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Abstract
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Water flowing through the landscape transports chemical substances including carbon. Along
the way from upland soils to the ocean, carbon is transformed from organic carbon into inorganic
carbon and vice versa. One such carbon transformation process is the uptake of carbon dioxide
(CO2) from the water phase by phytoplankton. For some inland waters, it has been shown that
phytoplankton can significantly reduce the amount of CO2 (measured as partial pressure of CO2,
pCO2) in the water phase. However, the importance of this process for carbon budgets on a
regional and global scale is not yet known.

The aim of this thesis was to investigate the importance of CO2 uptake by phytoplankton
for CO2 dynamics in lakes and rivers on a regional and global scale, and to explain its spatial
variation. Conceptual models and the analysis of monitoring data together with statistical
modeling and meta-analyses were used.

Combining a conceptual lake model for carbon transformation with a mass balance approach
showed that gross primary production in lakes is an important flux in the global dissolved
inorganic carbon budget of inland waters. In a next step, a simple proxy to assess the
phytoplankton influence on the pCO2 in individual lakes and rivers was tested and applied
on a regional and global scale. The analysis showed that a significant pCO2 reduction by
phytoplankton could be expected in about 20% to 40% of lakes in the temperate and sub-/
tropical region. In 9% of the Swedish lakes analyzed, the proxy indicated a significant pCO2

reduction by phytoplankton during summer. The pCO2 can also be significantly reduced by
phytoplankton in rivers, and such a reduction might occur in about 20% of the temperate rivers
on Earth. In a temperate river that was studied in more detail, consecutive impoundments were
found to stimulate phytoplankton production, which might be one explanation for a greater
phytoplankton influence on the pCO2 in such systems.

Taken together, these results suggest that CO2 uptake by phytoplankton is a significant flux
in the global CO2 budget of inland waters. The importance of CO2 uptake by phytoplankton for
CO2 dynamics in individual lakes and rivers was predictable by easily available water physico-
chemical and biological variables and varied widely in relation to environmental conditions.
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“And here are trees and I know their gnarled surface, water and I
feel its taste. These scents of grass and stars at night, certain eve-

nings when the heart relaxes – how shall I negate this world
whose power and strength I feel? Yet all the knowledge on earth 

will give me nothing to assure me that this world is mine. You de-
scribe it to me and you teach me to classify it. You enumerate its

laws and in my thirst for knowledge I admit that they are true. You
take apart its mechanism and my hope increases. At the final stage 
you teach me that this wondrous and multicolored universe can be
reduced to the atom and that the atom itself can be reduced to the

electron. All this is good and I wait for you to continue. But you
tell me of an invisible planetary system in which electrons gravi-

tate around a nucleus. You explain this world to me with an image.
I realize then that you have been reduced to poetry: I shall never

know. Have I the time to become indignant? You have already
changed theories. So that science that was to teach me everything 

ends up in a hypothesis, that lucidity founders in metaphor, that
uncertainty is resolved in a work of art. What need had I of so

many efforts? The soft lines of these hills and the hand of evening
on this troubled heart teach me much more. I have returned to my
beginning. I realize that if through science I can seize phenomena
and enumerate them, I cannot, for all that, apprehend the world.”

– Albert Camus 1942, The Myth of Sisyphus
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Abbreviations 

C Carbon 
Chla Chlorophyll a concentration 
Chla:TOC ratio Mass ratio of Chla to TOC 
CO2 Carbon Dioxide 
Cphyto Amount of carbon contained in phyto-

plankton 
Cphyto:TOC ratio Phytoplankton share in TOC 
DIC Dissolved Inorganic Carbon 
DICexport DIC exported from terrestrial ecosys-

tems to inland waters 
DO Dissolved Oxygen concentration 
DOC Dissolved Organic Carbon 
ER Ecosystem Respiration 
ESM Earth System Model 
GPP Gross Primary Production 
GPP:ER ratio Ratio of GPP to ER 
GPPlake CO2 consumption by lake gross pri-

mary production 
IPCC Intergovernmental Panel on Climate

Change 
LOAC Land to Ocean Aquatic Continuum 
mol Amount of substance 
N Nitrogen 
pCO2 Partial pressure of CO2 
Pg Petagram 
PLS Partial Least Squares analysis 
ppm Parts per million 
PQ Photosynthetic Quotient 
TOC Total Organic Carbon  
TP Total Phosphorus concentration 
yr Year 
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Introduction 

The Earth System in the Anthropocene  
When studying environmental processes on large spatial scales, the Earth is 
often described as a system consisting of three components: land, ocean and 
atmosphere (Fig. 1). These Earth system components and their subcompo-
nents (e.g., vegetation, soil, and inland waters) can be understood as geochem-
ical stocks that retain or store matter and energy (Grotzinger et al. 2008). The 
different stocks are connected by the transport of water and chemical sub-
stances consisting of elements like carbon, nitrogen and phosphorus. The 
stocks and the substance transport between them (fluxes in Fig. 1) are the 
building blocks of the biogeochemical cycles that regulate matter transport 
and transformation on Earth.  

One of the most important biogeochemical cycles on Earth is the carbon 
cycle. In the analysis of the global carbon cycle, two domains can be distin-
guished: the slow and the fast domain (Fig. 1). The slow domain comprises 
carbon stored in rocks and deposits (lithosphere in Fig. 1) with turnover times 
of 10,000 years or longer. This domain exchanges carbon with the fast domain 
via volcanism, sedimentation and erosion. The fast domain involves carbon 
cycling between land, ocean and atmosphere (Fig. 1). It is characterized by 
turnover times from years to millennia and large fluxes between the different 
Earth system components (IPCC 2013). 

Under natural conditions, the carbon cycle on Earth is in an equilibrium 
state (Grotzinger et al. 2008). However, burning of fossil fuels, intense ferti-
lizer use and land-use change have altered the global carbon cycle. Large 
amounts of fossil carbon have been transferred from the slow domain into the 
fast domain within a very short period. This has led to substantial changes in 
the global carbon cycle affecting all Earth system components (Gruber and 
Galloway 2008; IPCC 2013).  

Because of the rapid carbon transfer from the slow domain into the fast 
domain, the carbon dioxide (CO2) concentration in the atmosphere rose from 
280 ppm at the beginning of the 19th century to 410 ppm in 2019 (Blunden 
and Arndt 2010). Merely half of the carbon released by fossil fuel combustion 
and land-use change remained in the atmosphere, since large amounts of car-
bon are continuously withdrawn from the atmosphere by natural processes 
(e.g., CO2 uptake by vegetation). This affects both terrestrial ecosystems and 
the oceans (IPCC 2013).  
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The changes in the global carbon cycle caused by humans require predict-
ing the size of substance stocks and fluxes in order to mitigate consequences 
of environmental change. Thus, understanding the global carbon cycle has 
been described as a “test of our knowledge of Earth as a system” (Falkowski 
et al. 2000). To improve our understanding of CO2 sources and sinks on Earth 
and to mitigate consequences of environmental change, Earth system models 
(ESM) have been developed. ESM simulate substance stocks and fluxes on 
Earth and couple them to the climate system. 

 
Figure 1. Simplified schematic of carbon stocks (boxes) and fluxes (arrows) on 
Earth and their connection to inland waters. Shown is the placement of phytoplank-
ton biomass (bright green box) and CO2 uptake by phytoplankton (bright green ar-
row) in inland water carbon cycling and as part of the global carbon cycle. The three 
main Earth system components (land, ocean, and atmosphere) are displayed as black 
boxes, and the subcomponents on land (vegetation, soil, lithosphere, and inland wa-
ters) as colored boxes. The slow and the fast domain in the global carbon cycle are 
indicated as dashed boxes. Positive (+) and negative (-) feedbacks of CO2 uptake by 
phytoplankton on the inorganic carbon concentration and on CO2 emission from in-
land waters are shown with dashed arrows. The size of the boxes and arrows does 
not represent the quantitative importance of the stocks and fluxes in the global car-
bon cycle, but the foci of this thesis. 
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Inland waters as part of the global carbon cycle 
Inland waters include lakes and human-made impoundments (ponds and res-
ervoirs), actively exchanged groundwater, soil water, marshes/wetlands, riv-
ers and streams (Likens 2009). There are around 117 million lakes on Earth, 
which cover 3.7% of the Earth`s non-glaciated land area (Verpoorter et al. 
2014), and streams and rivers have been estimated to cover 0.58% of the 
Earth’s land area (Allen and Pavelsky 2018). The extent of wetlands is still 
relatively uncertain, but may lie between 1.1 and 11.0% of the Earth’s land 
area (Hu et al. 2017). 

Inland waters are a consequence of the hydrologic cycle (Likens 2009) and 
most inland waters within a catchment are connected by flow of water between 
them. Thus, they are part of an aquatic continuum that connects terrestrial eco-
systems with the ocean (land to ocean aquatic continuum; LOAC). The LOAC 
has been described as a sequence of physically, chemically and biologically 
active transport and transformation systems that are connected through the 
flow of water from upland soils to the ocean (Regnier et al. 2013; Xenopoulos 
et al. 2017).  

Carbon enters the LOAC as both, inorganic carbon and organic carbon via 
soil water, groundwater, and headwater streams (Prairie and Cole 2010). 
Along the LOAC, carbon is transported and biogeochemically processed as 
well as exchanged with the atmosphere or sequestered in sediments. A signif-
icant portion of the organic carbon in inland waters is transformed into CO2 
by photochemical reactions or microbial utilization. CO2 can be emitted from 
inland waters into the atmosphere or be transformed into biomass by primary 
production (Prairie and Cole 2010). 

Despite their small areal fraction in the landscape, inland waters have been 
found to play a disproportionately large and critical role in the global carbon 
cycle as regulators of carbon processing and transport (e.g., Battin et al. 2009; 
Biddanda 2017; Cole et al. 2007; Tranvik et al. 2018; Tranvik et al. 2009). 
The functioning of inland waters in the global carbon cycle has changed due 
to human influences like increased CO2 concentrations and nutrient additions, 
and further change has been predicted (e.g., Maavara et al. 2017; Regnier et 
al. 2013; Tranvik et al. 2009).  

The magnitude and rate of carbon transformation in inland waters varies 
depending on the water body type (lake or running water), its characteristics, 
and location on Earth. Nutrient conditions, hydrology, catchment characteris-
tics, morphology, and regional climate are important factors determining the 
functioning of inland waters in regional and global carbon cycling (e.g., 
Seekell et al. 2018; Soranno et al. 2010; Soranno et al. 2019).  

The need to understand inland waters as part of the Earth system has ex-
tended the spatial perspective of limnology to the global scale. This resulted 
in a sub-discipline called global limnology, which has been defined as “quan-
tifying and understanding the role of continental waters in the functioning of 
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the biosphere” (Downing 2009). Within this thesis, global, regional, and local 
scale are referred to as follows. Global scale is the geographical realm encom-
passing the entire Earth. Local scale refers to single sites. Regional scale is 
used to describe geographical realms in a size class between the local and the 
global scale encompassing areas from several tens of kilometers up to a few 
thousands. 

Carbon assimilation by freshwater phytoplankton 
Phytoplankton are microscopic algae or bacteria with the ability for photosyn-
thesis that are suspended in the water column and transported by currents 
(Reynolds 2006). CO2 uptake by phytoplankton through photosynthesis is the 
photochemical reduction of CO2 to carbohydrate, which is dependent on en-
ergy from light (Reynolds 2006). Some phytoplankton taxa are restricted to 
CO2 as carbon source, while others can use bicarbonate (Reynolds 2006). A 
fraction of phytoplankton taxa are purely photoautotrophic, but a large group 
is mixotrophic, combining heterotrophic and autotrophic modes of nutrition 
(Mitra et al. 2016). 

By taking up CO2 from the water phase, phytoplankton transforms inor-
ganic carbon into biomass (organic carbon). Thereby, phytoplankton reduces 
the amount of CO2 in the water phase (Fig. 1), which leads to a change in the 
CO2 concentration gradient between the water phase and the atmosphere. This 
concentration gradient regulates the exchange (emission or uptake) of CO2 
between the water column and the atmosphere; thus, the exchange of CO2 be-
tween inland waters and the atmosphere can be significantly influenced by 
phytoplankton (Balmer and Downing 2011). 

Phytoplankton biomass in inland waters is an organic carbon stock (Fig. 1). 
Both phytoplankton biomass and the rate of photosynthesis control the trans-
formation of CO2 (a share of the inorganic carbon stock in inland waters) into 
biomass. Considered as a carbon stock, phytoplankton biomass has a very 
short turnover time, since doubling times for phytoplankton lay in the range 
of one to a few days (Allan and Castillo 2007; Reynolds 2006). Dead phyto-
plankton carbon is continuously bacterially or photochemically re-mineral-
ized, or can be buried in sediments (Prairie and Cole 2010). Depending on the 
prevailing environmental conditions, the relevance of CO2 uptake by phyto-
plankton for lake carbon budgets can range from being small (e.g., Chmiel et 
al. 2016) or even negligible, to being a crucial part of the budget (e.g., Pacheco 
et al. 2014).  
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CO2 uptake by phytoplankton and CO2 dynamics 
Dissolved inorganic carbon (DIC) has recently been suggested to stimulate 
phytoplankton biomass and productivity in freshwater mesocosms (Kragh and 
Sand-Jensen 2018). However, a study on phytoplankton productivity, com-
munity composition and the pCO2 in 69 boreal lakes concluded that the con-
sequences of increasing atmospheric CO2 concentrations for phytoplankton 
community structure and activity in northern lakes would be minimal (Vogt 
et al. 2017). Since a stimulation of phytoplankton by increased CO2 in north-
ern lakes might be minimal (Vogt et al. 2017), and the pCO2 generally in-
creases towards lower latitudes (Marotta et al. 2009), a stimulation of phyto-
plankton by increased atmospheric CO2 concentrations is unlikely. In contrast, 
dissolved organic carbon (DOC) concentrations and nutrient levels have been 
found to control phytoplankton biomass and productivity in lakes under a 
changing climate (Bergström and Karlsson 2019; Hessen et al. 2017). Thus, 
rather phytoplankton might exert control on the pCO2 in inland waters by re-
ducing the pCO2 in the water phase and overcoming other controls on the 
pCO2, than phytoplankton being stimulated by increased CO2 in the atmos-
phere and the water phase.  

CO2 uptake by phytoplankton has been found to be a relevant driver of 
spatial variation in the pCO2 in temperate and tropical lakes. In 82 South 
American lakes distributed along a latitudinal gradient from 5°S to 55°S, lakes 
with high abundances of primary producers generally showed lower pCO2, 
and the ratio of chlorophyll a concentration (Chla; a proxy for phytoplankton 
biomass) to light extinction (light extinction as proxy for humic substances) 
explained 21% of the variation in the pCO2 (Kosten et al. 2010). In a study on 
1157 lakes in the U.S.A., Chla was negatively related to the pCO2 in 68% of 
the lakes and Chla had the most widespread effect on the pCO2 (Lapierre et 
al. 2017). Chla was one of the four most important variables explaining vari-
ation in the pCO2 in a study combining river, lake and reservoir measurements 
in South Korea (Chung et al. 2018), and a negative relation between Chla and 
the pCO2 has been shown for a temperate, eutrophic river basin in the same 
region (Yoon et al. 2017). 

In eutrophic lakes, high primary production can drive the pCO2 under at-
mospheric equilibrium (Balmer and Downing 2011). In 60% of 131 agricul-
turally eutrophic lakes in the midwestern United States (state of Iowa), lake 
water was undersaturated with CO2; most likely because of intense primary 
production during summer (Balmer and Downing 2011). Eutrophication caus-
ing high primary production has even been shown to reverse lake carbon budg-
ets by driving the lake water pCO2 under atmospheric equilibrium and turning 
lakes into carbon sinks (Pacheco et al. 2014). The concept of eutrophic lakes 
as carbon sinks seems to apply especially to the temperate region, since high 
primary production was accompanied by high CO2 emission and net hetero-
trophy in a tropical reservoir (Almeida et al. 2016) and a large number of net 
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autotrophic boreal lakes (~30% of 187 lakes) were found to be net CO2 emit-
ters (Bogard and del Giorgio 2016).  

Comparing CO2 outgassing from lakes and reservoirs on Earth to primary 
production shows that CO2 uptake by primary producers (phytoplankton, mac-
rophytes, and periphyton) might be a significant carbon flux in the global in-
land water carbon budget (Tab. 1). One reason why primary production has 
received less attention when discussing carbon cycling in inland waters over 
large spatial scales, might be due to a focus on net carbon flows into and from 
inland waters (Maranger et al. 2018). However, focusing only on carbon flows 
into and from inland waters limits our understanding of the global carbon cy-
cle, leaving inland waters as a so-called “black box” when modeling carbon 
fluxes along the LOAC. Thus, to describe the role of inland waters in the 
global carbon cycle accurately, i.e., to turn the “black box” into a “white box”, 
the role of CO2 uptake by primary producers needs to be integrated into our 
perspectives on inland water carbon cycling. 

Table 1. Estimates for carbon dioxide evasion (eCO2) and gross primary production 
(GPP) for lakes and running waters on Earth. *Calculated from the global median 
GPP in running waters of 55.2 g C m−2 yr−1 (Gounand et al. 2018) and the esti-
mated area for global running waters of 773x103 km2 (Allen and Pavelsky 2018). 
§Transformed from Tmol C yr-1 to Pg C yr-1. 

Water body type Carbon flux Flux estimate [Pg C yr-1] Reference 

Global lakes eCO2 0.32 (Raymond et al. 2013) 
Global lakes GPP 1.3 (Lewis Jr 2011) 
Global rivers eCO2 0.65 (Lauerwald et al. 2015) 
Global running waters GPP 0.040* (Gounand et al. 2018) 
Global hydroelectric 
reservoirs eCO2 0.048 (Barros et al. 2011) 
Global reservoirs 2000 GPP 0.014§ (Maavara et al. 2017) 
Global reservoirs 2030 GPP 0.036§ (Maavara et al. 2017) 
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Aims 

The overall aim of this thesis was to investigate the role of CO2 uptake by 
phytoplankton for CO2 dynamics in lakes and rivers on a regional and global 
scale (Fig. 2). The main hypotheses addressed in this thesis (in bold) and how 
they were tested in the different papers (bullet points) are summarized below.  

CO2 uptake by phytoplankton is a significant flux in inland water CO2 
budgets on a regional and global scale.  

 Phytoplankton primary production and ecosystem respiration in an 
impounded, temperate river (paper IV) 

 CO2 uptake by phytoplankton in the global DIC budget of inland 
waters (paper I) 

The importance of CO2 uptake by phytoplankton for CO2 dynamics in 
inland waters is predictable by easily available water physico-chemical 
and biological variables. 

 Test and application of simple proxies in Swedish lakes (paper II) 
 Test and application of a proxy in lakes and rivers on a global scale 

(paper III) 

The importance of CO2 uptake by phytoplankton for CO2 dynamics in 
inland waters shows significant spatial and temporal variation in relation 
to environmental conditions. 

 Spatial and temporal variation in phytoplankton primary production 
in an impounded, temperate river (paper IV) 

 Spatial and temporal variation in CO2 uptake by phytoplankton in 
Swedish lakes (paper II) 

 Spatial variation in CO2 uptake by phytoplankton in lakes and rivers 
on Earth (paper III) 
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Figure 2. Spatial scale and water body type studied in the respective papers. The pa-
pers are referred to by their Roman numerals. 
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Materials and Methods 

Data sources and selection 
In this thesis, freely available data from published literature (paper I and III) 
and from the Swedish national lake inventory program (paper II and III) were 
used, as well as data from the monitoring program of the German Federal In-
stitute of Hydrology (paper IV). The data were chosen based on availability 
and its potential for answering the research questions. The underlying notion 
of the analyses in this thesis was to relate proxies for CO2 uptake by phyto-
plankton to variables indicating CO2 production and CO2 concentration (meas-
ured as partial pressure of CO2, pCO2) in inland waters. This allowed inferring 
relations between CO2 uptake by phytoplankton, other CO2 fluxes, and the 
pCO2 over large spatial scales. As proxies for CO2 uptake by phytoplankton, 
chlorophyll a concentration (Chla), phytoplankton carbon content (Cphyto), and 
phytoplankton gross primary production (GPP) were used. As proxies for CO2 
production, total organic carbon concentration (TOC) and ecosystem respira-
tion (ER) were used.  

Estimates for DIC fluxes for all lakes on Earth combined were collected 
from published literature (paper I). These data allowed compiling an estimated 
DIC budget for all lakes on Earth. Hence, CO2 uptake by primary production 
could be related to other DIC fluxes in this global budget, and by this, the 
quantitative importance of GPP was assessed. 

To analyze the importance of CO2 uptake by phytoplankton for CO2 dy-
namics in individual lakes on a regional scale, a dataset of water physico-
chemical and biological variables from 126 Swedish lakes collected between 
1992 and 2012 was used (paper II). This allowed exploring relations between 
Cphyto, TOC, and pCO2 for those lakes. To predict the importance of phyto-
plankton for CO2 dynamics in even more lakes, a common predictor for 
productivity in lakes, lake water total phosphorus concentration (TP), was ap-
plied. TP measurements from 3177 lakes for the period 1992 to 2018 were 
used (paper II). 

To extend the analysis on CO2 uptake by phytoplankton to the global scale, 
Chla and TOC from 61 rivers as well as 125 lakes and reservoirs distributed 
over five continents were collected from published literature (paper III). Chla 
was used as proxy for CO2 uptake by phytoplankton, because on a global scale 
more data on Chla than on Cphyto were available. TOC was used as a proxy for 
CO2 production by organic carbon mineralization. Comparing differences in 
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the mass ratio of Chla to TOC between lakes and rivers allowed speculating 
about the importance of CO2 uptake by phytoplankton for inland water carbon 
budgets over large spatial scales. 

In a more detailed study of a 74.4-km river reach, continuous measure-
ments (48 recordings day-1) from seven measuring stations were used. Chla, 
dissolved oxygen concentration (DO), and water temperature recorded be-
tween 9 April and 30 September in 2014 and 2015 were used for the analysis. 
DO data was used to calculate GPP and ER. This allowed relating Chla and 
primary production to ER and concluding on the importance of CO2 uptake by 
phytoplankton for CO2 dynamics in this impounded, nutrient-rich, low-dis-
charge river (Fig. 4b; Becker et al. 2010). For a more detailed description of 
the study site, see paper IV. 

Calculations 
Mass balance approach 
A mass balance considers all inflows to and outflows from a system, so that 
the accumulation of mass in the system can be estimated by subtracting in-
flows from outflows. To assess the quantitative importance of CO2 uptake by 
phytoplankton in the global inland water DIC budget, a mass-balance equation 
was established by accounting for the main DIC fluxes along the LOAC (equa-
tion 1): 

DICexport   =   DICocean + CO2_emissionlake + GPPlake + CCPlake – MINlake                               
+ CO2_emissionlotic + GPPlotic + CCPlotic – MINlotic  

DICexport is the DIC exported from terrestrial ecosystems to inland waters (i.e., 
the DIC inflow to inland waters),  
DICocean is the DIC entering the oceans via lateral surface and groundwater 
transport,  
CO2_emissionlake is the net CO2 emission from lakes and reservoirs,  
CO2_emissionlotic is the net CO2 emission from streams and rivers (lotic sys-
tems),  
GPPlake is the CO2 consumption by lake primary production,  
GPPlotic is the CO2 consumption by primary production in streams and rivers,  
CCPlake is the in-lake calcium carbonate precipitation,  
CCPlotic is the calcium carbonate precipitation in streams and rivers,  
MINlake is the amount of CO2 produced by in-lake mineralization, and  
MINlotic is the amount of CO2 produced by mineralization in streams and riv-
ers. 
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By analyzing the sensitivity of the mass balance equation to changes in 
GPPlake, the quantitative importance of CO2 uptake by phytoplankton for the 
DIC budget could be assessed. The sensitivity was analyzed by modifying the 
mass balance equation based on different scenarios (lake functions; Fig. 3a), 
which are described below (for more details, see paper I).  

Phytoplankton, TOC and pCO2 

DOC has been suggested to explain variation in lake water pCO2, since DOC 
is a substrate for microbial respiration (Sobek et al. 2005). Likewise, phyto-
plankton biomass (a proxy for CO2 uptake by phytoplankton) can explain var-
iation in the pCO2 in inland waters (Balmer and Downing 2011; Chung et al. 
2018; Kosten et al. 2010; Lapierre et al. 2017). In this thesis, proxies for both, 
CO2 uptake by phytoplankton and CO2 production by organic carbon miner-
alization, were considered simultaneously and related to the pCO2. This al-
lowed describing spatial variation in the importance of CO2 uptake by phyto-
plankton for CO2 dynamics in relation to environmental conditions. Moreover, 
it allowed testing easily available water physico-chemical and biological var-
iables as proxies for detecting the phytoplankton influence on the pCO2.  

To analyze CO2 uptake by phytoplankton and CO2 production by organic 
carbon mineralization simultaneously, the phytoplankton carbon share in TOC 
(Cphyto:TOC ratio), and the mass ratio of Chla to TOC (Chla:TOC ratio), were 
calculated. While both ratios provide an estimate of the relative importance of 
phytoplankton in the TOC, only the Cphyto:TOC ratio directly indicates the 
share of phytoplankton carbon in TOC. More details on calculating phyto-
plankton to TOC ratios can be found in paper II and III in this thesis.   

Cphyto was calculated from phytoplankton biovolumes multiplying by 0.15, 
which is in detail described in paper II. The pCO2 was calculated based on the 
pCO2-pH-alkalinity equilibrium according to Weyhenmeyer et al. (2012). 
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Primary production  
The calculation of primary production from DO measurements using the diel 
oxygen method (Odum 1956) allows quantifying CO2 uptake by primary pro-
ducers, i.e., in phytoplankton dominated ecosystems quantification of CO2 up-
take by phytoplankton. If the calculated phytoplankton primary production is 
compared to ER, the importance of CO2 uptake by phytoplankton in relation 
to CO2 production can be assessed. Quantification of phytoplankton primary 
production over time and space provides insight into spatial and temporal var-
iation in the importance of CO2 uptake by phytoplankton for CO2 dynamics. 

In this thesis, GPP and ER were estimated from daily variation in the pro-
duction and consumption of oxygen, following equation 2:  

dO/dt = GPP – ER + K(Cs – C) 

where dO/dt is the rate of change in oxygen concentration, GPP is the gross 
primary production, ER is the ecosystem respiration, K is the reaeration coef-
ficient, Cs is the saturation concentration of oxygen, and C is the oxygen con-
centration at a given time (Izagirre et al. 2007).  

For the calculation of the CO2 uptake by phytoplankton, the daily rate of 
oxygen production was used. The daily rate of CO2 uptake by phytoplankton 
was calculated as (equation 3): 

gC = gO2 × 1/PQ × 12/32 

where gC is the carbon uptake by phytoplankton, gO2 is the oxygen produc-
tion, PQ is the photosynthetic quotient (mol O2 released during photosynthe-
sis/mol CO2 incorporated), 12 is the atomic mass of carbon, and 32 is the mo-
lecular mass of oxygen (Bott 2007). A PQ of 1.25 was used as phytoplankton 
in the studied river has previously been found to take up both ammonium and 
nitrate (Engel and Fischer 2017; Reynolds 2006), and a PQ of 1.25 has been 
found to be applicable for a river in the same geographical region (Descy et 
al. 1987). More details can be found in paper IV in this thesis.  
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Statistical analyses  
To test if the importance of CO2 uptake by phytoplankton for CO2 dynamics 
can be predicted by easily available water physico-chemical and biological 
variables, proxies for CO2 uptake by phytoplankton were related to proxies for 
CO2 production by mineralization and calculated pCO2. To analyze relations 
based on a large number of measurements, correlation and linear regression 
analysis were used (paper II and IV). Most of the data did not follow a normal 
distribution, when tested with a Shapiro-Wilk test. Thus, correlations were 
analyzed using the non-parametric Kendall`s tau coefficient. In cases where 
the data were normally distributed, or where normality could be achieved by 
log-transforming the data, linear regression analysis was applied. 

To identify the most important drivers of a phytoplankton influence on CO2 
dynamics in lakes, a partial least squares analysis (PLS) was used (paper II). 
PLS relates two data matrices, X and Y, to each other, by calculating a linear 
multivariate model based on centred and scaled data (Wold et al. 2001). The 
PLS was used due to its insensitivity for interdependencies between X-varia-
bles and deviations from normality of the data.  

To analyze spatial and temporal variation in CO2 uptake by phytoplankton 
several statistical methods were used. A Kruskal-Wallis test followed by a 
pairwise comparison of groups using a Wilcoxon test with Holm-Bonferroni 
correction (Holm 1979) allowed to test for differences in lakes and rivers be-
tween geographic regions (paper III). The Friedman Rank test (Friedman 
1937) was applied to test for differences between measuring stations and for 
temporal differences (paper IV). The Friedman Rank test was chosen since the 
data was not normally distributed and the compared groups were not inde-
pendent from each other.  

Temporal trends in lake water physico-chemical and biological variables 
were analyzed with the non-parametric Mann-Kendall trend test, since the 
data was not normally distributed, tested with a Shapiro-Wilk test (paper II). 



 22 

Results and Discussion 

Phytoplankton in the DIC budget of inland waters 
To analyze the importance of CO2 uptake by phytoplankton for the DIC 
budget of inland waters on Earth, a mass balance equation (eq. 1) was devel-
oped (paper I). To test the sensitivity of CO2 uptake by phytoplankton to dif-
ferent scenarios (lake functions), a conceptual model describing different lake 
functions was conceived. The different scenarios (lake functions) were lakes 
as passive open channels, intermediate active carbon transformers, and active 
carbon transformers (Fig. 3a). 

Applying the different scenarios (lake functions) to the mass balance equa-
tion (eq. 1) revealed that GPPlake is an important flux in the global DIC budget 
of inland waters. GPPlake was with 1.3 Pg C yr-1 the largest flux in eq. 1 (paper 
I). Excluding GPPlake from calculating DICexport, by assuming that all lakes on 
Earth would function as either intermediate active carbon transformers or 
passive open channels (Fig. 3a), strongly biased the calculation of DICexport. 
Moreover, in the scenario in which all lakes on Earth were considered to func-
tion as active carbon transformers (Fig. 3a) neglecting GPPlake resulted in a 
miscalculation of DICexport by about 85%. This analysis showed that focusing 
only on the spatial distribution and magnitude of CO2 production by organic 
carbon mineralization, which has been the focus of carbon related research in 
inland waters during the past three decades (Prairie 2008), is insufficient to 
understand the role of inland waters in the global carbon cycle. 
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Figure 3. Conceptual figure showing the connection between paper I, II, and III. 
(a) Conceptual lake model describing three different functional lake types in terms 
of dissolved inorganic carbon (DIC) cycling. (b) Functional lake classification based 
on if CO2 uptake by phytoplankton significantly reduces the partial pressure of CO2 
(pCO2) in lake water. (c) Simplified graphic showing regions on Earth in which CO2 
uptake by phytoplankton in lakes might be important for CO2 dynamics. Arrows be-
tween (a) and (b) indicate that lakes in which the pCO2 is significantly reduced by 
phytoplankton are a sub-group of lakes classified as active carbon transformers in 
paper I. Lakes in which the pCO2 is significantly reduced by phytoplankton might 
most often be found in the temperate and sub-/tropical region (paper III). 
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Predicting the phytoplankton influence on CO2 
dynamics 
In the previous section, it was shown that CO2 uptake by phytoplankton is an 
important flux in the DIC budget of inland waters on Earth. Phytoplankton 
generally influences the pCO2 in inland waters, since the presence of phyto-
plankton leads by definition to inorganic carbon assimilation. However, when 
analyzing carbon cycling in inland waters, it is of interest in which waters CO2 
uptake by phytoplankton is a relevant flux in the carbon budget (compared to 
other carbon fluxes) that can significantly reduce the pCO2 and thus lower 
CO2 emissions into the atmosphere. Since detailed carbon budgets are only 
available for a limited number of lakes and rivers on Earth, predicting in which 
inland waters CO2 uptake by phytoplankton is an important flux is challeng-
ing. Therefore, simple proxies to identify lakes and rivers in which the pCO2 
might be reduced by phytoplankton were tested and applied in this thesis. 
Those proxies were the phytoplankton carbon share in TOC (Cphyto:TOC ra-
tio), the mass ratio of Chla to total organic carbon (Chla:TOC ratio), the ratio 
of GPP to ER (GPP:ER ratio), and the total phosphorus concentration (TP). 

Using the Cphyto:TOC ratio as proxy for a pCO2 reduction by phytoplankton 
is based on two assumptions. In waterbodies with high TOC, CO2 production 
by mineralization of organic carbon is high, and CO2 uptake by phytoplankton 
becomes more important in waters with high phytoplankton biomass. Follow-
ing this line of thought, CO2 uptake by phytoplankton would be the more rel-
evant for the CO2 budget of a waterbody, the greater the Cphyto:TOC ratio be-
comes. Indeed, relating Cphyto to the pCO2 in 126 Swedish lakes, a significant 
negative relation was only observed in lakes with a high Cphyto:TOC ratio (pa-
per II). Those were lakes with a long-term median Cphyto:TOC ratio exceeding 
5%. The significant negative relation between pCO2 and Cphyto in lakes with a 
Cphyto:TOC ratio > 5% indicates that in such lakes the lake water pCO2 might 
be significantly reduced by phytoplankton (i.e., the phytoplankton influence 
might overcome other controls on the pCO2). Thus, the Cphyto:TOC ratio can 
be used as a proxy to identify lakes in which CO2 uptake by phytoplankton is 
important for CO2 dynamics.  

The conceptual notion described in the previous paragraph is even the basis 
for using the Chla:TOC ratio as a proxy to identify inland waters in which 
CO2 uptake by phytoplankton is an important flux (compared to other carbon 
fluxes). Exchanging Cphyto by Chla can be meaningful in studies on a large 
spatial or temporal scale, since Chla measurements are more widely available 
in lakes and rivers on Earth. In this thesis, a close relation between the 
Cphyto:TOC ratio and the Chla:TOC ratio was found, suggesting that even the 
Chla:TOC ratio can be used as a proxy to identify inland waters in which CO2 
uptake by phytoplankton is important for CO2 dynamics (paper III). As de-
scribed for the Cphyto:TOC ratio, a significant negative relation between Chla 
and the pCO2 was observed in lakes with a high Chla:TOC ratio. This is in 
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line with a study showing a negative relation between Chla and the pCO2 in 
eutrophic lakes with high Chla (Balmer and Downing 2011). Since a negative 
relation between Chla and the pCO2 was observed in lakes with high 
Chla:TOC ratio in both the temperate and the sub-/tropical region, the 
Chla:TOC ratio might be used as a proxy on a global scale.  

Another possibility to assess the importance of CO2 uptake by phytoplank-
ton in relation to CO2 production is comparing GPP to ER. GPP is a measure 
for CO2 uptake by primary producers and ER a measure for CO2 production 
by ecosystem respiration. While the Cphyto:TOC ratio and the Chla:TOC ratio 
infer ecosystem carbon fluxes (like CO2 uptake by phytoplankton) from eco-
system state variables (like Cphyto or Chla; for a detailed discussion see paper 
III), GPP:ER ratios are based on calculated or measured carbon fluxes. Using 
carbon fluxes to assess the importance of the CO2 uptake by phytoplankton 
might be more accurate, since CO2 uptake per unit biomass can vary strongly 
(as shown in this thesis in paper IV). On the contrary, GPP and ER fluctuate 
more on short time scales, are more difficult to measure, have a higher meas-
uring uncertainty, and are less frequently available than ecosystem state vari-
ables. Therefore, the Cphyto:TOC ratio and the Chla:TOC ratio might provide 
an easily available first estimate of the importance of CO2 uptake by phyto-
plankton for CO2 dynamics in a lake or river.  

Overall, GPP:ER, Cphyto:TOC, and Chla:TOC all provide information on 
the importance of CO2 uptake by phytoplankton for CO2 dynamics and should 
typically provide similar information. This has in this thesis been shown for 
the GPP:ER ratio and the Chla:TOC ratio, since comparatively high GPP:ER 
ratios in the river Saar coincided with a high Chla:TOC ratio (paper III and 
IV; further described below), and for the Cphyto:TOC ratio and Chla:TOC ratio 
that were closely related in Swedish lakes (paper III). 

Another simple proxy to predict the potential importance of CO2 uptake by 
phytoplankton for CO2 dynamics is nutrient concentration. In this thesis, it 
was tested which lake water physical and chemical variables explain spatial 
variation in the Cphyto:TOC ratio (that has been found to be a good proxy for 
the importance of CO2 uptake by phytoplankton for CO2 dynamics). To find 
the most important drivers for variation in the Cphyto:TOC ratio, a PLS analysis 
including 19 variables was applied (paper II). The PLS showed that the main 
drivers for spatial variation in the lake-specific long-term median Cphyto:TOC 
ratio were TP and ammonium-N, which is in accordance with the paradigm of 
phosphorus and nitrogen as main macronutrients controlling phytoplankton 
production in lakes (Wetzel 2001).  
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Variation in the phytoplankton influence on CO2 
dynamics 
The proxies that were described and tested in the previous sections were in 
this thesis used to survey spatial and temporal variation in the importance of 
CO2 uptake by phytoplankton for CO2 dynamics in inland waters. Spatial var-
iation was analyzed on a regional scale in a temperate river (paper IV) and in 
boreal lakes (paper II), and in both lakes and rivers on a global scale (paper 
III). Temporal variation was analyzed locally in 35 boreal lakes (paper II), and 
on a regional scale in a temperate river (paper IV) and in boreal lakes (paper 
II). 

Regional scale 
Spatial variation in the two-year mean GPP:ER ratio along a 74.4-km river 
reach (Saar, Germany) was small, even though phytoplankton GPP increased 
along the first 26.5 km of the studied reach from 0.18 g C m-3 d-1 to 0.63 g C 
m-3 d-1 (Fig. 4b). Mean ER per measuring station generally followed the de-
velopment in GPP, and daily mean GPP and ER were correlated (Kendall`s 
tau = -0.63, P < 0.0001, n = 1582, paper IV). The GPP:ER ratio over all sta-
tions and days was 0.79, which is high for rivers, since an average ratio of 
0.42 was reported from 37 rivers distributed over different biomes (Finlay 
2011). The high GPP:ER ratio confirms that CO2 uptake by phytoplankton is 
likely an important flux in the CO2 budget of the river Saar, which is in line 
with the result that in river systems with high Chla:TOC ratios CO2 uptake by 
phytoplankton might be important for the CO2 dynamics. The Chla:TOC ratio 
in the Saar (at the measuring station Serrig) was 1.8×10-3, which lies within 
the upper quartile of Chla:TOC ratios found in rivers on Earth (paper III).  

Variation in the GPP:ER ratio within the water column (upper 4 m of the 
water column) followed no coherent pattern (paper IV). However, mean GPP 
was mostly greatest in the 1 m water layer and decreased with depth. This 
provides an explanation for high primary production rates and phytoplankton 
biomass in the Saar. Thermal density stratification that has earlier been docu-
mented to occur on a daily basis in the impoundments along the Saar (Becker 
et al. 2010) provides favorable conditions for phytoplankton. The strong in-
crease in GPP along the river suggests that the immense morphological 
changes caused by the dams stimulate phytoplankton GPP, which is in accord-
ance with the predictions for plankton development above dams in the serial 
discontinuity concept (Ward and Stanford 1983). 
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Figure 4. Conceptual figure showing the connection between paper III and paper IV. 
(a) Simplified graphic showing regions on Earth in which CO2 uptake by phyto-
plankton in rivers might be important for CO2 dynamics. (b) Simplified graphic vis-
ualizing the increase in CO2 uptake by phytoplankton along a series of impound-
ments in a temperate river (Saar, Germany). The Saar is located in the temperate re-
gion that has in paper III been identified as a region in which CO2 uptake by phyto-
plankton in rivers might be important for CO2 dynamics. Paper IV describes factors 
that result in an increased CO2 uptake by phytoplankton along the river and might 
cause a comparably high ratio of phytoplankton gross primary production to ecosys-
tem respiration. 

Spatial variation in the importance of CO2 uptake by phytoplankton for CO2 
dynamics in boreal lakes was analyzed using the lake-specific long-term me-
dian Cphyto:TOC ratio from 126 lakes, as well as TP measurements from 3177 
lakes (paper II). Cphyto:TOC ratios found in most Swedish lakes were low (< 
5%), which suggests that even during summer, the importance of CO2 uptake 
by phytoplankton for CO2 dynamics in most boreal lakes was low. This was 
supported by the missing relation between pCO2 and phytoplankton carbon in 
these lakes. The pCO2 in such lakes might mostly be controlled by in-lake 
mineralization of allochthonous organic carbon (Sobek et al. 2005), and hy-
drologic inorganic carbon inflows to lakes (Weyhenmeyer et al. 2015). This 
means that boreal lakes might mostly function as passive open channels or 
intermediate active carbon transformers (Figs. 3a and 3b).  

In 9% of 126 boreal lakes, the lake-specific long-term median Cphyto:TOC 
ratio exceeded 5%. The pCO2 and phytoplankton carbon were significantly 
related in those lakes (paper II). This suggests that the pCO2 can be signifi-
cantly reduced by phytoplankton (i.e., the phytoplankton influence might 
overcome other controls on the pCO2) in boreal lakes, when water tempera-
tures and nutrient levels are comparably high (Fig. 3b). Such lakes were 
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mostly located in the hemi-boreal region of southern Sweden and might be 
considered as a sub-group of the lakes defined as active carbon transformers 
(Figs. 3a and 3b). 

Using TP as a predictor for the phytoplankton influence on CO2 dynamics 
in Swedish lakes showed that 16% of 3177 Swedish lakes provide nutrient 
conditions at which the lake water pCO2 might be significantly reduced by 
phytoplankton (i.e., the phytoplankton influence might overcome other con-
trols on the pCO2). However, it has to be considered that not in all of these 
lakes CO2 uptake by phytoplankton will be important for CO2 dynamics, since 
other factors than nutrient conditions might limit phytoplankton as well. 

Global scale 
Analyzing spatial variation in the Chla:TOC ratio in 125 lakes distributed over 
five continents showed that in 0%, 24%, and 39% of lakes in the cold, tem-
perate and sub-/tropical region, respectively, CO2 uptake by phytoplankton 
might be important for CO2 dynamics (i.e., these lakes showed high Chla:TOC 
ratios; paper III). The Chla:TOC ratio differed significantly between the cold, 
temperate, and sub-/tropical region (Kruskal-Wallis test, P < 0.0001, paper 
III). An increasing phytoplankton share in TOC from the cold to the temperate 
region is in line with an increasing phytoplankton production towards lower 
latitudes (Lewis Jr 2011). 

There was no significant difference in the average Chla:TOC ratio between 
the sub-/tropical and temperate region (pairwise Wilcoxon test, P > 0.05, 
Holm-Bonferroni corrected for three observations, paper III). This might be a 
consequence of high allochthonous organic carbon inputs to lakes in the sub-
/tropical region, so that the Chla:TOC ratio might be similar to that in the 
temperate region, even if the phytoplankton productivity in the sub-/tropical 
region is greater. 

Analyzing spatial variation in the Chla:TOC ratio in 61 rivers on a global 
scale showed that in 0%, 20%, and 5% of rivers in the cold, temperate, and 
sub-/tropical region, respectively, CO2 uptake by phytoplankton might be im-
portant for CO2 dynamics (i.e., these rivers showed high Chla:TOC ratios; 
paper III). CO2 uptake by phytoplankton has recently been described as an 
important flux in a eutrophic, temperate river (Yoon et al. 2017), where pCO2 
and Chla were negatively related. In such river systems, the pCO2 can be sig-
nificantly reduced by CO2 uptake by phytoplankton (i.e., the phytoplankton 
influence might overcome other controls on the pCO2). 
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The influence of scale 
In this thesis, variation in CO2 uptake by phytoplankton was analyzed on a 
regional and global scale. Statistical analyses of spatial data can be biased due 
to the geographical distribution of the data (Dale and Fortin 2002). To test for 
spatial autocorrelation and to evaluate its influence on the analysis, Moran’s I 
index was calculated. Misinterpretation of the relations presented in this thesis 
because of spatial autocorrelation was found to be unlikely (for more details, 
see paper II). To avoid bias resulting from sites being located in close prox-
imity and influencing each other, a test for paired groups (Friedman Rank 
Test) was used (for more details, see paper IV). 

Analysis of variation in ecosystem properties on large spatial scales is often 
associated with limitations in temporal resolution (Stanley et al. 2019; paper 
III). Within this thesis, limitations in temporal resolution were met by using 
long-term median values from up to 21 years (paper II), average values from 
different years or months (paper III), and by combining large scale spatial 
analysis with high-frequency measurements (paper II, III and IV). As spatial 
variation in lake properties on a regional scale has been found to be greater 
than annual temporal variation (Soranno et al. 2019), the temporal resolution 
of the data used in this thesis did most likely not bias the results and conclu-
sions on a spatial scale. 

In sum, the importance of CO2 uptake by phytoplankton for CO2 dynamics 
in lakes seems to follow a general gradient in temperature, light and nutrients. 
This has been shown in this thesis for both Swedish lakes along a latitudinal 
gradient from 55 to 68°N (paper II) and for lakes on a global scale (paper III, 
Fig. 3c). However, variation between individual lakes was larger than differ-
ences between regions and was probably driven by local environmental con-
ditions (paper II and III). This is in line with the proposition that spatial vari-
ation in lake ecosystem properties on a large spatial scale is explained by both 
local and regional components (Soranno et al. 2019).  

Spatial variation in CO2 uptake by phytoplankton in rivers on Earth differed 
from the pattern found for lakes (Figs. 3c and 4a), and possible reasons for 
this difference are discussed in paper III. Along a 74.4-km river reach, spatial 
variation in the importance of CO2 uptake by phytoplankton for CO2 dynamics 
(assessed as GPP:ER ratio) was found to be small, even if phytoplankton GPP 
within the studied reach increased by a factor of 3.5 (paper III). This suggests 
that even if phytoplankton production along a river varies, the importance of 
phytoplankton for CO2 dynamics might be similar throughout the system, 
since phytoplankton production is closely coupled to other carbon transfor-
mation processes like organic carbon mineralization. Thus, rather the overall 
environmental conditions (e.g., nutrient conditions, hydrology, catchment 
characteristics, morphology, and climate) of a freshwater ecosystem might de-
termine if phytoplankton is important for the CO2 dynamics, and to a lesser 
extent variation within the system.  
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Temporal scale 
The focus of this thesis was on spatial variation in CO2 uptake by phytoplank-
ton, but in boreal lakes (paper II) and in a temperate river (paper IV) even 
temporal trends were analyzed. In two out of 35 boreal lakes the importance 
of CO2 uptake by phytoplankton for CO2 dynamics (assessed as Cphyto:TOC 
ratio) increased over a period of 21 years, while a decrease was found in three 
out of 35 lakes. Considering 126 lakes over a period of 18 years, a significant 
decrease in the median Cphyto:TOC ratio over all lakes was observed (Kendall’s 
tau = −0.54, P = 0.0017, paper II), but the number of lakes with a high 
Cphyto:TOC ratio (ratio > 5%) did not change significantly. Thus, temporal 
trends in the importance of CO2 uptake by phytoplankton for CO2 dynamics 
in boreal lakes are currently not pointing into any direction. Browning might 
suppress phytoplankton production (Hessen et al. 2017), but the overall effect 
of climate change on the role of phytoplankton in biogeochemical cycling is 
currently uncertain (Winder and Sommer 2012).  

Analyzing intra-annual and inter-annual variation in the temperate river 
Saar, the average GPP:ER ratio was found to vary between months and years, 
but a coherent temporal pattern in the GPP:ER ratio was not apparent (paper 
IV). Consequently, to conclude on temporal patterns in the importance of CO2 
uptake by phytoplankton for CO2 dynamics in lakes and rivers further inves-
tigations are needed.  
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Conclusions 

The aim of this thesis was to investigate the role of CO2 uptake by phytoplank-
ton for CO2 dynamics in lakes and rivers on a regional and global scale. The 
key findings (bullet points) in relation to the main hypotheses (in bold) are 
summarized below. 

CO2 uptake by phytoplankton is a significant flux in inland water CO2 
budgets on a regional and global scale.  

 Comparably high GPP:ER ratios in an impounded temperate river 
indicated that CO2 uptake by phytoplankton measurably influenced 
the CO2 budget of the river (paper IV). 

 CO2 uptake by phytoplankton is a significant flux (i.e., within the 
same order of magnitude as other carbon fluxes) in the global DIC 
budget of inland waters (paper I). 

The importance of CO2 uptake by phytoplankton for CO2 dynamics in 
inland waters is predictable by easily available water physico-chemical 
and biological variables. 

 A simple proxy for identifying inland waters in which CO2 uptake 
by phytoplankton measurably influences the CO2 dynamics has 
been determined: the phytoplankton share in TOC (paper II). 

 Alternative proxies that were successfully tested and used to ana-
lyze the importance of CO2 uptake by phytoplankton for CO2 dy-
namics were the mass ratio of Chla to TOC, the ratio of GPP to ER, 
and the total phosphorus concentration (paper II, III, and IV). 

The importance of CO2 uptake by phytoplankton for CO2 dynamics in 
inland waters shows significant spatial and temporal variation in relation 
to environmental conditions. 

 CO2 uptake by phytoplankton was of minor importance for CO2 dy-
namics in cold regions (paper II and III). 

 CO2 uptake by phytoplankton can reduce the pCO2 even in rela-
tively nutrient-poor hemi-boreal lakes when water temperature and 
nutrient levels are comparably high (paper II). 

 In the temperate and sub-/tropical region, CO2 uptake by phyto-
plankton might be important for CO2 dynamics in about 20% to 
40% of lakes (paper III). 
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 CO2 uptake by phytoplankton in rivers on Earth might be primarily 
important for CO2 dynamics in temperate rivers (paper III). 

 The overall environmental conditions (e.g., nutrient conditions, hy-
drology, catchment characteristics, morphology, and climate) of a 
freshwater ecosystem might determine if CO2 uptake by phyto-
plankton is important for the CO2 dynamics, and to a lesser extent 
variation within the system (paper II, III, and IV). 

 Nutrient levels and geographic location determine spatial variation 
in the importance of CO2 uptake by phytoplankton for CO2 dynam-
ics in lakes on a regional and global scale (paper II and III). 

 Geographic location and morphology might influence the im-
portance of CO2 uptake by phytoplankton for CO2 dynamics in riv-
ers (paper III and IV). 

Future research directions that arise from the results in this thesis are in detail 
described in paper I and paper III, and are summarized below. Estimates of 
the size of CO2 uptake by phytoplankton in inland waters on a regional and 
global scale are currently highly uncertain (paper I) and future studies should 
refine estimates of this flux. Here, even CO2 uptake by benthic algae and mac-
rophtyes should be considered to include CO2 uptake by all primary producers 
in inland waters (paper III). Moreover, the origin of the CO2 that is taken up 
by phytoplankton is currently highly uncertain (Drake et al. 2018). As most 
inland waters are supersaturated with CO2, most of this CO2 might be of ter-
restrial origin, but the proportion of atmospheric derived CO2 that is taken up 
by phytoplankton is currently unknown, and should be quantified (paper I). 
Further, the fate of the carbon (burial or re-mineralization) that has been trans-
formed into biomass is highly uncertain over large spatial scales and should 
be quantified (paper III). 

Carbon flux estimates over large spatial scales rely currently often on in-
terpretation of ecosystem state variables (e.g., Chla or DOC; Soranno et al. 
2019), and future studies should increasingly integrate flux measurements into 
such estimates (paper III). In this connection, the application of the Cphyto:TOC 
ratio and the Chla:TOC ratio could be further validated, by determining the 
ratios as well as the pCO2, CO2 consumption and CO2 production in high tem-
poral resolution in a number of lakes and rivers. This would allow describing 
strengths and limitations of these proxies in more detail. Finally, classifying 
all inland waters on Earth according to their functioning in carbon cycling 
(Fig. 3a) might help to assess their role in the global carbon cycle more accu-
rately, and using simple proxies for classification could be one step towards 
this goal (paper I, II and III).  
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Sammanfattning på Svenska 

Inlandsvatten innehåller stora mängder koldioxid och är på så sätt en viktig 
del i den globala kolcykeln. Med global kolcykel avses den globala transpor-
ten, omvandlingen och lagringen av kol på jorden. Kol finns i form av koldi-
oxid och metan i atmosfären och bidrar där till det som kallas för växthusef-
fekten. Växthuseffekten är avgörande för jordens temperaturbalans, men om 
koldioxidhalten i atmosfären blir för hög kan det leda till ökad uppvärmning 
av jorden, vilket har skett under de senaste årtiondena. Ett led i den globala 
kolcykeln är att koldioxid från atmosfären omvandlas till organiskt kol via 
fotosyntes. Därmed blir koldioxid omvandlad till växtbiomassa som, när väx-
terna dör, bryts ner och genom mikrobiella processer i marken igen omvandlas 
till bland annat koldioxid. Koldioxid från marken kan hamna i atmosfären el-
ler tillföras till inlandsvatten och sedan transporteras med vattnet genom land-
skapet. Kol förekommer i inlandsvatten i organisk och oorganisk form och 
kan omvandlas från den ena till den andra formen. I organisk form kan kol i 
inlandsvatten lagras i sediment och som oorganiskt kol avges från vattenytan 
till atmosfären. En del av kolet i inlandsvatten transporteras via vattendrag 
vidare till havet och kan där igen blir omvandlat, lagrat i sediment eller avges 
till atmosfären. På så sätt transporteras kol i olika molekylära former igenom 
alla delar av jorden, ett kretslopp som kallas för den globala kolcykeln.  

Eftersom inlandsvatten bara täcker en liten andel av jordens yta, har dess 
betydelse i den globala kolcykeln länge antagits vara försumbar. Under de 
senaste årtiondena har man dock insett att inlandsvatten bidrar oproportioner-
ligt mycket till den globala kolcykeln, med avseende på dess yta. Detta beror 
på att mycket kol tillförs inlandsvatten från omkringliggande terrestra ekosy-
stem och kolomvandlingsprocesserna i vattnet sker snabbt och i hög intensitet. 
Denna kunskap ledde till insikten att koltransport och -omvandling i inlands-
vatten måste förstås bättre så att de kan integreras i globala modeller för kol-
dioxidtransport mellan land, ocean och atmosfär. Sådana modeller är av stor 
betydelse för att bedöma och förutse miljö- och klimatförändringar på jorden. 
För att inlandsvatten ska kunna simuleras i sådana modeller behöver man få 
en detaljerad förståelse för hur de olika omvandlingsprocesserna i sjöar och 
vattendrag fungerar och hur de varierar mellan olika regioner på jorden.  

Som inledningsvis beskrivits fungerar inlandsvatten som en koppling mel-
lan terrestra ekosystem och haven. Vattnet som rinner genom sjöar och vat-
tendrag transporterar kemiska ämnen. Många av de kemiska ämnen som trans-
porteras med inlandsvatten innehåller kol som kan omvandlas från oorganisk 
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kol till organisk kol och vice versa. Växtplanktons upptag av koldioxid från 
vattnet är ett exempel på en sådan omvandlingsprocess. Till växtplankton rä-
knas mikroskopiska alger och vissa bakterier som har gemensamt att de svävar 
i vattnet, transporteras med strömningar och har förmågan till fotosyntes. 
Växtplankton omvandlar oorganisk kol (koldioxid) till organisk kol genom 
fotosyntes.  

De flesta inlandsvatten på jorden är övermättade med koldioxid. Med över-
mättade menar man att koldioxidhalten i vattnet är högre än i atmosfären. 
Detta beror på att koldioxid bildas i inlandsvatten till exempel genom respi-
ration och mikrobiell nedbrytning och tillförs från marken via grundvattnet. I 
vissa sjöar och vattendrag kan växtplanktons koldioxidupptag leda till en mät-
bar minskning av koldioxidhalten i vattnet. Sedan tidigare vet man att bety-
delsen av växtplanktons koldioxidupptag för koldioxidhalten varierar mellan 
olika sjöar och vattendrag, då deras effekt kan konkurreras ut av andra proces-
ser. På den regionala och globala skalan finns dock lite kunskap kring i vilken 
utsträckning koldioxidhalten i vattnet påverkas av växtplanktons koldioxid-
upptag och hur mycket detta varierar mellan olika sjöar och vattendrag. Därför 
handlar denna avhandling om betydelsen av växtplanktons koldioxidupptag 
för kolcykeln i inlandsvatten på regional och global skala och dess rumsliga 
variation. I de olika kapitlen i denna avhandling studeras: 

 
 hur valet av antaganden om kolomvandlingsprocesser i sjöar påver-

kar beräkningar av oorganisk koltransport från terrestra ekosystem 
till inlandsvatten.  

 under vilka miljöförhållanden koldioxidhalten i vattnet betydligt 
minskar på grund av växtplanktons koldioxidupptag och hur detta 
varierar mellan olika sjöar och vattendrag på jorden, 

 i detalj hur växtplanktonproduktionen varierar längs en uppdämd 
älv med flera dammar under en tidsperiod av flera månader. 

Inom det första projektet i denna avhandling utvecklades en teoretisk modell 
som beskriver omsättningen av kol i olika sjöar och som kan hjälpa att besk-
riva variation i kolomsättningen mellan sjöar. Sedan användes denna modell 
för att visa hur beräkningar för transport av oorganisk kol från terrestra eko-
system till inlandsvatten på global skala påverkas av olika antaganden om 
kolomsättning i sjöar. För detta användes uppskattningar av koldioxidom-
vandling och -transport på global skala från litteraturen och det genomfördes 
en sensitivitetsanalys med hjälp av den teoretiska modellen. På så sätt visades 
osäkerheter i uppskattningar för transport av oorganisk kol från terrestra eko-
system till inlandsvatten. Vidare påvisades betydelsen av växtplanktons kol-
dioxidupptag för sådana uppskattningar på global skala.  

I det andra projektet analyserades vattenkemin och -biologin i 126 av Sve-
riges sjöar under en 21-årsperiod. Detta gjordes för att kunna identifiera sjöar 
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i vilka växtplanktons koldioxidupptag hade en betydande påverkan på koldi-
oxidhalten i vattnet. För analysen beräknades bland annat kolandelen i växt-
planktons biomassa och den totala organiska kolhalten i vattnet och dessa re-
laterades sedan till koldioxidhalten i vattnet. Statistiska modeller användes för 
att uppskatta vilka vattenkemiska parametrar som mest styrde växtplanktons 
påverkan på koldioxidhalterna. För att göra prognoser med hjälp av de funna 
resultaten användes mätdata från sammanlagt 3177 svenska sjöar. 

I det tredje projektet gjordes en metaanalys, det vill säga en studie baserad 
på ett flertal vetenskapliga publikationer, för att dra mer långtgående slutsatser 
baserat på resultat från andra studier. För detta användes publicerad data av 
klorofyll a (växtpigment som fångar solenergi till fotosyntes) och den totala 
organiska kolhalten uppmätt i 61 vattendrag och 125 sjöar i olika regioner på 
jorden. Dessa data användes för att visa skillnader i koldioxidminskning i 
olika sjöar och vattendrag orsakad av växtplanktons koldioxidupptag. Skill-
nader detekterades genom att applicera ett enkelt index för växtplanktons kol-
dioxidupptag som utvecklades i den andra studien.  

I det fjärde projektet analyserades vattenkemiska och -biologiska data som 
uppmättes med hög frekvens på sex mätstationer längs en uppdämd älv i västra 
Tyskland. Avsnittet av älven som studerades var 74,4 km långt och inklude-
rade sex dammar. Dammarna gör att vattnet i älven flyter betydligt långsam-
mare jämfört med innan uppdämningen. Älven är dessutom rik på näringsäm-
nen vilket tillsammans med den minskade flödeshastigheten kan leda till 
starka växtplanktonblomningar. När växtplankton blommar upptas mer koldi-
oxid från vattnet och omvandlas till biomassa. I vår studie uppskattade vi växt-
planktons koldioxidupptag med en metod som är baserad på analys av syre-
halten i vattnet under dagens lopp. När växtplankton använder koldioxid till 
fotosyntes produceras syre. Ju intensivare växtplanktonproduktionen är desto 
mer syre produceras. Om man mäter syrehalten i vattnet kan man baserat på 
hur mycket syre som producerades under ett dygn uppskatta hur mycket kol-
dioxid som omvandlades till biomassa. Eftersom mätningarna gjordes på sex 
olika ställen under en längre tid hade vi möjlighet att jämföra hur växtplank-
tons koldioxidupptag skiljde sig med avseende på tid för mätning och position 
i älven.  

Resultaten i denna avhandling visar att växtplanktons koldioxidupptag är 
en relevant kolomvandlingsprocess i inlandsvatten på regional och global 
skala. Dess betydelse för kolbalansen i inlandsvatten varierar dock betydligt 
mellan sjöar och vattendrag. Med hjälp av omfattande mätdata från svenska 
sjöar utvecklades ett enkelt index för att identifiera sjöar i vilka koldioxidhal-
ten i vattnet kan antas minskat som följd av växtplanktons koldioxidupptag. 
Indexet består av kvoten mellan växtplanktons biomassa och den totala orga-
niska kolhalten i vattnet. Om denna kvot är hög, är sannolikheten större att 
växtplankton påverkar koldioxidhalten i vattnet. För att kunna förstå vilka mil-
jöprocesser som påverkar indexet mest analyserades vattenkemiska paramet-
rar med hjälp av statistiska modeller. Det visade sig att halten av fosfor och 
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kväve i vattnet påverkar storleken av indexet mest. I nästa analys användes 
sedan indexet för att kartlägga koldioxidminskningen orsakad av växtplankton 
i sjöar och vattendrag på jorden. Användandet av indexet gav möjlighet att 
göra en första uppskattning av växtplanktons betydelse för koldioxidhalten i 
vattnet för ett större antal sjöar och vattendrag på jorden. Uppskattningen gjor-
des med hjälp av indexet, eftersom mätningar av kolomsättningen i sjöar och 
vattendrag är tidskrävande och därför inte är möjliga att göra i ett stort antal 
sjöar och vattendrag.  

För att bättre förstå varför indexet var jämförelsevis högt i vissa vattendrag 
i den tempererade ekoregionen, studerades en uppdämd älv i den tempererade 
ekoregionen mer noggrant (det fjärde projektet i denna avhandling). Det var 
en älv med flera dammar i västra Tyskland. Flera på varandra följande dam-
mar kan leda till en ökad växtplanktonproduktion längs älven. Vidare leder 
uppdämningen till att vattnet i älven delvis stratifieras, något som man tidigare 
har bara observerat i sjöar och vattenmagasin. Stratifiering kan gynna växt-
planktonproduktionen i älven, eftersom den leder till att växtplanktons ljusex-
ponering förbättras. Det viktigaste resultatet av denna studie var att växtplank-
tonproduktionen ökade kraftigt mellan den första och den tredje dammen och 
sedan stannade på hög nivå under resten av sträckan som undersöktes. Vår 
analys kunde belysa några processer som kan vara av betydelse för höga in-
dexvärden i älvar som ligger i tätbebyggda regioner.  

När man studerar miljöprocesser på stor rumslig skala behöver man alltid 
ta beslut om vilken detaljnivå som krävs för att åstadkomma meningsfulla re-
sultat. Ju större rumslig skala som studeras desto mindre detalj kan inkluderas, 
eftersom mätning av miljödata alltid innebär kostnader och tidsåtgång. Därför 
är prognoser på global skala mer sällsynta än prognoser för en eller några 
sjöar. I denna avhandling fokuserades på processer på stor rumslig skala och 
ett möjligt tillvägagångssätt för att uppskatta växtplanktons betydelse för kol-
dioxidomvandling i inlandsvatten på regional och global skala presenterades. 
Slutligen gjordes för första gången en uppskattning av växtplanktons bety-
delse för koldioxidhalten i inlandsvatten på global skala baserad på enkla vat-
tenkemiska och -biologiska parametrar. Denna uppskattning visade att de ak-
tuella globala modellerna för koltransport i inlandsvatten behöver revideras 
genom att inkludera växtplanktons koldioxidupptag. En sådan revidering är 
avgörande för en korrekt uppskattning av jordens koldioxidkällor och -sänkor.  
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