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Abstract 

Algae are primary producers, a major component of the aquatic foodweb, 
and changes in primary production affect aquatic ecology in general. 
Global changes such as warming, recovery of acidification and changes in 
land-use have caused warming and browning of northern lakes. Warming 
is a direct effect of increasing air temperatures, whereas browning is 
mainly caused by increasing amounts of terrestrially derived colored 
dissolved organic carbon (DOC). Altogether, such global changes impact 
important environmental drivers for aquatic gross primary production 
(GPP). Increased temperatures and nutrient supplementation associated 
with DOC at low concentrations enhance GPP, but the browning by DOC 
at high concentrations inhibits GPP by light reduction, resulting in 
contrasting controls of global changes on primary production in northern 
lakes. Primary producers grow in two distinct habitats; free-floating algae 
(phytoplankton) and stationary periphytic (attached) algae that are 
restricted to use the light that reaches them. Periphyton includes algae 
growing on submerged surfaces ranging from nutrient-poor rocks to 
nutrient-rich sediments (here: benthic algae), and both often exceed 
pelagic GPP but are overlooked and often simply excluded from algal 
biomass estimates. 

In this thesis, I investigate how global change influences key 
environmental drivers of GPP, and how those changes impact GPP in the 
benthic and pelagic habitat, and the sum and partitioning of GPP between 
these habitats (the autrotrophic structuring). I do this by interpreting a 
dataset with GPP measurements in several lakes over the Swedish Arctic, 
subarctic and boreal landscape that represent a wide range of DOC 
concentrations. I also assess to what extent temperature and DOC impact 
periphytic algae growth on plastic strips in an experimental study where 
DOC and temperature are manipulated in 16 ponds. Besides assessing the 
direct impacts of changes in nutrients and light climate associated with 
changes in DOC, I assess indirect impacts of global changes on primary 
production, e.g., through intensified warming, CO2 supersaturation, 
changes in pH, and the role of landscape processes and properties. 

Results confirm that DOC is dominant in structuring GPP in northern 
lakes by light inhibition, nutrient supplementation, indirect warming of 
surface waters, and additionally by CO2 fertilization. In addition, warming 
can enhance algal growth, but thermal compensation can also lead to 
reduced algae growth. Moreover, periphytic GPP of algae growing on both 
soft nutrient-rich sediments and nutrient-poor plastic strips GPP was 
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generally much higher than pelagic GPP, and should thus not be ignored 
in studies assessing global change impacts on GPP. DOC affects the total 
GPP, as well as the autotrophic structuring in northern lakes, and likely 
also higher trophic levels productivity and community composition. 
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Abbreviations 

In alphabethic order: 

BAF   Biogeochemical Analytical Facility  

C    carbon 

DIN    dissolved inorganic nitrogen 

DIP    dissolved inorganic phosphorus 

DOC   dissolved organic carbon 

DOM   dissolved organic material  

EXEF    Experimental Ecosystems Facility 

GPP    gross primary production 

MAMSL   meters above mean sea level 

PAR   photosynthetically active radiation 

TN    total nitrogen 

TP    total phosphorus 

Clarification on definitions used in this thesis: 

DOM and DOC are used interchangeably 

Periphyton includes all attached algae 

Benthic algae throughout this thesis refers to periphyton growing on 
nutrient-rich soft sediments found commonly in Swedish lakes. 
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Background 

Lakes play a prominent role in the global carbon cycle, as they are hotspots 
for carbon fixation by algae (i.e., primary producers), and provide energy, 
crucial minerals and biochemical compounds for the rest of the aquatic 
food web (Sterner & Hessen, 1994; Vander Zanden et al., 2011). Due to 
global changes, surface waters throughout the northern hemisphere have 
been rapidly warming (O’ Reilly et al., 2015) and receiving increasing 
concentrations of colored dissolved organic carbon and material (DOC 
and DOM) over the last decades, resulting in browning of waters (Roulet 
& Moore, 2006). A central hypothesis in current literature and in this PhD 
thesis is that DOC enhances primary production at lower concentrations 
by supplementing nutrients, but inhibits primary production by light 
reduction at higher concentrations (Ask et al., 2009; Rivera Vasconcelos 
et al., 2018; Seekell et al., 2015). At the same time, warming can influence 
primary production by affecting algae growth rates (Bergström et al., 
2013; Lürling et al., 2013). These multiple and contrasting impacts of 
global changes on primary production have cascading effects on the rest 
of the food web (Karlsson et al., 2009; Solomon et al., 2015). 

Global changes in northern lakes  

Globally, lakes at northern latitudes receive increasing amounts of 
terrestrially derived DOM, with the exception of some places in east 
America (Evans et al., 2005; Monteith et al., 2007; Roulet & Moore, 
2006). Increases in DOC are linked to recovery from acidification 
(Monteith et al., 2007), warming, wetting (increased river-discharge and 
precipitation during summer), catchment greening (Finstad et al., 2016) 
or changes in land-use (Kritzberg et al., 2020) that induce altered soil 
dynamics potentially leading to the release of DOC stored in these soils 
(Evans et al., 2005; Pagano et al., 2014). In addition, metals such as iron 
and aluminum have the potential to bind organic material and mobilize 
DOC (Monteith et al., 2007), especially under wet conditions (Emsens et 
al., 2016). In contrast to terrestrially-derived DOC entering lakes, within 
lakes DOC can be produced internally by aquatic primary production 
(Jenny Ask, 2010; Livanou et al., 2017). DOM is a complex mixture of 
variable quality (composition) and bioavailability of accompanying 
carbon (Berggren et al., 2010) and accompanying nutrients (Isles et al., 
2020; Soares et al., 2017). DOM and dissolved (<0.45 µm) organic carbon 
(DOC) are often used interchangeably, where DOC is the carbon fraction 
of DOM which excludes nutrients and other substances. Because carbon 
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is used as currency for organic biomass, DOC is most often used within 
literature, and will be used throughout this thesis.  

Also throughout Fennoscandia lake DOC concentrations have increased 
over the past years (1990-2013), except for in mountainous areas (de Wit 
et al., 2016; Isles, Creed, & Bergström, 2018). In Fennoscandia the 
decrease of acid deposition is caused by a recovery of sulfuric deposition 
(a decrease of 15-59% between 1990 and 2008; de Wit et al., 2016; Garmo 
et al., 2014; Skjelkvåle et al., 2001), and by reduced nitrate depositions (de 
Wit et al., 2007). Wetting causes increased fluxes of terrestrially derived 
DOC to freshwater systems (de Wit et al., 2016), and wetting combined 
with warming has resulted in increased terrestrial vegetation (“greening”) 
in northern boreal areas, which further increases the influx of terrestrially 
derived DOC into lakes (Finstad et al., 2016). Additionally, earlier land-
use changes (starting 1450-1600 AD) such as cultivation and grazing 
(Meyer-Jacob et al., 2015), but also modern land-use shifts from 
agriculture to forestry (Kritzberg, 2017; Škerlep et al., 2020) facilitated 
DOC inputs to aquatic ecosystems throughout Fennoscandia. Moreover, 
throughout Sweden high iron contents occur naturally in soils, and 
concomitant increasing iron concentrations additionally color the waters, 
which is most pronounced in Northern Swedish waters and explains up to 
74% of the water color variation (Kritzberg & Ekström, 2012; Kritzberg et 
al., 2020).  

Alltogether, climate change impacts reflected by increasing DOC 
concentrations impact the water physio-chemistry, by supplementing 
nutrients and reducing the light availability and thus impact key drivers 
for algea (Kritzberg et al., 2020; Seekell et al., 2015; Solomon et al., 2015). 
DOC quantity and quality (color and nutrient content) vary over the 
landscape and relate to hydrological processes (Kothawala et al., 2014) 
and  landscape properties (Berggren, Laudon, & Jansson, 2007; Isles et 
al., 2020; Kelly et al., 2018). Furthermore, DOC has indirect effects on the 
lake physio-chemistry, as the browning of waters results in additional 
epilimnion warming (and hypolimnion cooling), especially in small and 
shallow lakes, through intensified water column stratification (Houser, 
2006; Bartosiewicz et al., 2016; 2019; Pilla et al., 2018; 2020). In addition, 
DOM is related to CO2 supersaturation of surface waters as UV-
breakdown and bacterial mineralization of DOM generates CO2 (Del 
Giorgio et al., 1999; Sobek et al., 2003; Larsen, Andersen, & Hessen, 2011) 
which is a debated additional driver for GPP (see page 13). Although 
several mechanisms can cause CO2 supersaturation in lakes, terrestrial 
DOM contains humic acids resulting in lower pH in lakes, and is thus 
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specifically important for the CO2 dynamics (Lazzarino et al., 2009; Stets 
et al., 2017; Nydahl, Wallin, & Weyhenmeyer, 2020). 

In conclusion, both direct and indirect impacts of global changes, such as 
the recovery of acidification, changes in land use, warming and altered 
precipitation patterns, have resulted in altered lake physio-chemistry and 
watercolor related to increasing DOM concentrations. These processes 
altogether are mediated by landscape and catchment properties, and have 
the potential to impact primary producers. 

Primary production 

Primary production (or gross primary production (GPP)) refers to the 
process where CO2 is assimilated into biomass through photosynthesis in 
several types of pigments (Graham et al., 2016) while producing O2. 
Primary producers mobilize energy by providing a “sun-based” food 
resource for the rest of the foodweb. Algae are predominantly aquatic 
primary producers and can be classified into several phyla, all with 
different photosynthetic pigments, food storage products, and cell 
covering, which can be regarded as evolutionary adaptations to varying 
environments (Graham et al., 2016). Periphytic algae are attached to 
submerged surfaces with nutrient contents ranging from nutrient-poor 
rocks (epilithic algae, or epilithon) to nutrient-rich sediments (benthic 
algae), whereas pelagic algae (phytoplankton) float freely in the water 
column. Because of this contrasting mobility, periphyton and 
phytoplankton are two distinct algae communities, and these differences 
in physiology and life strategies determine their relation to light, 
nutrients, and environmental variability. Pelagic algae are often more 
nutrient limited and intercept the flux of light from the surface to the 
bottom, whereas benthic algae are often more light limited and intercept 
the flux of nutrients from the sediment to the water column (epipelic) but 
can also use nutrient from the water column (epilithic) (Reynolds, 2008). 
Because of these different drivers, it is of particular interest to understand 
how climate change affects GPP in these habitats, and if those changes 
affect the sum of GPP (periphytic+pelagic) and the partitioning of GPP 
into these habitats (autotrophic structuring).  

Phytoplankton (pelagic GPP) 

Phytoplankton are providers of high quality energy, minerals and 
biochemical compounds for higher consumers, and are thus crucial 
components of aquatic food webs (Sterner & Hessen, 1994; Müller-
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Navarra, 2008; Peltomaa et al., 2017). Phytoplankton are impacted by 
global changes, especially increasing DOM concentrations. Several 
empirical and modelling studies confirm that the tradeoff between light 
and nutrient availability promotes a unimodal distribution of pelagic GPP 
with increased DOC concentrations (Solomon et al., 2015; Vasconcelos et 
al., 2018: Figure 1a-b). Furthermore, recent studies identified that the 
peak of GPP is determined by the ratio of DOC:nutrients, whereas the 
location of the GPP peak along the DOC axis is determined by the light 
climate (Kelly et al. 2018; Bergström and Karlsson, 2019). However, 
warming leads to enhanced growth rates (Lürling et al., 2013), and may 
amplify pelagic GPP at all levels of DOC (Hamdan et al. 2020). Overall, 
DOM is regarded as most dominant driver of pelagic GPP over the 
northern Swedish landscape, and impacts beside light and nutrients are 
often regarded as secondary drivers. 

  

Figure 1. Hypotheses underlying this thesis. Conceptual relationships 
between DOC and (a) nutrients and light (b) pelagic GPP (chapter II) (c) 
benthic (black) and periphytic (grey) GPP (Chapter I & IV, respectively) 
and (d) total lake GPP (Chapter III). 

Periphyton   

Impacts of global changes and DOM on GPP are mostly studied in 
phytoplankton, and effects on benthic GPP are understudied and often 
simply excluded from algal biomass estimates (Vadeboncoeur, Vander 
Zanden, & Lodge, 2002; Vander Zanden & Vadeboncoeur, 2020). 
Conversely, higher consumers in aquatic food webs often rely significantly 
on benthic food sources (Hecky & Hesslein, 1995; Karlsson & Byström, 
2005; Vesterinen et al., 2016). Benthic GPP mostly relates to the fraction 
of incoming light reaching the sediments (i.e., the light climate), and is 
thus constrained by the water color and lake bathymetry (Ask et al., 2009; 
Vadeboncoeur et al., 2008; 2014; Vasconcelos et al., 2019; Figure 1c). In 
addition, temperature enhances benthic algal growth (Andersson & 
Kumblad, 2006; Bjork-Ramberg, 1983; Stanley & Daley, 1976). Benthic 
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epipelic algea can utilize nutrients provided by the substrate it grows on, 
especially in the case of nutrient rich soft sediments (Hansson, 1992; 
Blumenshine et al., 1997; McCormick et al., 2019), and thus nutrient 
limitation is considered unlikely, although debated (see Fork, Karlsson, & 
Sponseller, 2020). Because of the often relatively nutrient-rich conditions 
by soft sediments in addition to the browning of waters, benthic algae in  
northern lakes are considered primarily light-limited, and not nutrient-
limited, implying a fundamentally different light-related growth strategy 
and nutrient regime of benthic versus pelagic phytoplankton, leading to 
different relationships with benthic GPP and DOM (Figure 1b-c). 
Periphyton growing on nutrient-poor substrates, such as rocks or the 
plastic strips used in the experiment (Chapter IV) utilize nutrients from 
the water column, and are more prone to be nutrient limited than the 
benthic epipelon (Figure 1c). Additionally to being light and nutrient 
limited, periphyton growing on nutrient-poor substrates are also 
temperature and nutrient limited (Carr, Morin, & Chambers, 2005; 
Hansson, 1992; Myrstener et al., 2018). 

Hypotheses & aims  

The aim in this thesis was to increase understanding of the contradicting 
impacts of global changes on primary production in northern lakes, in 
both pelagic and benthic habitats. Furthermore, the aim was to 
understand how changes in GPP in these habitats affect the total lake 
primary production (total GPP = pelagic GPP + benthic GPP), and the 
partitioning of GPP into these habitats (i.e. autotrophic structuring= the 
proportion of benthic GPP in total GPP (%); Figure 1d). In addition to 
assessing the direct impacts of changes in nutrients and light climate 
through DOM, the aim was to identify and assess indirect impacts of 
global changes on primary production, e.g. through intensified warming, 
CO2 supersaturation, changes in pH, and the role of landscape properties. 
Furthermore, the aim in this thesis was to assess to what extent the growth 
of both benthic and periphytic algae, which are often neglected in whole-
lake and experimental studies, is impacted by DOM and temperature. This 
thesis complements established concepts that form the basis of the 
hypotheses of this thesis (Figure 1).  
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The thesis contains four chapters, each containing specific objectives: 

Chapter I  
The objective was to identify main constraints and drivers for benthic GPP 
in northern lakes, and to assess inconsistencies in measurements arising 
from 1) differences in upscaling approaches of rates at discrete to lake 
estimates and 2) in situ measurements and model estimates of benthic 
GPP. 

Chapter II 
The objective was to identify key environmental drivers of pelagic GPP, 
and to assess the extent of additional DOC-induced warming of epilimnia 
(internal warming). This extensive and detailed dataset is used to infer 
effects of global changes on pelagic GPP. 

Chapter III 
The objective was to understand how catchment properties (air 
temperature, land cover, and hydrology) affect lake physio-chemistry and 
patterns of total GPP and autotrophic structuring in northern lakes. 

Chapter IV 
The objective was to understand (interactive) impacts of colored DOC and 
warming on periphytic algae growth, and if the periphyton growth and 
nutrient utilization can affect nutrient availability for phytoplankton.  
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Materials and Methods 

The four chapters in this thesis cover a survey, including compiled data 
supplemented with original data (I-III) and an experimental study (IV). 
The chapters presenting the survey are based on overlapping in situ 
enviromental data combined with (I) benthic GPP, (II) pelagic GPP, or 
(III) combined benthic and pelagic GPP with additional catchment 
characteristics (hydrology, land cover) obtained from GIS-analyses. Data 
sources used for the compilation can be found in Ask et al., (2009ab; 2012; 
pelagic and benthic GPP), and in Deininger et al. (2017ab) and Karlsson, 
Jonsson, & Jansson (2001); pelagic GPP. 

Study area and design 

The survey (I-III) is conducted in three regions in northern Sweden 
(Figure 2a) covering the alpine-Arctic, subarctic and boreal biomes 
(AMAP, 1998). The three study regions have variable elevation gradients 
and vegetation cover, with catchments comprising mostly open areas 
above the tree line in the Arctic (270-933 m above mean sea level 
(mamsl)), equal amounts of open areas and wetlands in the subarctic 
(578-655 mamsl), and coniferous vegetation in the boreal (238-336 
mamsl; Figure 2b-d; specifics in Chapter III).  

 
 Figure 2. (a) The three study regions and lakes located in northern 
Sweden, and pictures of the landscape of the (b) Arctic, (c) boreal and (d) 
surbarctic study sites. 
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The experimental study (IV) is performed at the Experimental Ecosystem 
Facility (EXEF), maintained by Umeå University, Sweden, and located in 
the boreal region (Figure 1c) just outside Umeå. EXEF contains 20 ponds 

that are naturally functioning ecosystems, containing a soft benthic habitat 

and naturally occurring primary producers and invertebrate consumers. 

EXEF was subjected to a 4x2 factorial design that included four increasing 

DOC categories (duplicates) and warming (+2℃), resulting in eight 

treatments (Table 1; Figure 3). The remaining four ponds were used to 

separate the warmed pond from the ambient ponds. The DOC gradient was 

created by combining DOC-rich water (18.5 mg L-1) derived from the 

small boreal river Hörneån located 45 km northwest of EXEF, with local 

tap water (control treatment). 

 

Figure 3. EXEF (left), and water of the control treatment (right top) and 
of the DOC-rich Hörneån (right bottom). 

Sampling dates 

All chapters include summer measurements (June-August), in the survey 
these are compiled from variable years. In Chapter I-III single 
midsummer measurements represented lake values, and sampling years 
ranged from 1999-2019. Specifically, Arctic lakes were sampled between 
2005-2006 (I&III) or in 1999, 2005, and 2006 (II), boreal lakes were 
sampled in 2006-07, 20011-12, 2017 or 2019 (I&III), or 1999 and 2005-
06 (II), and subarctic lakes were sampled in 2017. In Chapter I, summer 
seasonal averages of benthic GPP were taken if available (3-5 seasonal 
measurements; 11 out of 27 lakes). For Chapter III only midsummer 
bentic GPP was included, measured at the same date pelagic GPP was 
measured.  
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The experiment (IV) took place during summer 2018. Temperature was 
monitored continuously, and water physio-chemistry (DOC, TN, TP, DIN, 
DIP, pH, light profiles) was measured every three weeks. Periphyton and 
phytoplankton were measured three times (6 July, 25 July and 30 August 
2018) during summer. 

Methods 

All waterchemistry is analysed at the Biogeochemical Analytical Facility 
(BAF) at Umeå University (I-IV). Dissolved components (DOC, DIN, and 
DIP) are measured as particles <0.45 μm (Nebbioso & Piccolo, 2013). 
Daily PAR was collected from local weather stations installed next to 
EXEF or the lake, or acquired from open databases (Laudon et al., 2021; 
SMHI, website). For each lake in the survey, bathymetry was acquired 

through integrated GPS and echo-sounding depth measurements. 

All GPP measurements were performed in situ. Benthic GPP (I&III) was 
measured using the DIC-method or the Dome-method, and pelagic GPP 
was measured using a 14C isotopic tracer as described in Schindler, 
Schmidt, & Reid (1972). The DIC-method has been previously described 
(Ask et al., 2009ab, 2012), and the dome-method is based on previously 
described methods (Godwin et al., 2014), but in its presented form is a 
new method. All methods rely on net ecosystem production (NEP) 
measurements, acquired in separated incubation chambers by tracking 
changes in the production or consumption of gasses (O2 or DIC; benthic), 
or by measuring carbon incorporation directly (pelagic), and by assuming 
that GPP equals NEP plus respiration (R), with R being derived from 
measurements in the dark (equation 1). 

𝑁𝐸𝑃 = 𝐺𝑃𝑃 + 𝑅  Equation 1 

For the DIC-method (I&III), intact sediment cores with overlaying water 
were collected in incubation tubes using a gravity corer on three or five 
depths (triplicate measurements at the shallowest depth) with even depth 
intervals between the depths (Figure 2a). The water- and air-tight tubes 
were incubated at the depth of collection for about 24 h, and GPP was 
derived from changes in DIC over the incubation period in the transparent 
(NEP) minus changes in DIC in the dark (R) tubes. Pelagic GPP and 
respiration (measured separately) in the overlaying water were 
subtracted. 
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For the dome method (I&III), transparent domes equipped with a 
miniDOT oxygen logger (MiniDOT website) were placed on the sediment 
at three different depths for about 24 h (Figure 2b). One dome per depth 
was employed, and seasonal measurements represent replicates. The 
domes (total incubation area of 0.091 m2, and inner volume of 14.8 L) 
were attached to a metal frame of 0.05 m, which penetrated the sediment 
to seal off the dome from outside O2 (Figure 1b). NEP, GPP, and R were 
calculated using the R-package “Lake Metabolizer” (Winslow et al., 2016), 
and by applying the “metab.bookkeep” function based on the metabolism 
model of Cole et al., (2000), and by setting the air–gas exchange 
parameter “k” to 0. Specifics, as well as a discussion on this method is 
presented in Chapter I. 

Pelagic GPP (I-IV) was measured by incubating transparent glass bottles 
(NEP) filled with water from the sampling depth, with additional 
incubations in dark bottles (R) at the most shallow and deepest 
measurements, for about four hours midday using 14C stable isotopic 
tracer (Figure 2c). Incubations were done at the surface (triplicates) and 
at subsequent 1m depth intervals, with additional measurements at 0.25 
and 0.5m, where the deepest measurement depended on the lake depth 
and water turbidity. Calculated GPP were extrapolated to daily GPP using 
the ratio of incident photosynthetically active radiation (PAR) during 
incubation in relation to daily PAR.  

The benthic and pelagic GPP rates measured at discrete depths were 

upscaled to a lake-average (mg C·m-2·day-1) for both the benthic (benthic 

GPPlake-average) and pelagic (pelagic GPPlake-average) habitat. The GPP rates 

at discrete depths were integrated over the corresponding lake surface 

(benthic) or lake volume (pelagic) per depth interval and relating the sum 

to the total lake area. The total average GPP of the lake (total GPPlake-average) 

is expressed as the sum of benthic and pelagic GPPlake-average, expressed as 

an average production per m2 per day. Autotrophic structuring is expressed 

as the relative amount (%) of GPP that takes place in the benthic habitat. 

In the experiment (IV), periphyton and phytoplankton biomass accrual and 

growth rates were measured. Periphyton was grown on vertical synthetic 

(polycarbonate) strips that were 60 cm long, 10 cm wide, and 0.75 mm 

thick (Figure 2d). Chlorophyll-α (chl-a) was measured by harvesting two 

strips on two sides (quadruplicates: periphyton) or from the same water 

used to measure the water chemistry (between the surface and 0.6 m depth: 

phytoplankton) and used as a direct proxy for both periphyton and 

phytoplankton algal biomass accrual. Biomass accrual was estimated using 
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measurements taken on the last date of the experiment, i.e algae growing 

during the whole experiment, and additionally interpreted mean seasonal 

response ratios by measuring accrual on three (periphyton) or four 

(phytoplankton) sampling occasions. The periphyton was freeze-dried 

before extraction, and periphytic chla (sensu Steinman et al., 2017), chlc1+2 

(here: chlc; sensu Jeffrey & Humphrey, 1975), and fucoxanthins (sensu 

Seely, Duncan, & Vidaver, 1972) were estimated spectrophotometrically. 

These periphytic pigments were interpreted to assess changes in 

community structure or changes related to growth mechanisms. 

 
Figure 4. (a) core with intact sediment and overlying water used in the 
DIC-method (b) domes used in the Dome-method (c) transparent and 
dark bottles used for measuring pelagic GPP and (d) periphyton strips.  

GIS-analyses 

In Chapter III landscape and catchment features of the lakes were included. 

Digital elevation models (DEMs) with 2x2m resolution were downloaded 

from Lantmäteriet (website Lantmäteriet) and used to delineate 

catchments for each lake. Land cover for each watershed was extracted by 

overlaying the catchment and land cover raster derived from a national 

inventory land cover classification with 10x10m resolution (2017-2019) 

downloaded from Naturvårdsverket (Naturvårdsverket, 2018). Freeware 

QGIS and Whitebox GAT were used to perform all the analyses.  
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Results and discussion 

Major results for each chapter are discussed in the following sections. The 
major findings for each chapter are added (in red) to conceptual 
relationships between DOC and several drivers and GPP in the benthic 
and periphytic habitat, as well as the sum (pelagic+benthic) of GPP 
(Figure 1; Figure 5). In conclusion, increasing DOC is associated with 
decreases in light and increases in nutrients and often also CO2 (Figure 
5a). The unimodal relationship between DOC and pelagic GPP, that is 
associated to changes in nutrients and light availability, is elevated by 
higher temperatures and CO2, and is additionally modified by the 
DOC:DIC ratio (Figure 5b). Benthic GPP decreased with DOC due to light-
limitation in lakes and periphytic algae growing on nutrient-poor 
substrates in the experimental ponds increased with increased nutrients 
associated with DOC (Figure 5c). Temperature had variable effects on 
periphyton. Results included increased benthic GPP in lakes with (low) 
temperatures, but decreased periphyton accrual in the experimental 
ponds likely due to thermal compensation mechanisms (Figure 5c). In 
addition, the experiment revealed interactive effects of warming and 
DOC-nutrient supplementation on periphyton accrual (not shown in 
Figure 5). The sum of benthic (dark green) and pelagic (light green) GPP 
showed a unimodal relationship along the DOC gradient, which was partly 
represented by varying catchment and climate features across the 
northern Swedish landscape (Figure 5d). 
 

Figure 5. Major findings (in red) identified in this thesis that influence 
the established relationships underlying the hypotheses of this thesis 
(black/grey). Conceptual relationships between DOC and (a) nutrients, 
light and CO2 (b) pelagic GPP, increasing with temperature and CO2, and 
affected by the DOC:DIC ratio (c) benthic (black) and periphytic (grey) 
GPP and identified effects of temperature and nutrients (d) sum of GPP 
and the benthic (dark green) and pelagic (light green) GPP and the most 
limiting factors (purple) along the unimodal relationship with DOC and 
to some extent with landscape, with Arctic conditions (light blue), 
subarctic conditions (mid blue), and boreal conditions (darkest blue). 
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Benthic GPP  

In Chapter I, a database of benthic GPP, measured in 27 lakes from three 
regions in northern Sweden is presented and using water physio-
chemistry and detailed bathymetry from each lake interpreted to identify 
major drivers of benthic GPP. As benthic measurements are quite rare, 
this is a relatively large dataset. Results confirm that benthic GPP rates at 
discrete depths are constrained by the available light (i.e., a function of 
depth and water color), and increase with temperature (Chapter I; Figure 
5c). Lake averages of benthic GPP are additionally determined by 
bathymetry, or the relative size of the littoral area (%Alittoral), which is a 
measure that combines bathymetry and water color.  

Besides the in situ measured dataset, values were also modelled for the 
studied lakes using the “autotrophic structuring model” sensu Devlin, 
Vander Zanden, & Vadeboncoeur (2016), a model often used as 
alternative to the labor intensive in situ measurements. Such comparisons 
do not exist in literature and are thus highly relevant. The comparison 
revealed that: 

1) The autotrophic structuring model underestimates GPP at low 
values and overestimates GPP at high values  

2) Measured values were related to temperature, which is not 
included as a variable in the autotrophic structuring model and 
caused some of the variation between the model and in situ 
measurements. 

 
Considering future predicted changes impacting northern latitude lakes, 
these results suggest that increased lake water temperatures can to some 
extent mitigate the negative impacts of reduced light availability from lake 
browning on benthic GPP rates. The combined impact of these changes on 
benthic GPP lake averages will be moderated by bathymetry determining 
the relative size of the littoral area. 

Pelagic GPP 

In Chapter II a dataset containing 45 (20 boreal, 6 subarctic, 19 Arctic) 
shallow lakes with detailed depth-profiles of summer pelagic GPP over the 
watercolumn, and environmental and climatic data is interpreted for 
major drivers over the landscape, and per biome. In addition, the effect of 
additional DOC-induced warming of epilimnia (here: internal warming) 
is quantified, and the DOC quality, or DOC:nutrient and DOC:DIC is 
included in the environmental dataset.  
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The internal warming of surface waters increased with higher DOC 
concentrations and was especially pronounced in shallow lakes, and 
decreased 0.36°C for every m of lake depth. Summer pelagic GPPlake-average 

was mostly related to water temperatures, and surprisingly to carbon 
dioxide (CO2) concentrations impacted by lake water pH, and (less so) to 
nutrients (DOC:nutrient stoichiometry; Figure 5b). Although a fertilizing 
effect of CO2 has been reported in a few empirical (Jansson, Karlsson, & 
Jonsson, 2012; Vogt et al., 2017) and several experimental studies (e.g 
Hamdan et al., 2018; Kragh & Sand-Jensen, 2018), these results are 
debated. For instance, (Hessen, Håll, Thrane, & Andersen, 2017) do not 
find a fertilization effect of CO2 in supersaturated lakes. This study adds 
to the debated idea by showing that CO2 can fertilize pelagic GPP, using a 
detailed dataset (including depth profiles) over a large spatial scale. 
Furthermore, results indicate that the ratio between DOC and dissolved 
inorganic carbon (DOC:DIC), but also DOC:nutrient stoichiometry, 
additionally influence pelagic GPP with drivers differing slightly amongst 
the boreal, subarctic, and Arctic biomes.  

These findings (Figure 5b) provide novel insights in that global change 
affects pelagic GPP in northern lakes not only by modifying the organic 
carbon cycle, and light and nutrient conditions, but also through 
modifications of inorganic carbon supply and via temperature.  

Landscape determinants of GPP 

In Chapter III, a dataset containing benthic and pelagic GPP, together 
with lake physio-chemistry and climatic data (air temperature) from 26 (9 
Arctic, 6 subarctic, and 9 boreal) shallow lakes located in northern 
Sweden, is investigated. For each lake catchment properties (land cover, 
and hydrology) are derived using GIS analyses. This collection is used to 
investigate how catchment properties affect the water physio-chemistry, 
and patterns of total GPP and autotrophic structuring.  

Major findings are that over the northern Swedish landscape, total GPP is 
mostly light limited by colored DOC originating from catchments with 
coniferous vegetation and wetlands, and further promoted by high 
catchment runoff. In contrast, autotrophic structuring relates mostly to 
the relative size of the benthic habitat, which is a combined function of 
water color and bathymetry. Although not selected as a major driver for 
total GPP, CO2 fertilization occurred especially in the subarctic biome, 
potentially both in the pelagic and the benthic, and resulted in 
significantly higher total GPP that was more pelagic driven relative to the 
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other biomes. DOC and CO2 were correlated across boreal lakes, 
indicating that mineralization of DOC drives CO2 concentrations (Larsen, 
Andersen, & Hessen, 2011). However, DIC and CO2 were unrelated to DOC 
across Arctic and subarctic sites (Rantakari & Kortelainen, 2008), 
indicating that external inputs of DIC or CO2, likely by groundwater 
supply (Dabrowski et al., 2020; Weyhenmeyer et al., 2015), can influence 
lake productivity patterns independent of DOC supply. These results 
(Figure 5d) underline that GPP as a resource is regulated by landscape 
properties and is sensitive to large scale global changes (warming, 
hydrological intensification, and recovery of acidification) that promote 
changes in catchment characteristics and aquatic physio-chemistry.  

Periphyton exposed to warming and browning 

In Chapter IV, sixteen natural ponds were subjected to warming (+2°C) 

and browning (increasing DOC concentrations) in an experimental setting. 

Responses in biomass accrual of periphyton (grown on plastic strips) and 

phytoplankton, together with water physio-chemistry were monitored 

during summer at shallow depths. In addition, pigment composition (chla, 

chlc and fucoxanthin) of the periphyton was measured as a proxy for 

changes in underlying growth mechansisms and/or community 

composition. Results indicate that browning and associated nutrient 

supplementation was dominant for periphyton growth and caused an 

overall increase of accrual, which dominated the phytoplankton accrual. 

Therefore, periphyton growing on nutrient-poor substrates can efficiently 

utilize pelagic nutrients associated with DOC for its growth, and by this 

utilization may put constraints on nutrient availability for phytoplankton. 

However, the increase in accrual caused by increasing DOC was impaired 

by warming, possibly due to thermal compensation by abundant diatom 

groups measured as decreased relative fucoxanthin content, resulting in 

lower accrual. 

Implications and future predictions 

Results confirm that DOC is dominant in structuring summer GPP over 
the northern landscape, by light inhibition, nutrient supplementation, 
indirect warming of surface waters, and by CO2 fertilization. Moreover, 
periphythic GPP including benthic GPP was often higher than pelagic GPP 
(Chapter III&IV) and can thus not be ignored in studies assessing impacts 
of global changes on GPP. DOC controls the total GPP, as well as the 
autotrophic structuring in northern lakes, and likely impacts higher 
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trophic levels by affecting the productivity and community composition of 
zooplankton, benthic invertebrates and fish (Finstad et al., 2014; Kelly et 
al., 2014; Karlsson et al., 2015; van Dorst et al., 2019). The balance 
between nutrients and light, and consequent effects on autotrophic 
structuring, will likely also affect elemental ratios and essential 
biochemical compounds for consumers (Sterner & Hessen, 1994; Müller-
Navarra, 2008; Peltomaa et al., 2017). Specifically, CO2 fertilization in the 
pelagic (Jansson et al., 2012; Brown, Lajeunesse, & Scott, 2019; Grasset et 
al., 2020) and possibly the benthic, can increase the C to nutrient ratios 
in algae, and thus reduce the nutritional quality of algae for zooplankton 
and zoobenthos (Hessen, Færøvig, & Andersen, 2002; Urabe et al., 2002). 
CO2 fertilization can occur through mineralization of allochthonous DOC 
but CO2 can also be supplemented directly by groundwater or catchment 
derived DIC or CO2 and thus influence lake productivity patterns 
independent of DOC supply. 

Overall, the results illustrate the complexity by which impacts of browning 
and warming manifest and affect algal growth, and imply that responses 
to global changes will differ among the biomes. Bearing in mind the 
importance of primary productivity for aquatic foodwebs, the results in 
the studies presented in this thesis highlight the potency of browning and 
warming to change aquatic ecosystems. Considering the large-scale 
impacts and similarities of global warming on lakes at higher latitudes 
throughout the northern hemisphere (i.e., browning and recovery from 
acidification), these findings are likely relevant on a global scale. 
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