise, and R to decrease 

with little to no effect on GPP. These results imply that climate impacts on aquatic 

C cycling can be both pronounced and unidirectional, but also contrasting 

depending on specific effects of individual climate related drivers the balance 

between nutrient and carbon use, community structure and how it is affected by 

temperature changes needs more attention, but I clearly showed that individual-

level temperature responses do not necessarily translate to the ecosystem level. 

Increased warming and DOC inputs to high-latitude lake systems will result in 
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increases in lake net CO2 production and emission, but specifically caused by 

increased availability of terrestrial organic carbon. While warming may affect 

both GPP and R, increased nutrient competition and community structure 

changes will result in less clear effects on net CO2 production and emission. 

Concluding remarks 

While there is nearly always a mix of sources at play, CO2 evasion for these high 

latitude lakes are often dominated by one. It mainly depends on catchment (e.g. 

vegetation cover, and DOC and/or DIC inputs) and lake physicochemical 

properties (e.g. lake depth and shape) which source dominates lake CO2 evasion. 

Furthermore, while summer measurements may classify these lakes as CO2 sinks, 

upwards to 100% can be lost at ice-melt, and many of the (especially low DOC) 

lakes may thus be CO2 sources instead. The thesis outlines that DOC inputs, lake 

depth, and shape were the most important factors determining NEP and thus 

internal C cycling. As a result, forested shallow lakes are predicted to have the 

highest degree of internal source contribution, although CO2 evasion can be 

higher in deeper lakes, where R exceeds GPP. In view of changes at high-latitudes, 

the increased greening and wetness is thus likely to push more lakes towards 

evasion of internally produced CO2, and to landscape CO2 sources. In addition, 

while ice-cover was found to be of high importance for the annual CO2 evasion in 

these types of systems, shorter ice-cover season and higher DOC levels (and 

possibly stronger thermal stability) will see a larger contribution of the open 

water season to annual evasion. This is especially pronounced if OC built up 

internally over the season is broken down underneath the ice, but less so if 

external inputs to lakes during winter are high in DIC, and which may increase 
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with increased wetness. Although many of these predictions outline increased in-

lake CO2 production and evasion, the warming of waters may bring about changes 

in ecosystem community structure or nutrient competition that can give rise to 

interactive effects. As a result, in opposition to individual-level metabolic theory, 

warmer lake ecosystems may experience lower internal CO2 production and 

evasion to the atmosphere.  

All in all, while I have expanded knowledge on the functioning of high latitude 

arctic lakes in regards to the carbon cycle, there remain important avenues of 

research open to us. Early during my PhD I learned that the daily life of a scientist 

is not filled with acquiring knowledge, but with acquiring questions. For every 

sample taken, every analysis done, and every graph plotted, you see new 

questions pop up and my thesis is no exception to this. For instance, although the 

importance of including ice-melt fluxes in annual C cycling estimates was 

stressed, it remains up to future research to further investigate the importance of 

each CO2 source to under-ice CO2-buildup. In addition, further constraining 

estimates of CO2 evasion in conjunction with metabolism can help us understand 

these systems better, but the drivers of external CO2 inputs are still open for 

further research. Finally, further study in natural systems of ecosystem structural 

changes and nutrient availability in conjunction with warming and DOC input 

can improve our predictive power of future conditions in high-latitude lakes. This 

is beyond the scope of the thesis however, but there is always the next day. 
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