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Abstract 
Introduction: The absorption of photons in the water column of a lake can generally be 

attributed to four main components: algae, dissolved organic matter (DOM), non-living 

particulate organic matter (detritus), and the water itself. Competing with the other 

components for photosynthetic active radiation (PAR), algae use the absorbed photons for 

photosynthesis. In the first part of this thesis, the relative absorbance of PAR by the different 

components will be addressed. In the second part, a procedure for estimating areal primary 

productivity (PP) from optical measurements will be attempted. Materials and methods: 75 

lakes in southern Norway and Sweden were sampled by airplane during a 4 week period 

(summer 2011). Absorbance coefficients of algae, DOM and detritus across the PAR 

spectrum were measured in the lab and combined with a spectrum of incoming solar 

irradiance (I0) to calculate the relative absorbance of photons constituted by the different 

components. Pulse Amplitude Modulated (PAM) fluorescence measurements of quantum 

yield of Photosystem II were used to estimate photosynthetic efficiency and combined with 

daily average values of PAR from July 2011, vertical profiles of scalar PAR, and the 

absorbance properties of the water column, to obtain maximum estimates of areal primary 

productivity in the lakes surveyed. Results: DOM was the dominant absorber (mean: 44 %, 

range: 16 % – 64 %), followed by algae (mean: 16 %, range: 6%  – 31 %), and detritus (mean: 

17%, range: 5 % – 39 %). Absorbance by algae was negatively related to absorbance by DOM 

(P < 0.0001, R
2 

= 0.4). Estimates of areal PP ranged from 136 to 1597 mg C m
-2

 day
-1

, with a 

mean of 600 mg C m
-2

 day
-1

. The estimates were positively related to total phosphorus 

content, and negatively affected by total organic carbon. Estimating areal PP down to 

different depths indicated that the epilimnion was totally-absorbing in most lakes. Discussion: 

The competition for light between algae and DOM seems to be a limiting factor for areal 

primary productivity in the surveyed lakes. The method for estimating areal PP from optical 

measurements is somewhat biased, but proposes a time-efficient procedure for obtaining 

maximum estimates.  
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Introduction 

Possible fates of solar irradiance impinging on the surface of a lake 

The spectral distribution of solar radiation received at the surface of the earth contains 

wavelengths from just below 300 nm to over 3000 nm. UV-radiation (< 400 nm), 

photosynthetic active radiation (PAR; 400 – 700 nm) and infrared radiation ( > 700 nm) 

constitute the three main categories (Gates 1980) - all of which influence aquatic 

photosynthesis in different ways. If allowed to penetrate to depths, UV radiation may induce 

negative effects on photosynthesis through the process of photoinhibition (Larkum & Wood 

1993). On the other hand, many algae are able to utilize these short wavelengths for 

photochemistry by the presence of UV-absorbing pigments (Post & Larkum 1993). More 

indirectly, UV light can influence the light climate experienced by the algae by photo-

oxidizing dissolved organic matter (DOM), which again affect water colour (Backlund 1992). 

Infrared radiation is strongly absorbed by the water itself, and is thus a major source of heat 

(Gates 1980). Temperature is, of course, a major regulatory mechanism for all biochemical 

reactions – including those of photosynthesis. The wavelengths of PAR (also known as visible 

light, since they are the wavelengths for which the human eye is sensitive) are the most 

relevant part of the spectrum when it comes to driving photochemical reactions. PAR 

constitutes approximately 45 % of the energy in the solar spectrum at solar angles larger than 

30 degrees (Kirk 1994), and is the part of the electromagnetic radiation distribution which can 

be utilized directly for photosynthesis, because the photosynthetic pigments have absorbance 

bands within this range of wavelengths (Taiz & Zeiger 2010).  

Impinging on the surface of a lake, the photons of PAR may go down different paths. 

Some of them will be reflected at the surface and continue their travel through the atmosphere 

without ever entering the water. This amount of photons is small (ca. 2 %) when the solar 

zenith angle is between 0 º and 50 º, but increases exponentially when the solar zenith angle 

exceeds 50º (Kirk 1994). On a clear summer day, 5 – 6 % of the total incoming irradiance is 

reflected in this way (Wetzel 1983). A significant amount of the photons that manage to cross 

the air-water interface are scattered. Scattering is caused by the molecules of the water, its 

particles, and its dissolved substances (Wetzel 1983), and cause the photons to deviate from 

their original straight path. Most of the photons are scattered in a forward direction (Cleveland 

& Weidemann 1993), but some are also scattered backwards or in larger angles.  When we, as 

observers, look down at the surface of a lake, the colour perceived by our eyes is largely 
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decided by the spectral distribution of the “emergent flux”, i.e. the photons that are scattered 

back towards the surface and manage to cross the border between water and air without being 

reflected down again. The relative amount of photons reflected in this is way usually in the 

range of 1-10 % of incoming irradiance in inland lakes (Kirk 1994).  

Scattering itself does not remove light, but increases the path-length of the photons 

and thus the probability of absorption. When a photon is absorbed, it is “captured” by a 

molecule whose energy level must increase in correspondence to the energy of the photon. In 

inland lakes, nearly all absorption of PAR can be attributed to four main components (Kirk 

1980). These are the water itself, dissolved organic matter (DOM), non-living particulate 

organic matter (detritus) and phytoplankton. Each of the components has absorbance 

coefficients that are spectrally dependent, i.e. they capture light at different wavelengths with 

different efficiency. Most of the light energy absorbed by the non-living components is 

dissipated as heat and consequently contributes to heating of the water column. This 

phenomenon can be experienced when swimming in a lake with high concentrations of DOM, 

which strongly absorb high energy UV and blue light (Bricaud, Morel, & Prieur 1981; Green 

& Blough 1994). Such lakes dissipate much of the light energy as heat in the upper layer, with 

the result of rapid heating and shallow thermal stratification (Kalff 2002). 

Some of the light energy absorbed is converted to chemical energy in the process of 

photosynthesis. The first step in this pathway is the initial absorption of a photon by the 

pigments of a photosynthetic organism; a process whose probability is dependent on a few 

important factors. First, since absorbance is proportional to the concentration of the absorbing 

species (Swinehart 1962), the pigment concentration – or algal biomass – is expected to be 

influential. Eutrophic lakes going through algal blooms often appear greenish in colour, 

indicating that much of the light is absorbed by the algal pigment mainly attributed to 

chlorophyll a (cas number: 479-61-8). Second, the probability increases with the amount of 

photons available. In contrast to open oceanic water, where light absorbance is confined to the 

water itself, phytoplankton and its related particles, the competition for quanta in lakes is 

generally “tougher” due to the presence of terrestrially derived compounds like DOM and 

suspended sediment.  These compounds restrict the access to photons by algae, potentially 

limiting productivity. The light limitation can be particularly constraining for benthic primary 

productivity (Ask et al. 2009), but the pelagic productivity may also suffer from lack of light 

(Carpenter, Cole, Kitchell, & Pace 1998). So how do the algae, relative to other absorbers, 

perform in harvesting the light for photosynthesis in a scenario of light limitation? How may 
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the competition for photons influence primary productivity? Finally, can the primary 

productivity be estimated from knowledge related to the fate of photons in the water column? 

Estimation of primary productivity  

Primary productivity (PP) can be defined as the rate of carbon fixed per unit time (e.g. mg C 

day
-1

) (Falkowski and Raven 1997). The volumetric primary productivity (e.g. mg C m
-3

     

day
-1

) differs from the areal primary productivity (e.g. mg C m
-2 

day
-1

) in the sense that the 

former depends strongly on nutrients, while the latter also depends on transparency (Smith 

1979). Typically, the areal PP also responds positively to nutrient loading, but only up to a 

certain point where self-shading comes into play (Wetzel 1983). The areal PP depends on the 

productivity of the total population of algae under the surface, and variation in the parameter 

is of strong ecological relevance, e.g. through the effect it has on the total pelagic food chain.    

Measurements of areal PP can be carried out by measuring a depth profile of 

photosynthetic rates per volume at a specific location, (e.g. by the 
14

C method introduced by 

Steemann Nielsen in 1952 (Peterson 1980)), and summing through the euphotic zone. This is 

a time-consuming procedure that is not very useful for estimating productivity within a short 

time frame or over larger areas (Kirk 1994). Thus, many attempts have been made to model 

areal PP as a function of underwater light availability and efficiency of the conversion of light 

energy to chemical 

energy. Early pioneering 

work was carried out in 

the 1950’s by e.g. Ryther 

(1956) and Talling 

(1957). The former 

described a method where 

the relationships between 

the surface irradiance of 

PAR, the vertical 

extinction coefficient of 

PAR (Kd; m
-1

) and 

photosynthesis-irradiance 

curves for 14 marine 

species of algae were 

utilized. He calculated how relative photosynthesis (photosynthesis at a given irradiance / 

Figure 1. Relative photosynthesis at different depths. The black lines 

correspond to variation in relative photosynthesis over a day. Figure 

from Ryther (1956). 
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photosynthesis at light saturation) at different depths (corresponding to 100, 50, 25, 10 and 1 

% of surface irradiance) changed 

throughout the day (Figure 1). By 

integrating under these curves, he was 

able to obtain estimates of how the 

relative photosynthesis changed as a 

function of depth (Figure 2). The 

relative values could be converted to 

absolute estimates of areal productivity 

(mg C m
-2 

h
-1

) by applying some simple 

calculations involving the maximum 

rate of photosynthesis and the 

attenuation coefficient of PAR.  

Talling (1957) developed a 

model which, in addition, included the 

variation in the “onset of light saturation 

parameter” (Ek). This parameter 

indicates the irradiance where 

productivity starts to level off due to 

light saturation, and was combined with 

incoming irradiance and vertical 

attenuation of PAR to estimate productivity per square meter of surface. 

Many sophisticated model approaches have been developed to estimate areal PP in the 

marine environment (e.g. Smith et al. 1987; Prezelin et al. 1989). Since approximately 50 % 

of the global carbon fixation takes place in the ocean (Field et al. 1998), it has been important, 

in relation to biogeochemical cycling and climate, to better understand this process. However, 

measurements of areal PP have been challenging, so further simplifications have been really 

essential to efficiently collect such data. One goal has been to develop methods for rapidly 

measuring areal PP on board or from untended buoys. In that context, the concept of “bio-

optical” models has been important. Bio-optical models take advantage of the fact that optical 

properties of the water column, the penetration of PAR to depths, and phytoplankton 

productivity are mechanistically linked (Prezelin et al. 1989). One such model was published 

by Smith et al. (1987), who estimated primary productivity in an upwelling region on the 

basis of the spectral distribution of incoming irradiance, absorbance properties of the water 

Figure 2. Relative photosynthesis as a function 

of depth. The Y-axis show optical depth (Kd*z). 

Figure from Ryther (1956). 
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column, and depth and chlorophyll a specific measurements of the photosynthesis-irradiance 

curve and its attributes (Ek, Pmax: the maximum rate of photosynthesis at light saturation, and 

α; the slope of photosynthesis as a function of irradiance in the light limited part of the curve). 

Bio-optical modelling of productivity have also been carried out in the Baltic sea (Raateoja, 

Seppälä, and Kuosa 2004), which is brackish and more “optically similar” to lake water (high 

terrestrial inputs and strong attenuation of light). 

Models relating optical measurements to productivity in lakes are rare. Although lakes 

constitute only a minor part of the world’s water, and a corresponding small part of the annual 

global carbon fixation (~ 0.8 petagrams or 0.35 % (Vitousek et al. 1986)), they contain fresh 

water; the only type of water that can be used for drinking and agricultural irrigation. Methods 

for measuring productivity are important to monitor these freshwater sources in relation to 

e.g. eutrophication, which is a growing concern in lakes worldwide (Correll 1998).  

This thesis is divided in two main parts. The first part will assess the importance of 

algae as light absorbers relative to the other components in the lake. Special emphasis will be 

put on the competition for light between DOM and algae, and it is hypothesized that the 

presence of high DOM concentrations will limit light penetration and thus areal primary 

productivity. In the second part, a bio-optical procedure for estimating areal primary 

productivity will be presented. The procedure incorporates spectral irradiance of PAR at the 

surface, spectral attenuation of light with depth, spectral absorbance by algae, and PAM 

fluorescence based measurements of photosynthetic efficiency.  
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Materials and methods  
Sampling 

Background 

Sampling for this master thesis was part of a larger campaign for the project “Biodiversity, 

community saturation and ecosystem function in lakes“ (COMSAT; NFR-Miljø2015 

196336/S30, 2009-2012), which primary focuses are the role of biodiversity for productivity, 

as well as for providing and sustaining ecosystem services. Thus, the lakes were selected with 

respect to their characteristics in terms of diversity (on the algal level), productivity (total 

phosphorus (TP) level), and total organic carbon (TOC). The latter is an important parameter 

related to lake function, e.g. through its influence on the light climate (Ask et al. 2009) and 

the degree of heterotrophy (Sobek et al. 2003).  

Selection of lakes for sampling 

The objective of the lake selection procedure was to create a sample of lakes in southern 

Norway and Sweden, which spanned out a gradient of TP, TOC and algal species richness as 

orthogonal as possible (Tom Andersen, pers. comm). Selection of lakes was based on existing 

data on Norwegian and Swedish lakes from the “Rebecca” dataset (Solheim et al. 2008) and 

the “Nordic lake survey 1995” dataset (Henriksen et al. 1998). The datasets were subset to 

lakes with latitude 57 - 64 degrees N, < 600 meters above sea level, area > 1 km
2
, pH > 5, TP 

< 30 µg L
-1

, and TOC < 30 mg L
-1

. The three main variables were split in two factor levels 

(high / low), giving 8 different combinations of the TP, TOC, and species richness. From each 

of the 8 combinations, 12 lakes were sampled at random. This gave 96 lakes spread out over a 

geographical gradient from western Norway to eastern Sweden. Due to unfavourable weather 

conditions during sampling, the actual number of sampled lakes was reduced to 75 (Figure 3).  

Sampling period  

The actual sampling was carried out from a hydroplane in the period 20.07.2011 – 

05.08.2011, and by car and boat between 08.08.2011 and 16.08.2011. Hydroplane was chosen 

to reduce the amount of time spent on travelling between lakes. It was crucial to minimize the 

temporal sampling window to ensure that both biotic (e.g. algal bloom conditions) and abiotic 

factors (e.g. water temperature) were as homogenous as possible. Sampling was usually 

carried out in the middle of the lake, away from inlets or outlets. If the landing point was too 
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shallow (< 5 meter), a deeper location was chosen if possible. After every sampling day, 

filtrations and other sample preparations were carried out in a portable laboratory.  

 

 

 

 

 

 

  

  

   

 

 

 

 

 

 

 

 

 

 

 

 

 

Field sampling and in situ measurements  

Light measurements 

Secchi depth (a measure of the transparency of the water) was measured by lowering a white 

Secchi disc and recording the depth when it could no longer be visible. Spectrally resolved 

measurements of air, downwelling and upwelling irradiance (µW m
-2

 nm
-1

) were measured by 

three hyperspectral sensors (TriOS RAMSES-ACC-VIS, TriOS optical sensors, Rastede, 

Germany). One was pointing upwards and measured downwelling irradiance, one was 

pointing downwards and measured upwelling irradiance, and one was held just above the 

Figure 3. Map showing the 75 sampled lakes (black dots). The lakes 

spanned out a geographical gradient from 5.40 to 18.52 degrees east, and 

58.76 to 62.53 degrees north.   
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surface to record incoming solar irradiance (Figure 4). The spectrometers were deployed 1.5 

m out from the aeroplane pontoon, on the sunny side to minimize the effect of shading. The 

underwater sensors were kept vertically oriented at 1 meter depth at the time of measurement. 

Care was taken to keep the air sensor away from any shadowing effects of the aeroplane.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Water samples 

Depth integrated water samples from 0 to 5 m were taken with an integrating water sampler 

(IWS integrating water sampler, Hydro-BIOS, Germany). If the lake was shallower than 5 

meters (2 of 75 lakes), samples were taken from the surface to just above the bottom. A water 

sampler of the “integrating” type has a piston that pulls in water at a certain speed depending 

on sampling depth and lowering speed. A built-in pressure sensor ceases the inflow of water if 

the sampler is lowered too fast, which ensures a steady inflow through the whole range of 

Figure 4. Outline of the spectrometer device. One upwards facing and one downwards facing 

spectrometer was attached to a steel frame and lowered in the water column. On the time of 

measurement, the upwards facing spectrometer was situated at depth 1 m.  
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sampling depth. A total of 15 litres from each lake was distributed in three 5 L plastic bottles 

and brought back to the lab for further analysis.  

Vertical CTD profiles  

Vertical profiles of conductivity (mSm cm
-1

), temperature, depth, oxygen (mg L
-1

; Rinko-1 

dissolved oxygen sensor, JFE Advantech, Kobe, Japan), in vivo fluorescence of chlorophyll a, 

phycocyanin, and phycoerythrin (cyclops-7 fluorescence sensors, Turner Designs, California, 

USA), and photosynthetic active radiation (PAR; 400 – 700 nm; µE m
-2

 s
-1

) were recorded 

using a 10-channel CTD profiler (RBR XRX-620, Kanata, Ontario, Canada). PAR was 

measured with a spherical scalar irradiance collector (BioSpherical instruments). Scalar 

irradiance collectors have equal sensitivity to light from all directions, which makes them 

suitable for measurements of light available for photosynthesis in the water column. The CTD 

was lowered to the bottom of the lake, and slowly pulled back towards the surface. Sampling 

rate of the CTD is 6Hz, so pulling speed was kept at ca. 10 cm s
-1

 in order to obtain ca. 60 

measurements per meter.  

Because no air-sample was measured as a reference, the measurements of scalar PAR, 

E0(z), were vulnerable to temporal changes in light conditions above the water surface during 

the haul. Changes in light conditions can be induced by drifting clouds or shading by the 

aeroplane (Kirk 1994). Although most of the curves showing PAR as a function of depth had 

a typical exponential shape, alterations of the light conditions above the surface during the 

cast were clearly seen in some vertical profiles of PAR (Figure 5). It is impossible for the 

irradiance to increase with depth, so sudden increases of PAR with depth implies changes in 

surface irradiance. To correct for such changes, the attenuation coefficient was estimated in 

small intervals (linear regression of log-transformed irradiance against depth for groups of 10 

sampling points) across the whole profile and the distribution of these attenuation coefficients 

was examined. The regression coefficient should always be negative (which means that the 

irradiance decreases with depth). Positive coefficients show up if the irradiance suddenly 

increases with depth. To minimize the impact of changes in light conditions during the cast, 

the median of the attenuation coefficients over the range of depths was calculated and taken as 

an estimate of the real attenuation coefficient. For use in the calculations of primary 

productivity, vertical profiles of PAR were normalized to the irradiance value at the surface, 

giving profiles ranging from 1 at the surface approaching 0 towards the bottom.  
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Calculation of mixing depth (zmix) 

zmix was found by calculating the change in density per change in depth (∆d / ∆z) for each 

sampling point in the vertical profile. The median value for every 30 cm depth interval was 

estimated, and zmix was taken as the midpoint of the interval where ∆d / ∆z changed most 

rapidly. A shallower, “diurnal” density gradient was observed in many lakes, and in the 

presence of two such density gradients, the deepest one was chosen. To determine if the lake 

was stratified or mixed, the ranges in temperature (max – min temperature) were calculated 

for all lakes, and the distribution of ranges (which was bimodal) was evaluated (see results, 

Figure 18). The lake was classified as mixed if the temperature difference was less than the 

intercept between the two normal distributions estimated. 

Measurement of in vivo absorbance spectra 

In vivo absorbance spectra of algae were measured with the purpose of estimating the amount 

of irradiance absorbed by the algal community relative to the other light-absorbing 

components, and thus the light that can be used for photosynthesis. The procedure used for 

obtaining algal in vivo absorbance spectra was based on two absorbance measurements: one 

Figure  5. Vertical profiles of scalar PAR. Left: The solid black line is the original PAR-profile from a lake. 

Notice the irregular fluctuations in light intensity. The smooth line is PAR curve estimated using the 

relationship 𝑬𝟎 𝒛 = 𝑬𝟎 𝟎 𝒆
𝑲𝒅 𝑷𝑨𝑹 𝒛  , where Kd(PAR) is the median of the attenuation coefficients 

calculated in small vertical depth intervals from the surface and downwards. Right: Histogram showing the 

distribution of regression coefficients calculated for depth intervals of 10  sampling - points. Notice that 

some of them are > 0. These correspond to the parts of the black curve where the irradiance increases with 

depth. 



 

 

17 

 

before and one after bleaching of the sample (Ferrari and Tassan 1995). Since the bleaching 

process removes pigments and leaves detritus on the filter, the difference between the two 

should equal the spectrum of algal pigments. 

 

Sample preparation and storage 

Lake water was filtered through 25 mm GF/C glass fiber filters (Whatman, GE healthcare, 

USA) to concentrate particulate matter. The volume filtered varied between lakes (median: 

350 ml, min: 150 ml, max: 750 ml), depending on the amount of particles present. Filters 

were rolled with the sample side facing inwards, put in 2 ml cryotubes and snap-frozen in 

liquid N2. Samples were stored in a dry-shipper with liquid N2 until transfer to a - 80ºC 

freezer at the University of Oslo at the end of the field campaign. Spectrophotometric 

measurements were carried out within 2 months after sampling.  

A filter was unfolded, placed on a glass slide (76 x 26 mm), and thawed for 1-2 

minutes in room temperature. 200 µl of MilliQ-water (Millipore Corporation, USA) was 

added to the centre of the filter before another glass slide was put on top, leaving the filter 

sandwiched between the two slides. A test was done to examine the effect of the amount of 

water added to the filter. The results showed no significant effect of water content on the 

absorbance, as long as the filter wasn’t completely dry. 200 µl was chosen because this 

amount of water caused the whole surface of the filter to become saturated. The filter/glass 

slide sample was placed in a special sample holder at the entrance port of a spectrophotometer 

(Shimadzu UV-2550, Shimadzu Scientific Instruments, Maryland, USA) equipped with an 

integrating sphere attachment (ISR 2200, Shimadzu scientific instruments, Maryland, USA, 

Figure 6).  A blank filter was added the same amount of water, placed between two glass 

slides and placed in the reference port. The absorbance of the filter with its retained particles, 

Af, was calculated by the instrument as 

     =     
      

    
 

where I0 (λ) is the radiant flux detected after passing through the reference filter and I(λ) is the 

radiant flux detected after passing through the sample filter. The absorbance was measured 

over the range 350-750 nm in steps of 1 nm.  
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Depigmentation of filters 

After measuring the absorbance of the filter with its retained particles, the filter was bleached 

to remove algal pigments (Ferrari and Tassan 1995). 200 µl of commercial sodium 

hypochlorite (NaClO) solution (“Klorin”, < 5 % NaClO) was pipetted to the centre of the 

filter, before waiting 2 minutes for the bleaching to occur. The hypochlorite is a strong 

oxidising agent that efficiently removes pigments, including the water soluble 

phycobiliproteins, which are difficult to remove using other methods like acetone or methanol 

extraction. The bleached sample was sandwiched between two glass slides and the 

absorbance, Afb (λ), measured over the range of 350-750 nm, with a water-saturated GF/C-

filter in the reference port. The control was not bleached, but this should not affect the 

measurement significantly since the sodium hypochlorite has a negligible absorbance in the 

wavelengths of interest (Ferrari and Tassan 1995). 

Figure 6. Overview of the integrating sphere (IS) unit. The filter with retained particles was put in the 

sample port and a wet reference filter was put in the reference port. Light scattered by the sample in a 

forward direction will be reflected by the inner walls of the IS, which set up a diffuse light field within the 

sphere. The light will eventually be detected by the detector, assuring a minimal loss of the forward 

scattered light. 
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Correction for scattering and calculation of algal in vivo absorbance coefficients 

When measuring a sample containing particulate matter, a proportion of the light incident on 

the sample will be scattered. Most of the photons will be scattered in a forward direction (Kirk 

1994) and these will to a large degree be collected when using an integrating sphere. The 

photons backscattered or scattered in large angles relative to the incoming beam may not be 

collected by the detector of the spectrophotometer and will therefore be interpreted as being 

absorbed. This results in an overestimation of the sample absorbance. To account for 

backscattering in both the bleached and the unbleached sample, the absorbance measured at 

750 nm was subtracted from the rest of the spectrum in the 400-700 nm region. This action 

rests on the assumption that phytoplankton and detritus absorbance is negligible at this 

wavelength and that scattering is independent of wavelength (Ferrari and Tassan 1995). This 

is probably an oversimplification (see discussion). To obtain the in vivo absorbance 

coefficients of algal pigments, the scattering-corrected absorbance values after bleaching were 

subtracted from the values before bleaching (Figure 7).  

 

Absorbance coefficients per meter were obtained by imagining the particles on the filter to be 

re-suspended in a cylinder with area corresponding to the clearance area of the filter (A m
2
) 

and volume corresponding to the volume filtrated (V m
3
). In this way, the path-length of the 

light in meters could be calculated as V / A. Conventional spectrophotometers calculate the 

Figure  7. The calculation of 

algal in vivo absorbance 

spectra. After normalization 

to the absorbance at 750 nm, 

the spectrum of the bleached 

sample (brown line) was 

subtracted from the total 

(unbleached) particulate 

spectrum (black line). Since 

the bleaching process 

removes pigments and leaves 

detritus on the filter, the 

difference between the two 

should equal the spectrum of 

algal pigments (green line). 
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absorbance using base 10 logarithms, thus “instrument absorbance” had to be multiplied with 

ln(10) when calculating the absorption coefficients (which are defined using the natural 

logarithm rather than log10). In summary, the in vivo algal absorbance coefficients per meter, 

εa (λ), were calculated as 

 

     =       
((              )  (                ))

 
 

 

 

The absorbance coefficients for detritus, εd (λ), were obtained from the absorbance of the 

bleached sample filters, where pigments were removed 

 

     =        
                

 
 

 

Absorbance spectra of dissolved organic matter (DOM) 

Sample preparation and storage 

Samples of unfiltered lake water were taken from the 0-5 meter integrated water sample and 

transferred to 60 ml HDPE bottles. The samples were stored at -20 ºC up to measurement, 

which was carried out approximately 6 months after sampling. The samples were thawed just 

prior to measurement and kept away from sunlight. 

Measurements and calculation of absorbance coefficients for DOM 

Dissolved organic matter is defined as the pigmented material in natural waters which passes 

through a 0.22 µm filter (Kirk 1976). Approximately 20 ml of lake water was filtered through 

a syringe filter (Acrodisc 0.2 µm hydrophilic polyethersulfone membrane, 32 mm diameter, 

Pall Life Sciences, USA) to remove particulate matter. The first few millilitres of the filtrate 

were discarded before filling a 50 mm glass cuvette (Starna Scientific, Hainault Essex, UK) 

with the remaining filtrate. Absorbance was measured over the range of 350 – 750 nm in a 

spectrophotometer (Shimadzu UV-2550, Shimadzu Scientific Instruments, Maryland, USA). 

Before measurement, a baseline was run from 350 – 700 nm with MilliQ-water in both the 

sample and the reference cuvettes (to correct for “instrument absorbance”). MilliQ-water 

filtered through the same syringe filter was used in the reference cuvette during all 

measurements.  
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The problem of scattering can be assumed to be of minor importance for clear, 

coloured samples with a low ratio between scattering and absorbance (Kirk 1994). Though 

filtered through a 0.20 µm filter, some of the samples showed a baseline offset when 

measured against the reference MilliQ-water. This offset appeared as a low absorbance (up to 

0.013) at 750 nm, a wavelength where most samples had zero absorbance. Significant 

absorbance values at 750 nm are most commonly attributed to scattering of the photons 

outside the detector by particles that may have passed through the filter (Green and Blough 

1994), or “instrument drift” (Nelson and Guurda 1995). To correct for this, the absorbance at 

750 nm was subtracted from the rest of the spectrum. The absorbance, Adom (λ), was converted 

to absorbance coefficients per meter by applying the calculation 

 

       =        
                  

     
 

 

where the value 0.05 is the path-length (m) of the light passing through the cuvette. 

Absorbance spectra of water 

The spectral absorbance coefficients of water in the range 400-700 nm were taken from Morel 

& Prieur (1977), and were assumed to be constant for all lakes (Figure 2, appendix). 

Measurements of chlorophyll a in seston 

Chlorophyll a standard solutions  

1 mg of pure chlorophyll a (Sigma-Aldrich, product code 101139331) was dissolved in 100 

ml 96 % ethanol giving a theoretical chlorophyll a concentration of 10 mg L
-1

. This solution 

was then diluted to a stock solution of 5 mg L
-1

. Concentration of the stock solution was 

verified by measuring the absorbance at the red maximum (λmax) in a spectrophotometer (the 

same instrument as described earlier) using a cuvette with 1 cm path-length. The specific 

absorbance coefficient of pure chlorophyll a in 95 % ethanol at λmax is 84.6 (litre g
-1

 cm
-1

)  

(Lichtenthaler and Buschmann 2001). This was used to calculate the concentration of the 

standard in mg L
-1 

as 

[             ] =
           

     
      

The concentration of the stock solution was found to be slightly higher than expected (5.50 

mg L
-1

). A dilution series, spanning from 5.50 – 0.17 mg L
-1

, was prepared by six sequential 

1:2-dilutions of the stock solution. 
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Sample preparations and measurement 

Water samples were filtered on 25 mm GF/C filters (Whatman) at the end of every sampling 

day. The filters were folded with the sample side facing inwards, put in 2 ml cryotubes (Nunc 

CryoTubes, Thermo Scientific, Roskilde, Denmark) snap-frozen in liquid N2 and stored at -80 

º C until analysis. Samples were thawed just prior to measurement, and transferred to 1.5 ml 

Eppendorf tubes using a fine forceps. Subsequently, 1.2 ml of 96 % ethanol was added to each 

Eppendorf tube, and the pigments were extracted from the samples overnight (ca. 20 hours) in 

darkness, at room temperature. After extraction, the seston samples were centrifuged at 

15 000 rpm (Eppendorf centrifuge 5424, Eppendorf AG, Hamburg, Germany) for five 

minutes to remove filter debris. 750 µl of the supernatant from each sample was transferred to 

a 48 well plate together with the chlorophyll a standard dilutions. Fluorescence was measured 

in a plate reader equipped with a double monochromator (Synergy MX, BioTek instruments, 

Vermont, USA), with excitation at 425 nm and emission at 673 nm. The wavelengths of 

excitation and emission were chosen after measuring the fluorescence spectrum of the 

standard solution with different excitation and emission wavelengths (Figure 8). A standard 

curve relating chlorophyll a concentrations of the standards to measured fluorescence was 

calculated using polynomial regression (p < 0.0001, R
2
 = 0.99). The unknown concentrations 

of chlorophyll a in the extract were found by predicting the model using the sample 

fluorescence as input data. Amount of chlorophyll a (mg) on the filter was found by 

multiplying the concentration of the extract (mg ml
-1

) by the volume of the extract (ml). 

Concentration of chlorophyll a in the original water sample (µg L
-1

) could then be calculated 

by dividing this number on the volume filtrated (in litres) and multiplying with 1000. 
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Other water chemical analyses 

Concentrations of total phosphorus and TOC were measured independently by the Norwegian 

institute for water research (NIVA) and the technical staff at the UiO. The values used are the 

average of these two measurements.   

Calculation of in situ attenuation coefficients 

In situ attenuation coefficients for downwelling light, Kd (λ), were calculated from samples of 

downwelling spectral irradiance taken just above the surface, Ed (0
+
, λ), and at 1 meter depth, 

Ed (1, λ). The irradiance measurements were restricted to the range of PAR (400 – 700 nm) 

before calculating the attenuation coefficients as 

     =   (
    

    

       
) 

where Kd (λ) has the unit m
-1

. 

Figure 8. Contour plot showing fluorescence as a function of emission and excitation 

wavelength for a solution of 1 mg chlorophyll  a L
-1

. Dissolved in 96 % ethanol, the chlorophyll 

a solution was exited with wavelengths from 420 nm to 460 nm (at 5 nm intervals), and 

emission from 650 – 700 nm was measured. I.e: first, the sample was exited with 420 nm, and 

emission was measured at 650 nm, 651 nm, 652 nm … and up to 700 nm. The process was 

repeated with excitation at 425 nm (and later up to 460 nm), and emission measured from 650 

to 700 nm.  The isolines of the show the strength of the fluorescence emission signal. Based on 

this test, 425 nm was chosen as excitation wavelength and 675 nm as emission wavelength. 
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Calculation of the relative amount of incoming PAR absorbed by algae, 

dissolved organic matter, detritus and the water itself 

According to Beer-Lambert’s law, absorbance of monochromatic light through a water 

column can be described by the equation  

      =             

where ε is the absorbance coefficient per meter and z is the depth in meters.  

E (z, λ) is the irradiance at depth z meter, and E (0, λ) is the irradiance at the surface.  

Assuming that the bulk of light absorption in the water column can be attributed the water 

itself (w), algal pigments (a), detritus (d) and dissolved organic matter (DOM), the total 

absorbance coefficient, εt (λ), can be rewritten as the sum of these absorbance coefficients: 

     =                            

Spectral distributions of surface irradiance in the PAR waveband (µW m
-2

 nm
-1

) were 

measured at all lakes (abbreviated Ew (0
+
, λ), with the subscript w to separate Watts from 

quanta (q)).  The spectral irradiance values were averaged over all samplings and converted to 

quanta m
-2

 s
-1

 nm
-1

, Eq (0
+
, λ), using the relationship (Kirk 1994)  

    
    =                           

The resulting spectrum was taken as a representative solar spectrum at the surface, E (0
+
, λ). 

The actual irradiance values are not important for the purpose of this part of the study, but the 

shape of the spectrum and the relative amount of quanta at the different wavelengths are.  

The relative amount of quanta absorbed by the different components was calculated 

over the vertical depth interval 0 – 5 meter. This depth interval was chosen because it was the 

part of the water column where all water samples were taken from. The irradiance left at 5 

meters was very small in most of the lakes, so the results were essentially the same as 

calculating from 0 to ∞ meters (see Figure 28 in results). 

 E (5, λ) was calculated using the expression       =            . The total amount 

of quanta m
-2 

s
-1

 at the surface (Q0) and left at depth 5 m (Q5) was calculated by integrating 

E(0, λ) and E(5, λ) in each of a number of small wavebands over the range of 400-700 nm 

using trapezoidal integration. Trapezoidal integration is an approximate technique for 

calculating the area under a curve by summing the areas of closely stacked trapezoids. All 
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integrations in the following sections were calculated using the trapz function from the 

package caTools in R
1
. 

Considering that εt (λ) is the sum of the four components’ individual absorbance 

coefficients, one can rewrite Beer-Lambert’s law as       =             ,  

 where  =                          . In a narrow waveband centred at wavelength 

λ, and with width ∆λ, the total amount of quanta absorbed by the system over a vertical layer 

of 5 m is 

(             )   

Since the unit of E(z, λ) is quanta m
-2

 s
-1

 nm
-1

, and ∆λ is nm, the units of the expression above 

(and the ones below) becomes quanta m
-2 

s
-1

.  

The ith component of the system is responsible for an ith part of this absorption, which 

can be written as 
 

     

                         
 (             )   

The total amount of quanta absorbed over the range of PAR is the sum of the absorption in 

each of the narrow wavebands from 400 to 700 nm. Therefore, 

∫ (             )

   

   

     =      
 

The amount of quanta absorbed by the ith component of the system, over the range of PAR, 

can then be expressed by 

∫
     

                         
 (             )  

   

   
     

Finally, the proportion of the total amount of absorbed quanta which was captured by the ith 

component of the system over the vertical layer from 0 to 5 meter is 

 

     
∫

     

                         
 (             )  

   

   
     

Bio-optical estimation of areal gross primary productivity in lakes  

The following section describes a procedure for estimating primary productivity in lakes per 

unit area from information of incoming solar irradiance, algal in vivo absorbance spectra, total 

                                                 
1
 http://phase.hpcc.jp/mirrors/stat/R/CRAN/doc/packages/caTools.pdf 
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absorbance spectra, vertical profiles of PAR, and estimates of the quantum yield of 

photosystem II. 

Incoming solar irradiance 

To estimate the amount of light available for photosynthetic productivity per day in the 

sampled lakes, mean PAR values (MJ day
-1

) from July 2011 were downloaded from the ERA-

interim project (Dee et al. 2011), which is a global atmospheric reanalysis produced by the 

European Centre for Medium-Range Weather Forecasts (ECMWF)
2
. The raw data covered 

the range of Europe, but were interpolated to the geographic coordinates of the sampled lakes 

using the interp function in the package akima in R
3
. 

Since light absorption by the components in a lake is spectrally dependent, the mean 

PAR value from the area of each lake, MPAR, had to be recalculated from MJ day
-1 

to µE m
-2

s
-1

 

and distributed over a typical solar spectrum from 400 to 700 nm. This was done as follows:  

A representative solar spectrum, F(λ), with irradiance units µW m
-2

 nm
-1

 was found by 

averaging the spectral air-samples taken at every lake during the sampling period (as 

described earlier). The shape of the resulting spectrum is shown in Figure 9. Total solar 

irradiance under the “reference spectrum”, M, was found by integrating F(λ) from 400 to 700 

nm. 

 = ∫       
   

   

 

The irradiance values per nm in the reference spectrum were divided by the value M to obtain 

a scaled spectrum, f(λ)  

    =
    

 
 

A surface irradiance distribution of PAR, E (0, λ), based on the mean local PAR values from 

July 2011, was obtained by distributing the MPAR value over the scaled spectrum 

      =           

where E (0, λ) has the unit MJ day 
-1 

nm
- 1

. E (0, λ) was converted to W m 
-2

 by dividing the 

values on the local day length in seconds (Watt = Js
-1

) and multiplying with 10 
6
: 

      [     ] =
      [              ]

           [ ] 
      

                                                 
2
 http://data-portal.ecmwf.int/data/d/interim_full_mnth/), 

3
 http://cran.r-project.org/web/packages/akima/index.html 

http://data-portal.ecmwf.int/data/d/interim_full_mnth/
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 E (0, λ) was further converted to quanta m 
-2

 s 
-1 

by applying the relation 

      [      ] =             [    ]             

and further to µE m 
-2 

s 
-1

 by dividing by Avogadro’s number and multiplying with 10 
6
 

      [  ] =
      [      ]

         
     

 

 

By integrating the area under the solar spectrum from each lake (Figure 9, right), the average 

amount of PAR (expressed in µE m 
-2

s 
-1

) hitting the surface of each lake in July 2011 was 

found. This value, I0, was multiplied with the normalized vertical profiles of scalar PAR, 

giving depth profiles of PAR representative of the mean, daily irradiance from July 2011 

(Figure 10).  

 

 

Figure  9. Surface solar irradiance. Left: the mean solar spectrum, F(λ) (µW m
-2

) found by averaging all spectral 

air samples. Right: The solar spectra from all lakes after scaling, multiplying with the mean PAR values from 

each lake, and converting from watts to quanta. 
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Light absorbed by the algal community 

The bio-optical procedure is based on the idea of estimating light absorption and productivity 

in a vertical stack of 0.05 m
3
 layers, and summing the numbers through the water column 

from the surface to zmix (to examine if all light was absorbed in the epilimnion, the calculation 

was also carried out from 0 - 15 m, where in practice all light was gone. 0 – 5 meter was also 

assessed).  

Since monochromatic light is attenuated exponentially with depth, one can use Beer 

Lambert law to estimate the irradiance at any given depth z. By applying the total attenuation 

coefficient, εt (λ), this was done for every 0.05 m from the surface and downwards. The 

difference between the irradiance at the surface, E (0, λ), and the irradiance at z m, E(z, λ),  

should equal the total amount of quanta absorbed by all components in the system, ∆E(z, λ), 

over the depth interval from the surface to z m: 

       =                

The amount of absorbed quanta from 0 to z absorbed by the algal fraction, ∆Ea(z, λ),  was 

estimated by multiplying the total absorbed quanta by the fraction of the total absorbance 

coefficient made up by the algae absorbance coefficient, εa (λ) 

        =  
     

                         
         

Figure 10. Example of a 

vertical profile of PAR. The 

upper scale shows the 

“relative” PAR, ranging 

from 0 to 1. The lower scale 

shows the values in µE m
-2

 

s
-1

 after multiplying with the 

mean PAR value at the 

surface. 

D
e
p
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m
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The quanta absorbed by the algal community in depth interval i was found by subtracting the 

quanta absorbed from the surface to zi from the quanta absorbed from the surface to zi+1.  

         =                         

The total amount of PAR absorbed by the algal community in each vertical layer (see Figure 

11) was calculated as 

           =  ∫          
   

   

      

Quantum yields of the Photosystem II 

Although absorbed, a photon is not necessarily used for photochemistry (Skillman 2008). 

Having estimated the amount of light absorbed by the algae through the water column, the 

portion of the absorbed photons actually utilized for photochemistry had to be assessed. The 

quantum yield of Photosystem II (abbreviated QYPSII) is the ratio between the energy flux 

trapped in the reaction centres of Photosystem II and the energy absorbed by the pigments of 

the same system (Strasser and Srivastava 2000). The parameter can be estimated using Pulse 

Amplitude Modulated (PAM) fluorescence measurements. Generally, the QYPSII is thought 

to vary inversely with irradiance and directly with increasing depth (Prezelin et al. 1989). 

Figure  11. Schematic showing how the light absorbed  by the algae in each layer of 0.05 was calculated 

(here: from 0 – 0.05 m). Left: the black line shows the irradiance from 400 – 700 nm at the surface. Grey line 

shows the irradiance left at 0.05 m. The difference between the two is equal to the total irradiance absorbed 

over the first 0.05 meter, illustrated by the blue line in the right plot. The green line is the proportion of the 

total irradiance absorbed made up by algae. The area under this curve is the irradiance absorbed by algae in 

this vertical layer. 
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Empirical data relating the QYPSII to irradiance was obtained from fluorescence 

measurements with an AquaPen (AP-C 100, Photon Systems Instruments, Czech Republic) 

using blue excitation light (450 nm). The light curve 1 protocol was used to measure the 

adaptation of the QY to six different light intensities. 

AquaPen procedure 

All samples were measured in the field at the end of each sampling day. Unfiltered water 

samples were kept in the dark at in situ temperature for at least an hour before measurement, 

to ensure that all photosynthetic reaction centres were in an “open state” (maximal amount of 

the primary quinone acceptors of Photosytem II are oxidized (Baker 2008)). Two ml of 

sample water was transferred to a four window cuvette (VWR 634-8531) for measurement in 

the AquaPen. A cycle of measurement went as follows (Figure 12): First, the minimal 

fluorescence in the dark adapted state, 
d
F0, was measured under a weak measuring light (~ 0.1 

µE m
-2 

s
-1

).  A strong saturating flash (~ 3000 µE m
-2 

s
-1

) was then applied to “close” all 

reaction centres. The fluorescence measured just after the first saturating flash is termed the 

maximum, dark adapted fluorescence, 
d
Fm. Further, the sample was exposed to PAR of six 

different intensities (10, 20, 50, 100, 300 and 500 µE m
-2 

s
-1

), each of them for a period of 60 

seconds. Instantaneous light adapted fluorescence at each of the light intensities, 
l
F0, was 

measured. At the end of every light intensity period a saturating flash was applied, yielding 

the maximal light adapted fluorescence, 
l
Fm. The difference between 

d
Fm and 

d
F0 is defined as 

the maximal variable fluorescence, 
d
Fv  (

l
Fm - 

l
F0 = 

l
Fv in the light adapted state). From the 

model proposed by Butler and Kitajima (1975), the ratio between 
d
Fv and 

d
Fm in the dark 

adapted state is an estimate of the maximal quantum yield of PS II (QYPSIImax). 

         =
    
     

  

   
 

=
   

 

   
 

 

 

By applying the light adapted values of 
l
Fm and

 l
F0from every unique irradiance regimen, the 

same formula was used to calculate how the QYPSII changed in response to increasing 

irradiance. 
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Modelling of QY 

For the purpose of estimating the fraction of photons absorbed by photosynthetic pigments 

that were actually used for photochemical work, it was necessary to model how QYPSII 

changed with light intensity (practically; how it changed with depth). It is well known that the 

response of photosynthesis (PS) to irradiance can be fitted using different kinds of models. A 

widely used function is the “Poisson single hit model” (Peterson, Talbotb, and Bencala 1987): 

  =       (        ) 

The parameter β describes the how fast photosynthesis increase with irradiance and is equal to 

1/Ek (Ek is the “onset of saturation parameter”, with units µE m
-2

 s
-1

 (Talling 1957)). Pmax is 

the photosynthetic rate at light saturation. Assuming that photosynthesis is proportional to 

QYPSII * irradiance, QYPSII will be proportional to photosynthesis / irradiance. The 

response of QYPSII to irradiance may then be described by an exponential decay function  

         =             
  

    
   

Figure  12. Schematic of the light curve 1 protocol measured by the AquaPen. Black and red dots 

show time of measurement for 
d
F0: minimal dark adapted fluorescence, 

d
Fm: maximal dark adapted 

fluorescence, 
l
F0: light adapted minimal fluorescence (measured at all light intensities) and

 l
Fm : light 

adapted maximal fluorescence (measured at all light intensities). Black rectangles correspond to the 

six different light intensities applied. Yellow vertical bars correspond to the flashes of saturating 

irradiance. The exposure period for each light regimen was 60 seconds. 
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where QYPSIImax is the maximum quantum yield of photosystem II,  E(z) is irradiance at 

depth z, and Ek is the onset of light saturation. A low Ek value indicates that QYPSII decreases 

rapidly with irradiance. To estimate the parameters, the function was linearized with a log 

transformation, so that ln(QYPSII) became a linear function of E: 

          =      

exp (a) is now equal to QYPSIImax, which is the value of QYPSII when irradiance is 

approaching zero. Ek is equal to -1/b, where b is the slope describing how ln(QYPSII) is 

decreasing in response to irradiance.  

The model parameters were fit in a two-step procedure: during the first step, intercept 

and slope were fit independently to each lake with the assumption of total independence 

between lakes. During the second step, parameters were fit simultaneously using a linear 

mixed effect model (Pinheiro and Bates 2000) with the estimates from step one as starting 

points. In the mixed effect approach, the parameters describing QYPSII as a function of 

irradiance are assumed to be drawn at random from a larger population of lakes. The 

relationship between QYPSII and irradiance in the population has a mean intercept and slope, 

which can be thought of as fixed effects for the whole population. The parameters estimated 

for each lake can then be interpreted as random deviations around the mean parameters. By 

applying a linear mixed effect model to the data, the “raw” parameters from each lake is 

improved by combining it with information from the whole population.  

To estimate QYPSII of the algal community in the water column, the function  

          was predicted with irradiance values given by the vertical profiles of PAR, and 

the lake specific estimates of QYPSIImax and Ek. 

Light utilized for photochemistry 

The QYPSII (z) was used to estimate the amount of photons absorbed by the algal community 

actually used for photochemistry over the depths given by z. Since QYPSII is defined as the 

ratio between the number of photons used for photochemistry and the number of photons  

absorbed, photons used for photochemistry (Epc; µE 0.05 m
-3

 s
-1

) , were found as 

      =                        

When a photon is absorbed and actually used for photochemistry (i.e., excites the 

photosystem II reaction centre chlorophyll molecule, and the exited electron is used to reduce 

the primary electron acceptor), the theoretically minimum molar amount of photons needed to 

fix one mole of CO2 is 8 (Kirk 1994). This value is based on the observation that for every 
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CO2 fixed, the minimum reducing power needed is 2 NADPH; each of them requiring four 

photons. Still, the true minimum requirement is likely to be between 10 and 12, because 

biosynthesis of other substances than carbohydrates (proteins, lipids, nucleic acids) also 

compete for reducing power from photochemically generated electrons (Kirk, 1994). 

Assuming an overall requirement of 12 moles of photons per mole CO2 fixed  the ratio 

between moles carbon fixed and moles of photons used for photochemistry becomes 1/12 = 

0.08. Rates of daily carbon fixation in mg C per 0.05 m
-3

 layer, PP(z), was found by 

multiplying Epc(z) by this molar quantity, the day length in seconds (since the unit of Epc is µE 

0.05 m
-3

 s
-1

), and the molar weight of C (12000 mg mol
-1

):  

     =                                 

Areal estimates of total carbon fixation in the water column (PP; mg C m
-2

 day
-1

) was found 

by summing PP(z) for each vertical layer of 0.05 m
3
 from the surface and down to zmix. PP 

was also summed down to 5, and 15 m.  

  =  ∑      

    

 

 

 

Figure 13 summarizes how QYPSII, PAR, PAR absorbed by algae, and PAR used for 

photochemistry varied with depth for an arbitrary lake. 
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Figure  13: Vertical profiles of QYPSII, PAR, PAR absorbed by algae and PAR used for photochemistry 

from an arbitrary lake. Upper left: Vertical profile of QY, calculated as a function of the irradiance in the 

water column. Notice the increase with depth and the inverse relationship to PAR. Lower left: Vertical 

profile of PAR measured with a CTD. Right: Black line shows the irradiance absorbed (µE m
-2

 s
-1

) by the 

algae in each vertical layer of 0.05 m depth. Green broken line shows the amount of irradiance absorbed 

actually utilized for photochemistry. Corresponds to the product of irradiance absorbed per 0.05 m layer and 

the quantum yield at the concurrent depth 
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Results  
This part is divided in three sections. 1) Discrepancies between the two types of total 

absorbance spectra (both types will be referred to as absorbance spectra for simplicity, 

although the in situ measurements actually represent attenuation since they incorporate 

scattering) will be emphasized since they are of importance for the subsequent results. 

Vertical distributions of algal pigments, as well as mixed layer depths will also be 

highlighted. 2) The relative light absorbance by the different components in the water column. 

3) Results from the bio-optical estimation of primary productivity. 

The light available in the water column was calculated using total absorbance spectra 

obtained from laboratory measurements. Optimally, in situ spectra should have been used 

here, since these incorporate the effect of scattering in the water column (see discussion). A 

problem with these attenuation spectra was the obvious artefact seen in lakes with high 

attenuation coefficients at ~ 460 nm (indicated by an arrow in Figure 14). This artefact is 

further illustrated in Figure 15 where the absorbance at 400 nm is plotted against the 

absorbance at 500 nm for the two spectrum types. In the total absorbance spectra, the value at 

400 nm is a linear function of the absorbance at 500 nm, while in the in situ spectra; the value 

Figure 14. Comparison between total absorbance spectra measured in the laboratory and in situ attenuation 

spectra measured in the water column. Left: Total absorbance spectra (measured in the lab) from all lakes. 

Right: In situ attenuation spectra from all lakes. Notice the sudden decrease in attenuation at ~ 460 nm in 

spectra where attenuation is high.   
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at 400 nm is decreasing relative to the value at 500 nm when absorbance is increasing. This 

artefact is probably due to leakage of un-absorbed photons of other wavelengths into the 

detection area of the highly absorbed, low wavelength photons (Tom Andersen, pers. comm.). 

 

 

 

 

Figure 15. The artefact seen in 

the in situ attenuation spectra. 

The black points show the 

absorbance at 400 as a function 

of the absorbance at 500 from the 

total absorbance spectra of all 

lakes. The red points show the 

same from the in situ spectra. 

Notice the declining trend in the 

red curve 

Figure 16. Kd as a function 

of εT at four different 

wavelengths across the PAR 

spectrum. Solid lines 

represent the 1:1 

relationship, while the 

dashed lines are the lines of 

best fit. Notice that the 

conformity is good at 460 

nm, but deteriorates towards 

700 nm. 
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Correlation between in situ and total absorbance spectra was assessed by plotting the 

absorbance at four different wavelengths (460, 550, 675, and 700 nm) across the spectrum 

against each other (Figure 16). The values were correlated at 460 nm (R
2
 = 0.93, slope = 

1.08), but at higher wavelengths the relationship deteriorated and the in situ values became 

increasingly higher relative to the laboratory values (550 nm: R
2
 = 0.78, slope = 1.4, 675 nm: 

R
2
 = 0.29, slope = 1.69, 700 nm: R

2
 = 0.25, slope = 3.1). This trend can probably be attributed 

to scattering, which tend to be inversely related to absorbance. 

The vertical in vivo fluorescence profiles of algal pigments (chlorophyll a, 

phycocyanin, and phycoerythrin) were normalized with respect to the mean fluorescence in 

the upper 5 meters and plotted against depth to evaluate the assumption of homogenous 

vertical distribution of algae (Figure 17). This assumption seems to hold, at least 

approximately (see discussion). 

  

Estimates of the mixed layer depths are shown in Figure 18. The lakes that were not stratified 

(16 of 71) are not included in the histogram. The distribution of temperature ranges were 

plotted, and used to evaluate if the lake was stratified or not. If the temperature range was 

lower than the intercept between the two normal distributions, the lake was classified as 

mixed. 

Figure  17. Vertical profiles of in vivo fluorescence from the CTD (normalized by dividing on the mean 

fluorescence from 0-5 meters). Left: chlorophyll a fluorescence, middle: phycocyanin fluorescence, right: 

phycoerythrin fluorescence.   
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Spectral decomposition of total light absorbance  

Algal pigments, detritus, DOM, and the water itself are all important photon absorbers in the 

water columns of lakes (Kirk 1994). Each component “competes” for a share of the photon 

budget, such that light limitation of algal productivity can easily occur. The relative light 

absorbance can be illustrated with a “cumulative” absorbance spectrum, where the absorbance 

coefficients of each component in the PAR region are stacked upon each other and plotted 

against wavelength (Figure 19). The cumulative absorbance spectra of three lakes, with very 

different properties with respect to light absorbance, are shown in Figure 19. The green area 

on the bottom is the algal absorbance spectrum, which is characteristic with its two peaks at ~ 

440 nm and ~ 675 nm. The dark brown area stacked upon the green is the detrital absorbance 

spectrum; the light brown is DOM; and the blue can be attributed to the water itself. The 

upper line separating the coloured area from the white is equal to the total absorbance spectra 

of the water column (the sum of the four). Clearly, the striking difference in the absorbance at 

e.g. 440 nm is seen, which expresses the vertical attenuation of blue light. In lake 

Jølstravannet, which is an oligotrophic lake (TP < 1 µg L
-1

) with high Secchi depth (10 m), 

55 % of the blue light was removed within the first meter of the water column (calculated 

from the total absorbance coefficient at 440 nm). This value was low compared to e.g. Lake 

Rokosjøen (Secchi depth = 1.8 m), which “removed” 99.9 % of the blue light within a 1 m 

light path (without considering scattering). At 700 nm (the red-light part of the spectrum) the 

Figure 18. Mixed layer depths. Left: Histogram showing the estimated mixed layer depths. The lakes that were 

not stratified are left out from the figure. Right: Histogram showing temperature ranges from the lakes (max – 

min temperature). The red and green lines are the estimated two normal distributions underlying the data.  
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variation in absorbance was much lower, with about 51 %, 62 % and 60 % removal of light 

per meter in the three lakes presented.   

 

 

The relative importance of the different components across the PAR spectrum was further 

subject of this study (Figure 20). The absorbance coefficients of each component were  

divided by the total absorbance coefficients (εT) and these “relative” absorbance coefficients 

were plotted as a function of wavelength, thus revealing to a finer detail where the different 

components influenced absorbance the most (Figure 20). Thick coloured lines represent the 

mean relative absorbance coefficient for all lakes and can be taken as the general trend for the 

actual component. The peak of the absorbance coefficient at 675 nm for the algal pigments 

(indicated by an arrow in Figure 20) seems to be the optimal wavelength where the algal 

pigments make their highest contribution to the total absorbance coefficient (~ 27 % on 

average). DOM stands out as the most significant light absorber in general, with increasing 

influence from the red towards the blue and eventually into the UV. Detritus was most 

important in the middle of the spectrum, as illustrated by the unimodal shape of the curve with 

a peak somewhere in the green-light range. As is clearly seen, the relative importance of water 

was only of significance from about 550 nm and upwards. Nevertheless, its contribution to 

total absorbance was large in the red-light part, and constituted approximately 80 % on 

average at 700 nm.  

Figure 19. Cumulative absorbance spectra for three lakes with very different properties with respect to light 

absorbance.  Left: Lake Jølstravannet (oligotrophic; Secchi depth = 10 m, TP < 1 µg L
-1

, TOC = 0.66 mg L
-

1
, Chl a = 2.2 µg L

-1
). Middle: Lake Bergsvannet (eutrophic; Secchi depth = 1.05 m, TP = 17.85 µg L

-1
, 

TOC = 7.09 mg L
-1

, Chl a = 120 µg L
-1

). Right: Lake Rokosjøen (dystrophic, Secchi depth = 1.8 m, TP = 

8.25 µg L
-1

, TOC = 11.81 mg L
-1

, Chl a = 23.67 µg L
-1

). 
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PAR absorbed by algal pigments in relation to other absorbers 

The contribution of the different components to the absorption of total PAR can only be 

assessed by carrying out appropriate calculations at narrow wavebands across the spectrum, 

and summing the results up (Kirk 1980). On the basis of component absorbance spectra and a 

spectrum of incoming solar irradiance, the percentage of incoming irradiance absorbed by the 

four components was calculated for all the surveyed lakes (4 lakes had to be omitted because 

of measurement errors; results are presented for the remaining 71 lakes. See also Table 1, 

appendix).  

The geographical and frequency distributions of the relative amount of PAR absorbed 

by algal pigments were plotted in Figure 21. Except for one lake with very high algal content, 

the distribution of values was within the range of 6 % - 31 %, with a mean of 16 %. The 

relative amount of PAR absorbed by DOM in the 71 lakes (Figure 22) revealed low values at 

Figure 20. Relative absorbance coefficients of algal pigments, DOM, detritus, 

and water. The relative attenuation coefficients were obtained by dividing the 

individual attenuation coefficients per nm by the total absorbance coefficient. 

Grey lines represent the curves from the individual lakes. Coloured lines 

represent the average over all lakes. 
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both coasts, with higher values in the inland. The range of percentages spanned from 16 % to 

64 %, with a mean of 44 %.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The geographical and frequency distributions of the relative amount of PAR absorbed by 

detritus were plotted in Figure 22. The relative light absorbance was approximately in the 

same range as for phytoplankton, from 5 % - 39 %, with an overall mean of 17 %.  

A negative relationship was observed between the amount of quanta absorbed by 

DOM and the amount absorbed by algae (P < 0.0001, R
2 

= 0.4; Figure 23, left). Detrital 

absorbance showed a similar pattern to DOM (P < 0.001, R
2
 = 0.26; Figure 23, right). 

 

 

 

 

 

 

 

 

Figure 21. Percentage of incoming PAR absorbed by algae. Left: The sampled lakes were plotted as 

points proportional to the percentage of PAR absorbed.  Axes show longitude and latitude (degrees). 

Right: histogram showing the distribution of the relative amount quanta absorbed by algae. The Y axis 

show the number of lakes within a given interval. 
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Figure 22.  Percentage of incoming PAR absorbed by DOM (upper graphs) and detritus (lower graphs). Left: 

The sampled lakes are plotted as points proportional to the percentage of PAR absorbed.  Axes show longitude 

and latitude (degrees). Right: histogram showing the distributions of the relative amount of quanta absorbed by 

DOM and detritus. The Y axis show the number of lakes within a given interval. 
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Primary productivity 

One of the main aims of this thesis was to estimate areal primary productivity (PP), solely by 

the use of optical measurements. Spectral composition of PAR at the surface (Figure 9), 

vertical profiles of PAR (Figure 10), total and algal absorbance spectra, and PAM 

fluorescence measurements were combined to obtain areal estimates of PP (mg C m
-2

 day
-1

) 

from the surveyed lakes.  

Quantum yield of Photosystem II was modelled as a function of irradiance to estimate 

how the variable changed with depth (see also Figure 1, appendix). The model used was 

         =             
  

    

  , and estimates of the parameters Ek and QYPSIImax from 

each lake were calculated (Figure 24). Here, the Ek is the “onset of saturation parameter” 

which is the irradiance where light saturation starts to kick in. Estimates of Ek ranged from 

242 – 702 µE m
-2

 s
-1

, with one outlier at 1292 µE m
-2

 s
-1

. The median was 465µE m
-2

 s
-1

. 

Maximum quantum yields of Photosystem II (the QYPSII when irradiance is approaching 

zero) ranged from 0.13 to 0.46 with a mean of 0.25.  

  

Figure 23. The competing effect of DOM on algal and detrital absorbance.  Left: Scatterplot of % 

algal absorption against % DOM absorption. Right: Scatterplot of % detrital absorption against % 

DOM absorption. Broken line is the line of best fit as predicted by a simple linear regression model. 
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Estimates of primary productivity 

Calculated estimates for the areal PP values were their maximum estimates (Figure 25, Table 

1 in appendix), i.e. the maximal amount of carbon that can be fixed in the water column under 

a surface of 1 m
2
 in in a day. The results vary by just over an order of magnitude, from 136 to 

1597 mg C m
-2

 day
-1

, with a mean of 600 mg C m
-2

 day
-1

. 

 

Figure 25: Histogram showing the variation in areal primary 

productivity (mg C m
-2

 day
-1

) from the 71 lakes.   

 

Figure 24. Parameters from the modelling of QYPSII as a function of irradiance. Left: Ek (µE m
-2

 s
-1

; “onset 

of light saturation”). Right: the maximum quantum yields of Photosystem II.   
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 A more detailed view of the variation in PP was obtained by plotting the distributions of the 

estimated PP with respect to the levels of TOC and TP in the lakes (Figure 26). The categories 

high, medium, and low were chosen such that all groups were similar in size. Assessing the 

distributions, most of the lakes with high TOC levels (9 -13 mg L
-1

) were also unproductive 

(> 50 % of these lakes produced less than 300 mg C m
-2

 day
-1

).  The mode of the histogram 

changed to higher areal PP when TOC concentrations were medium (5 – 9 mg L
-1

) or low (< 5 

mg L
-1

), indicating that TOC imposed a negative effect on areal PP. In contrast, lakes with 

high TP concentrations (10 – 30 µg L
-1

) were generally productive (90 % of these lakes 

produced > 750 mg C m
-2

 day
-1

). The medium (4 – 10 µg L
-1

) and low (< 4 µg L
-1

) TP groups 

were both lacking lakes in the very upper range of the PP scale (i.e > 12 mg C m
-2

 day
-1

).  

 

 

 

 

Figure 26. Histograms showing the variation in areal PP for different levels of TOC (left) and TP 

(right). “Percent of total “on the Y-axis is the percentage of lakes within each histogram bar.  
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The effect of TP and TOC was further investigated by a multiple regression relating PP to 

TOC and TP (Table 1). PP was positively related to TP, which is also indicated by the 

positive trend (slope: 54.8) in Figure 27 (right). The regression coefficient for TOC indicates 

a negative effect on PP (Figure 27; left). TOC was not significant in a simple linear regression 

of PP on TOC, but came out significant when the other predictors were included.  A positive 

relationship was also found between PP and chlorophyll a (not shown), but the dependency 

between the variables was not linear. PP levelled off at high chlorophyll a concentrations. 

Separating between the effect of TP and chlorophyll a was difficult because they were 

strongly correlated (r = 0.78 for the correlation between log(TP) and log(chlorophyll a), p < 

0.0001), and both showed a positive influence on PP.  

 

 

 

 

 

 

 

 

 

 

Parameter Estimate Conf. interval P-value Prop. Expl. 

Intercept 598,8 [490.4 – 707.2] < 0.0001 -  

TP 54.8 [45.3 – 64.4] < 0.0001 47.3 % 

TOC - 55.4 [-73.1 – - 37.7] < 0.0001 19.2 % 

Figure 27: The relationship between PP and the two most important lake chemistry parameters. Left: 

PP as a function of TOC, right: PP as a function of TP. Solid line is the line of best fit.   

 

Table 1. Regression coefficients, P-values and proportion of variance explained for the model PP ~ 

TP + TOC. Notice the positive effect of TP and the negative effect of TOC. 
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PP estimates were calculated in three different ways: 1) summarizing from the surface 

to zmix,   2) from the surface to 15 meter (when for all practical reasons, no light was left), and 

3) from surface to 5 m (where water samples were taken). The results were very much similar 

when comparing the three estimates (Figure 28 left). Calculating the difference between areal 

PP summarized from 0 to 15 and from 0 to 5 meter, and plotting this difference against Secchi 

depth (Figure 28, right); it is clear that the difference increase with increasing Secchi depth. 

This indicates that if transparency is high, PP can proceed to greater depth, with a subsequent 

increase in areal PP (see discussion). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28. Comparison between PP calculated for different depth intervals. Left: PP calculated from 

the surface to zmix plotted against PP calculated  from the surface to 15 m(black points), and from the 

surface to 5 m(red points). The solid line is the 1:1 relationship. Right: The difference in areal PP 

calculated for the vertical layer from 0-15m and the vertical layer  from 0-5m. The difference was 

plotted against Secchi depth (a proxy for transparency). 
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Discussion 

The importance of algae and dissolved organic matter (DOM) as light 

absorbers and consequences for lake productivity 

The spectral decomposition of total absorbance spectra, as well as the calculations of relative 

PAR absorbance by the different components, reveals that algal pigments are of relatively 

minor importance in the fate of photons. Low relative absorbance can be attributed to low 

algal biomass or pigment concentrations per se, but in many of the lakes, the low values are a 

consequence of high absorbance by one or more of the other components.  DOM clearly 

showed an enormous importance in determining the absorbance of PAR (Figure 19, 20 and 

22), and its relative absorbance was negatively related to the relative algal absorbance (Figure 

23). This indicates the strong competing effect this parameter has on the harvesting of light by 

algae, which may bring along light limitation and reduced areal productivity.  

DOM was the dominant absorber in all but the clearest lakes, especially in the blue 

part of the spectrum (Figure 20, upper right). Because of the rapid attenuation of red light by 

the water itself (Figure 20, lower right) the chlorophyll absorption band in this part of the 

spectrum is of limited use in the aquatic environment (Kirk 1976). The absorbance of blue 

photons by chlorophyll is reduced by the presence of DOM because its inherent absorbance 

properties increase exponentially towards the blue (Twardowski et al. 2004). It has been 

shown that in shallow and nutrient poor lakes, where benthic algae dominate the primary 

productivity (PP), that DOM and its effects on light attenuation is the main limiting factor for 

total ecosystem productivity (Ask et al. 2009).  

The effect of DOM on photosynthetic productivity in the pelagic zone can be viewed 

in at least two different ways. First, areal primary productivity, i.e. the amount of carbon fixed 

by photosynthetic organisms through the whole water column, is thought to be negatively 

affected – possibly through the reduction in euphotic zone depth imposed by the strong light 

absorbance of DOM (Jones 1992). This hypothesis has been tested by Carpenter et al. (1998), 

who conducted  a large scale lake manipulation experiment where the effects of phosphorus 

and DOM on primary productivity was disentangled. The researchers found that the effect of 

P-enrichment on the mean areal productivity was much weaker when DOM concentrations 

were high. The variability in areal PP was also lowered by the presence of DOM. Since the 

variation in DOM content between lakes is so large (~50 mg C L
-1

 worldwide; 0.3 -11.6 mg C 

L
-1 

in the lakes surveyed in this study, assuming DOC:TOC = 0.9), the parameter can be a 
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powerful source of variation in PP between lakes. DOM is also well predicted from 

catchments properties like NDVI (normalized difference vegetation index), runoff, and the 

proportion of area covered with bogs (Larsen, Andersen, and Hessen 2011). This can 

potentially be utilized to predict productivity on a regional scale. Some authors have proposed 

that the negative effect of DOM on areal PP is caused by the binding of iron to humic 

substances (Jackson and Hecky 1980), but according to Jones (1992), none of the lakes 

surveyed had sufficient DOM concentrations to affect light penetration markedly.  

Although reducing areal primary productivity, the volumetric primary productivity of 

the epilimnion, i.e. the carbon fixation per volume of epilimnion, is generally higher in 

coloured lakes than in clear water lakes (Nürnberg and Shaw 1999). Since the thermocline 

depth commonly is shallow in coloured lakes, the algae tend to aggregate near the surface, 

which may create an effective light climate and a productive upper layer (Jones 1992). In 

Swedish lakes, a significant correlation was found between TP and colour (also seen in the 

lakes surveyed here), indicating that dystrophic lakes do not need to be unproductive 

(Håkanson 1995). It can be argued that the limiting nutrient (most commonly phosphorus 

(Schindler 1977); but sometimes also nitrogen (Jansson et al. 2001; Elser et al. 2007)) will not 

be efficiently utilized because of light limitation, as indicated by Carpenter et al. (1998). 

Nürnberg & Shaw (1999) found no effect of DOC concentration on the relationship between 

TP and chlorophyll, indicating that this is a question with no clear-cut answer. 

In an ecological perspective, the effect of photosynthetic pigments composition (i.e. 

“pigment diversity”) will also be important for the light-harvesting by the algal community. A 

diverse “pigment pool” is thought to be advantageous for total productivity through the 

complementary effect of different absorption bands in the PAR region (Striebel et al. 2009; 

Ptacnik et al. 2008). This may be of special importance when considering the strong 

competition for light imposed by DOM.  

 

Factors influencing the estimates of PP 

The estimated depth profiles of productivity (Figure 13, right), and thus the final estimates per 

area, are influenced by variation in a few important parameters. First, possible errors in the 

measurements of algal absorbance spectra will influence the results. Overestimated 

absorbance coefficients will increase the relative absorbance made up by algae and thus the 

proportion of total irradiance absorbed and used for photochemistry. Measuring the 

absorbance of particulate samples on a filter is known to be difficult due to the problems 
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imposed by scattering by the sample (e.g. Cleveland and Weidemann 1993). Photons scattered 

outside the detection area of the spectrophotometer, or amplification of absorbance due to 

internal reflection by the particles on the filter (Kirk 1994), may lead to an artificial “loss” of 

photons that will overestimate the absorbance of the filter-sample relative to the suspension 

state. Placing the sample filter in the entrance of an integrating sphere decreased the impact of 

scattering in the forward direction (Ferrari and Tassan 1995), but internal reflection on the 

sample-filter was still not corrected for. This may have overestimated algal absorbance 

spectra slightly. On the other hand, since the absorbance spectra were also measured after 

bleaching of the sample, and the pigment absorbance spectra were found as the difference 

between the two measurements (Figure 7); the effect may have been somewhat dampened.   

  The daily incident solar radiation (I0) may influence PP in different ways. The values 

used here are based on daily mean values for the area of the lake in July 2011. This means 

that I0 (and thus QYPSII, which is inversely related to irradiance) was assumed to be constant 

between sunrise and sunset. In reality, irradiance peaks at noon and decrease towards the 

evening, with a corresponding minima in QYPSII at the time of strongest irradiance. 

Consequently, the results may differ somewhat from calculating productivity at regular 

intervals throughout the day, and integrating over the time-period. 

Dependent on geographical position, the I0 values varied only by a factor of 1.5 

between lakes surveyed (range: 207 – 303 µE m
-2 

s
-1

). In general, increasing I0 will give more 

light available in the water column, which again can increase the number of quanta absorbed 

by the algae. This may increase production, but only if the additional quanta are absorbed and 

utilized for photochemistry; not dissipated as heat or other types of non-photochemical 

quenching (Müller, Li, and Niyogi 2001). The response of photosynthesis to increased 

irradiance should be reflected in the “onset of saturation” parameter; Ek (Talling 1957). High 

Ek means that the algae are saturated first at high irradiances, which, in terms of QYPSII, 

imply that QYPSII increase more rapidly with depth. Such algae may produce more if more 

light is available; they are high light-adapted. Low Ek indicates saturation at low irradiance, 

and that QYPSII increase slowly with depth. Algae with such characteristics will not be able 

to increase production as efficiently with increase in irradiance; they are more dark-adapted. 

Undoubtedly, there is considerable uncertainties linked both to the fluorescence 

measurements and the modelling of QYPSII (see later section), and the values of Ek may not 

be interpreted as literally as if they were obtained from real photosynthesis – irradiance 

curves. Many of the lakes surveyed were characterized by low Kd(PAR), indicating that dark-

adaptation probably was prevailing,  
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It should be noted that prolonged exposure to very strong irradiance in the surface can 

lead to light inhibition in the upper layer (Kok 1956). This phenomenon has not been 

considered in this thesis, but it possibly has consequences for vertical algal distribution and 

productivity, at least in lakes with low Kd(PAR). 

Are the PP estimates plausible? 

Models estimating productivity from optical measurements are attractive because they 

potentially can yield estimates in short time and with relatively low amount of work. One 

weakness with the results presented here is that they have not been validated against 

productivity measurements made in situ. Such measurements, e.g. the 
14

C
 
technique, are time-

consuming, and could not be carried out during the sampling campaign. A possibility, which 

can be done later since gas-data are available from the surveyed lakes, is to compare the 

productivity with the partial pressures of O2 and CO2 in the epilimnion; one would expect a 

positive correlation between PP and O2, and a negative correlation between PP and CO2. 

 Comparing the estimates with published values of PP from lakes show that the values 

obtained here are reasonable. The productivities ranged from 136 to 1567 mg C m
-2

 day
-1

, 

with a mean of 600 mg C m
-2

 day
-1

. It should be emphasized that these are gross values, i.e. 

the amount of carbon fixed without considering the respiration by the algae themselves. An 

overview of primary productivity in Wetzel (1983) lists values in the range 250 – 1000 mg C 

m
-2 

day
-1

 for mesotrophic lakes (TP: 10 – 30 µg L
-1

, Kd: 0.1 – 2 m
-1

) and over 1000 mg C m
-2 

day
-1

 for eutrophic lakes (TP > 30 µg L
-1

, Kd: 0.5 – 4 m
-1

). For dystrophic lakes (TP: < 1 – 10 

µg L
-1

, Kd: 1 – 4 m
-1

) the values ranged from 50 – 500 mg C m
-2

 day
-1

. These values were 

measured by the 
14

C method, and are thus somewhere in between gross and net productivity 

values (P. G. Falkowski and Raven 1997).  

When relating the PP estimates to TP and TOC, these parameters were found to have a 

positive and a negative correlation with PP, respectively (Figure 25 and 26, table 1). This 

should be interpreted with some caution, since the estimates are not confirmed by productivity 

measurements, but are based on absorbance spectra which themselves are influenced by TOC 

and TP concentrations. Phosphorus is in many cases the limiting nutrient in lakes (Elser et al. 

2007) and tends to correlate positively with algal biomass (Schindler 1977). High algal 

biomass entails increased pigment concentrations and consequently high algal absorbance 

coefficients. The values of the algal absorbance coefficients across the PAR spectrum relative 

to the other absorbers in the water column are of major importance when it comes to 

capturing light for photosynthesis. TOC (of which ~90 % is made up by DOC (Wetzel 1983)), 



 

 

52 

 

with its strong influence on the total attenuation of PAR, is expected to affect the areal 

productivity estimates negatively by reducing the penetration of PAR and by absorbing 

photons that otherwise could have been used for photochemistry. 

Other limitations of the procedure 

Scattering 

The effect of scattering in the water column was not considered when carrying out the 

calculations of spectral attenuation of irradiance. Scattering does not remove light per se, but 

increases the path-length of the photons, which will reduce the depth penetration of light. The 

attenuation spectra measured in situ incorporate the effect of scattering, but because of the 

artefact observed at 400 – 480 nm in high attenuation lakes (Figure 14 and 15), they could not 

be used in the calculations unless they were restricted to range 480 – 700 nm. This was 

undesirable because it was important to use the whole PAR range in the calculations of light 

available for photosynthesis. Thus, for all calculations the in situ spectra were substituted with 

the total absorbance spectra (obtained by summing the component spectra measured under 

laboratory conditions). The laboratory absorbance measurements were all carried out with the 

aim of reducing scattering as much as possible. Comparing the two spectrum types, 

correlation was nevertheless good and at the relationship almost 1:1 at 460 nm (Figure 16, 

upper left). The relationship degraded towards higher wavelengths (550, 675 and 700 nm), 

and as a general trend, the ratio between attenuation and absorbance increased toward 700 

nm. This fact – that attenuation was higher than absorbance – may be explained by scattering 

in the water column with the corresponding increase in path-length traversed by the light. The 

increase in discrepancy between the spectrum types towards 700 nm may suggest that 

scattering affect the least absorbed photons more strongly. Kirk (1974) found that the 

attenuation coefficient for total PAR was from 30 % to 600 % higher than the coefficient he 

calculated on the basis of component absorbance spectra, the amount depending on the 

turbidity in the water.   

The relative amount of quanta absorbed by the different components in the water 

column should not be significantly affected by ignoring scattering, especially since the in vivo 

fluorescence profiles show that the biomass generally was homogenous with respect to depth 

in the upper 5 meters. Since scattering in the water column is dominated by particles, which 

scattering properties are thought to be roughly independent of wavelength (Kirk 1994), the 
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main difference will be that the quanta are absorbed over a smaller depth interval – but in the 

same proportion between components. 

The productivity estimates may be affected by not considering scattering. Since light 

penetration to depths will be slightly overestimated, the depth of the euphotic zone will 

increase, and photosynthesis is allowed to proceed to higher depths than if scattering was 

considered. The relative amount of quanta absorbed by phytoplankton will be approximately 

the same, but the absorption of available quanta will be spread out over a larger depth 

interval. Since the quantum yield of Photosystem II is dependent on irradiance, and increase 

with depth, the estimates may be slightly overestimated. This, again, also depends on the light 

response of the algae (i.e. Ek, as discussed earlier). The QYPSII estimates themselves was not 

affected, since they were calculated as a function of scalar irradiance measured with a CTD, 

where the effect of scattering is incorporated.  

Distribution of algae with depth 

One of the assumptions underlying the calculations of primary productivity was that the algae 

were homogenously distributed with depth. This assumption rests on the fact that if the lake is 

stratified, the algae are circulated through the mixed layer and spend approximately the same 

amount of time at different depths. Judging from the fluorescence profiles of chlorophyll a, 

phycocyanin and phycoerythrin, this seems to be approximately true for the upper 5 meters 

(Figure 17). Nevertheless, vertical patterns were also noticeable. Since algae needs light, 

which is supported from above, and nutrients, which are supported from the bottom, it is 

common to experience vertical patterns of phytoplankton distribution in stratified lakes 

(Klausmeier 2001). In clear water lakes, high irradiance in the upper layers may inhibit 

photosynthesis and cause the biomass maximum to show up some distance below the surface, 

while in humic lakes, algae may actually aggregate below the thermocline to avoid grazing 

from zooplankton (Arvola et al. 1992). To account for possible vertical distribution patterns, 

the method of estimating primary productivity could have been further refined by utilizing the 

fluorescence profiles as templates for scaling the light absorbance relative to the vertical 

distribution of photosynthetic pigments. This would have given profiles of productivity that 

were more consistent with respect to biomass distribution. 

  In lakes, the attenuation of light is usually rapid, and the depth of the mixed layer is 

often deeper than the euphotic zone (Kirk 1994). If this is the case, it should make no 

difference in the productivity estimates between summing production from the surface to 

infinity, or from the surface to zmix. As expected, the results were more or less equivalent 
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when PP was calculated over the two different depth intervals (Figure 28). This indicates that 

the epilimnion was totally-absorbing in most of the lakes surveyed. Approximately equal 

results were also obtained by summing from the surface to 5 meters depth. This indicates that 

light is efficiently attenuated within this depth interval in most lakes, probably as a result of 

strong absorbance by DOM. A few lakes showed higher PP when summarizing to greater 

depths. These lakes also had high transparency (measured as Secchi depth), which allow for 

deeper light penetration and a larger euphotic volume where photosynthesis take place. 

The use of fluorescence measurements to estimate photosynthetic rates 

The quantum yield of photosystem II was literally interpreted as the proportion of photons 

absorbed by photosystem II which is used for photochemical work (Maxwell and Johnson 

2000). E.g. a QYPSII of 0.5 implies that 50 % of the photons absorbed are used for 

photochemistry, while the remaining 50 % are dissipated as heat or lost as fluorescence. The 

estimates of QYPSIImax obtained in this study were generally low (0.13 – 0.46, mean: 0.25), 

meaning that a large portion of the quanta absorbed by the algal pigments were lost as heat 

and fluorescence. Are such low values plausible? Parkhill, Maillet, and Cullen (2001) used 

PAM fluorescence to assess the maximal quantum yield of Photosystem II under different 

nutrient conditions for a marine diatom.  Under nutrient-replete conditions, the values 

measured were consistently high (0.6 ± 0.02). According to Kolber & Falkowski (1993), the 

maximum QYPSII for algae grown under optimal laboratory conditions are remarkably 

constant with a mean of 0.65.  The low quantum yields measured in this study may be an 

inherent property of the algae, and one cannot exclude the possibility that such low values are 

related to nutrient limitation in these, in many cases, nutrient poor lakes (Appendix, table 1). 

Treatment of the water samples in the field may also have played a role. The samples were 

sometimes stored for many hours in the airplane between sampling and measurement (if the 

lake was sampled in the morning and measured in the evening), and the exposure of the 

samples to e.g. sunlight or increased temperature could increase stress and thus reduce 

quantum yield (Maxwell and Johnson 2000). It is known that exposure to excessive irradiance 

over time can result in damage to Photosystem II and reduced efficiency of energy transfer 

from the antenna system to the reaction centre (Honeywill, Paterson, and Hagerthey 2002).  

When multiplying the QYPSII with the amount of quanta absorbed by the algae in the 

water column to obtain the quanta used for photochemistry, it is assumed that the light energy 

is evenly absorbed by Photosystem I and II and that the quantum yield of the two systems is 

equal. These assumptions are somewhat debatable. In the aquatic environment, the spectral 
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irradiance will change with depth because of the selective absorbance by the components is 

the water column. Since the two photosystems are excited by different wavelengths 

(Photosystem I: far red, red and blue light, Photosystem II: more blue than red, and no far red 

light), one of the photosystems will be favoured over the other at different depths (Allen and 

Forsberg 2001), and the electron transport rate will be limited by the system which receive the 

least amount of light (Taiz and Zeiger 2010). On the other hand, there also seems to be a 

system which shifts energy from one system to the other so that light energy is not lost due to 

the limiting rate of the least absorbing system (Allen and Forsberg 2001). Since the two 

photosystems operate sequentially in the noncyclic electron transport chain in the thylakoids, 

changes that occur in the quantum yield of Photosystem II should be reflected in the quantum 

yield of Photosystem I, and vice versa. This mechanism has been demonstrated in pea plants, 

where a consistent correlation was found between the two quantum yields when exposed to 

different light intensities (Harbinson, Genty, and Baker 1989).  

The quanta absorbed and used for photochemistry were multiplied with a factor 0.08 

to estimate moles of carbon fixed per mole quanta used for photochemistry. The value of the 

conversion factor was chosen considering the physiological limitations that exist in the 

photosynthetic process: The minimal amount of NADPH needed to fix one molecule of CO2 

to the level of carbohydrate is 2. Reducing each NADP
+
 to NADPH requires four photons, 

which gives a maximal efficiency of 1/8 or 0.125 CO2 fixed per photon used for 

photochemistry (Skillman 2008; Kirk 1994). This number is too high, because plants also 

contain protein, lipids and nucleic acids, whose synthesis need reducing power and chemical 

energy in the form of NADPH and ATP. Consequently, more quanta, probably 10 - 12 is 

needed to fix one molecule of CO2 (Radmer and Kok 1977). A conservative choice for the 

conversion factor can then be taken as 1 / 12, or 0.08. It was assumed that this value is 

constant, although it may change with variation in allocation of electrons from NADPH to 

other sinks than CO2 (e.g. nitrogen metabolism). Environmental conditions - especially light 

availability – are known to affect this allocation  (Turpin 1991). Nevertheless, a quantum 

yield of 1/12 probably represents an upper limit to what is possible under natural conditions. 

The maximum quantum yield of carbon fixation (QYc), which is the ratio between 

moles of C fixed per moles of quanta absorbed, can be estimated from photosynthesis-

irradiance curves. Going through the literature, Bannister & Weidemann (1984) found that 

most likely, the in situ value of maximum QYc lie in the range 0.03 - 0.07 mol C mol quanta 

abs
-1

. The QYc should be approximately equivalent to the product of QYPSIImax and 0.08: 
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Calculating this from the 71 lakes reveals that the ranges of estimates lie between 0.008 and 

0.04 mol C mol quanta abs
-1

. These values are generally lower that the estimates from the 

literature, and may thus underestimate the estimates of primary productivity.  

 

Conclusion 

Absorbance of solar irradiance in the water columns of the surveyed lakes is dominated by 

DOM. Algal pigments captures a small amount of the available light, and the amount is 

generally low when DOM absorbance is high. Thus, DOM seems to limit primary 

productivity through light limitation and reduction of euphotic depth, as indicated by the 

primary productivity estimates. The bio-optical procedure offers a time-efficient alternative 

for estimating areal primary productivity, but the method could be further refined and 

validated against in situ productivity measurements.  
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Appendix 
Appendix table 1: Surveyed lakes with related parameters. 

 

ID Lake Name Date sampled Lat Lon Secchi depth 

170 Gjersjøen 08.08.2011 59,790 10,775 3,3 

180 Øgderen 29.07.2011 59,714 11,413 1,1 

189 Krøderen 28.07.2011 60,135 9,759 2,8 

191 Rødbyvatnet 09.08.2011 59,582 10,487 2,1 

194 Sperillen 28.07.2011 NA NA NA 

214 Gjesåssjøen 30.07.2011 60,682 11,992 1,15 

233 Osensjøen 27.07.2011 61,176 11,888 2 

236 Rokossjøen 30.07.2011 60,787 11,441 1,8 

242 Sør Mesna 28.07.2011 61,076 10,800 2 

252 Vermundsjøen 30.07.2011 60,695 12,387 1,3 

258 Gjønvatnet 22.07.2011 60,270 5,841 12,5 

261 Kalandsvatnet 22.07.2011 60,271 5,402 3,2 

264 Myrkdalsvatnet 22.07.2011 60,812 6,471 6 

277 Engsetdalsvatnet 20.07.2011 62,533 6,633 6 

285 Rotevatnet 23.07.2011 62,141 6,118 5 

288 Vatnevatnet 20.07.2011 62,153 6,229 7 

326 Einavatnet 10.08.2011 60,538 10,653 3,55 

328 Randsfjorden 28.07.2011 60,723 10,268 3,5 

339 Ringsjøen 28.07.2011 60,882 10,355 2 

340 Sæbufjorden 16.08.2011 61,013 9,215 5,05 

344 Strondafjorden 16.08.2011 60,978 9,249 6,1 

345 Trevatna 28.07.2011 60,639 10,435 2,3 

349 Bogstadvannet 11.08.2011 59,971 10,618 2,3 

353 Aspern 29.07.2011 59,147 11,684 1,9 

361 Rødenessjøen 29.07.2011 59,532 11,626 1,15 

363 Rømsjøen 29.07.2011 59,701 11,844 3,5 

374 Edlandsvatnet 21.07.2011 58,763 5,871 3 

378 Hetlandsvatn 21.07.2011 59,175 6,109 6 

380 Lutsivatn 21.07.2011 58,860 5,848 3,15 

394 Vatsvatnet 21.07.2011 59,527 5,704 1,1 

395 Vostervatnet 21.07.2011 59,096 5,975 5,5 

404 Jølstravatnet 23.07.2011 61,558 6,400 10 

405 Oppstrynvatnet 23.07.2011 61,915 7,077 2,2 

433 Bandak 27.07.2011 59,402 8,230 5 

436 Grungevatnet 27.07.2011 59,707 7,759 5,8 

453 Vinjevatn 27.07.2011 59,612 7,852 7,2 

481 Åsrumvatnet 26.07.2011 59,163 10,058 1,5 

482 Bergsvannet 09.08.2011 59,588 10,053 1,05 

486 Goksjø 26.07.2011 59,173 10,165 1,5 

487 Hallevatnet 26.07.2011 59,025 9,909 4,3 
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498 Dagarn 05.08.2011 59,904 15,703 3,1 

519 Langen 02.08.2011 59,591 18,521 6 

2252 Rotnessjøen 30.07.2011 60,497 12,341 1,95 

2268 Mylla 10.08.2011 60,244 10,591 3,9 

2312 Femsjøen 29.07.2011 59,133 11,471 2,1 

2374 Klämmingen 02.08.2011 59,092 17,298 2,5 

2678 Torrsjøn 29.07.2011 58,978 12,114 2,8 

2870 Visten 03.08.2011 59,630 13,397 4,05 

2872 Stora Le 29.07.2011 59,322 11,794 2,5 

2875 Näsrämmen 03.08.2011 60,034 14,137 2,4 

2878 Rangsjön 31.07.2011 60,824 12,508 2 

2887 Tisjön 31.07.2011 60,919 12,966 2,15 

2888 Halsjøen 30.07.2011 60,864 12,311 1 

2899 Jangen 03.08.2011 60,146 13,272 2,2 

3017 Sör-älgen 04.08.2011 59,724 14,607 2,8 

3019 Möckeln 03.08.2011 59,304 14,538 1,8 

3020 Ljusnaren 05.08.2011 59,879 14,934 2 

3025 Halvarsnoren 04.08.2011 59,632 14,596 2,5 

3027 Nätsjön 03.08.2011 59,891 14,481 3,6 

3029 Örlingen 04.08.2011 59,879 14,420 2 

3031 Saxen 04.08.2011 59,774 14,410 3,5 

3106 Långbjörken 02.08.2011 59,768 15,952 2 

3160 Skattungen 31.07.2011 61,194 14,945 2 

3165 Bäsingen 02.08.2011 60,161 16,389 1,9 

3167 Tisken 01.08.2011 60,531 15,673 2,1 

3185 Stora Almsjön 31.07.2011 60,878 13,208 1,05 

3189 Dragsjön 31.07.2011 60,993 13,599 1,1 

3201 Milsjön 03.08.2011 60,195 14,009 2,05 

3220 Stora Korslängen 05.08.2011 59,983 15,230 2,5 

3384 Hinsen 01.08.2011 60,682 16,074 3,5 

3397 Storsjön 01.08.2011 61,654 15,759 5 

3399 Grycken 31.07.2011 61,576 15,424 3 

3516 Holmsjön 01.08.2011 62,410 15,313 3 

3541 Stornaggen 01.08.2011 62,267 15,971 2,5 

5000 Forsjösjön 02.08.2011 58,954 16,264 1,9 

10000 Hurdalsjøen 12.08.2011 60,376 11,041 6,5 

10001 Harestuvatnet 12.08.2011 60,193 10,712 4,5 
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ID Conductivity (µS/sek) pH TOC (mg /L) TN (mg/L) TP (µg /L) Chla (µg/L) 

170 22,6 7,69 6,90 1,28 9,80 8,82 

180 5,82 7,23 6,94 0,33 19,20 31,12 

189 1,98 6,70 4,40 0,25 3,55 2,94 

191 8,48 7,54 6,65 0,97 9,35 39,10 

194 NA NA NA NA NA NA 

214 4,52 7,07 9,61 0,39 15,10 33,65 

233 1,7 6,56 7,69 0,28 3,05 3,00 

236 2,8 6,71 11,81 0,33 8,25 23,67 

242 2,25 6,71 7,51 0,25 6,70 6,93 

252 1,98 6,29 11,95 0,36 9,25 7,25 

258 1,67 6,44 1,30 0,24 2,00 1,28 

261 5,64 6,90 2,85 0,35 3,80 8,16 

264 0,67 6,36 0,95 0,09 1,00 3,54 

277 3,05 6,87 2,66 0,20 1,15 3,34 

285 2,33 6,74 3,43 0,17 2,55 2,26 

288 1,98 6,66 1,31 0,17 4,70 3,46 

326 8,7 7,43 5,57 1,09 3,00 6,06 

328 3,55 7,13 4,51 0,38 2,65 3,46 

339 6,03 7,19 8,02 0,56 5,55 7,35 

340 3,01 7,08 3,66 0,36 3,10 1,36 

344 2,9 7,22 2,83 0,35 2,00 3,36 

345 2,06 6,47 9,68 0,35 4,30 4,70 

349 3,31 6,94 7,03 0,39 6,60 9,32 

353 5,56 7,06 8,54 0,83 9,95 11,63 

361 5,49 7,04 9,11 0,98 12,20 12,33 

363 3,18 6,83 6,69 0,40 1,20 2,87 

374 5,28 6,94 2,63 0,79 3,85 6,72 

378 6,99 7,19 2,37 1,01 2,35 6,42 

380 8,1 7,27 3,62 0,96 6,00 14,33 

394 4,68 7,53 4,09 0,48 18,90 104,33 

395 5,87 6,97 3,12 0,61 3,60 4,52 

404 1,41 6,33 0,66 0,29 0,50 2,20 

405 1,39 6,56 0,34 0,11 1,70 2,80 

433 1,53 6,79 2,59 0,19 1,20 3,88 

436 1,44 6,75 2,54 0,15 1,55 2,46 

453 1,31 6,68 3,49 0,17 1,05 1,74 

481 7,4 7,07 7,11 1,12 20,20 15,07 

482 9,55 8,88 7,07 0,37 17,85 120,00 

486 9,91 7,23 6,58 1,53 27,45 32,83 

487 7,12 6,92 5,01 0,74 2,00 3,44 

498 5,4 7,10 6,22 0,25 3,00 6,27 

519 12,2 8,00 6,39 0,35 4,90 2,72 

2252 2,23 6,64 11,18 0,28 4,55 6,70 

2268 5,56 7,59 4,11 0,21 2,45 10,50 

2312 5,32 7,02 8,42 0,82 7,45 7,05 
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2374 10,7 7,82 8,83 0,43 11,45 11,97 

2678 4,98 7,21 7,62 0,37 2,35 11,63 

2870 3,71 7,20 4,86 0,25 6,00 4,42 

2872 4,49 6,97 5,25 0,51 1,90 2,20 

2875 3,11 7,02 7,60 0,22 5,85 7,31 

2878 2,22 7,01 7,37 0,22 3,20 4,48 

2887 1,78 6,88 6,53 0,21 4,55 12,52 

2888 1,28 5,41 12,28 0,27 5,80 7,95 

2899 2,97 7,04 9,41 0,24 5,25 6,06 

3017 3,11 7,11 7,22 0,29 5,85 5,74 

3019 5,34 7,27 7,54 0,47 12,60 45,04 

3020 3,59 6,94 8,52 0,30 6,75 4,37 

3025 3,54 7,23 7,44 0,29 5,40 6,27 

3027 2,84 7,15 4,99 0,19 3,45 5,93 

3029 2,74 6,86 6,84 0,19 6,70 7,72 

3031 4,53 7,33 5,61 0,25 4,85 4,40 

3106 3,75 7,16 9,50 0,31 9,65 20,48 

3160 2,81 7,18 7,55 0,23 4,25 12,40 

3165 4,13 7,25 6,11 0,26 8,50 17,16 

3167 5,82 7,30 7,06 0,48 8,00 6,10 

3185 2,54 6,98 12,55 0,27 5,55 10,90 

3189 1,88 6,71 10,78 0,23 7,25 10,16 

3201 2,37 6,86 9,12 0,25 3,75 4,83 

3220 2,2 6,70 5,94 0,24 2,05 5,57 

3384 3,32 7,18 5,49 0,22 3,55 3,24 

3397 2,9 7,19 3,77 0,17 3,15 4,30 

3399 2,24 6,94 6,30 0,20 3,30 6,73 

3516 3,69 7,33 5,86 0,20 3,10 4,67 

3541 2,7 7,08 7,17 0,21 4,70 6,40 

5000 13,2 7,52 12,90 0,91 16,30 27,32 

10000 2,77 6,87 3,71 0,41 1,60 4,03 

10001 6,27 7,37 4,06 0,37 4,35 4,50 
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ID Kd(PAR) MgC /m2/day % Abs algae % Abs detritus % abs water % abs DOM 

170 0,95 1089,92 0,22 0,14 0,22 0,43 

180 1,60 1347,48 0,24 0,29 0,15 0,32 

189 0,82 373,82 0,12 0,13 0,26 0,49 

191 1,32 727,67 0,13 0,39 0,17 0,31 

194 NA NA NA NA NA NA 

214 2,27 930,61 0,17 0,38 0,13 0,32 

233 1,48 136,16 0,06 0,12 0,19 0,63 

236 1,64 287,50 0,10 0,22 0,15 0,53 

242 1,27 316,86 0,11 0,20 0,19 0,51 

252 1,68 NA NA NA NA NA 

258 0,24 534,37 0,17 0,12 0,40 0,30 

261 0,72 1151,31 0,29 0,11 0,24 0,37 

264 0,42 743,18 0,21 0,17 0,37 0,25 

277 0,60 569,82 0,13 0,10 0,27 0,50 

285 NA 555,25 0,16 0,07 0,28 0,49 

288 0,43 719,77 0,19 0,07 0,28 0,47 

326 0,77 507,72 0,15 0,12 0,23 0,50 

328 0,67 NA NA NA NA NA 

339 1,19 373,96 0,15 0,18 0,20 0,48 

340 0,67 465,78 0,15 0,22 0,26 0,37 

344 0,47 597,44 0,20 0,14 0,28 0,39 

345 1,51 277,38 0,09 0,19 0,18 0,55 

349 0,97 401,69 0,12 0,21 0,19 0,48 

353 1,40 NA NA NA NA NA 

361 1,18 430,59 0,13 0,13 0,17 0,58 

363 0,80 362,62 0,13 0,11 0,22 0,55 

374 0,72 955,63 0,22 0,19 0,28 0,31 

378 0,35 917,92 0,20 0,12 0,27 0,41 

380 0,68 779,26 0,25 0,18 0,23 0,34 

394 1,82 1567,20 0,47 0,21 0,12 0,21 

395 0,45 588,29 0,13 0,10 0,27 0,50 

404 0,26 652,20 0,22 0,06 0,33 0,40 

405 0,50 929,17 0,26 0,23 0,35 0,16 

433 0,66 297,39 0,19 0,15 0,30 0,36 

436 0,42 543,24 0,23 0,13 0,31 0,33 

453 0,40 270,59 0,15 0,11 0,32 0,42 

481 1,37 1120,16 0,21 0,20 0,15 0,44 

482 2,36 1277,88 0,32 0,24 0,13 0,31 

486 1,46 1292,98 0,19 0,14 0,18 0,50 

487 0,85 312,54 0,14 0,11 0,28 0,47 

498 0,85 678,06 0,13 0,29 0,28 0,30 

519 0,46 716,08 0,18 0,19 0,36 0,26 

2252 1,08 221,50 0,13 0,19 0,14 0,53 

2268 0,77 647,70 0,19 0,20 0,22 0,38 

2312 1,09 763,55 0,17 0,10 0,22 0,51 

2374 0,87 1158,17 0,25 0,18 0,24 0,33 
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2678 0,95 527,25 0,17 0,05 0,19 0,59 

2870 0,59 516,34 0,14 0,27 0,31 0,27 

2872 0,68 305,60 0,11 0,08 0,28 0,54 

2875 0,96 464,92 0,17 0,18 0,23 0,42 

2878 1,15 247,26 0,09 0,15 0,20 0,55 

2887 1,13 320,00 0,09 0,30 0,21 0,41 

2888 2,47 NA 0,19 0,09 0,11 0,61 

2899 0,99 237,71 0,12 0,13 0,19 0,56 

3017 0,57 489,63 0,15 0,09 0,23 0,53 

3019 1,25 1005,78 0,22 0,21 0,15 0,42 

3020 2,00 401,09 0,12 0,16 0,20 0,52 

3025 1,14 344,38 0,12 0,10 0,21 0,56 

3027 0,64 328,70 0,18 0,12 0,26 0,43 

3029 1,73 NA NA NA NA NA 

3031 0,85 457,27 0,14 0,13 0,24 0,49 

3106 1,00 694,62 0,15 0,30 0,18 0,37 

3160 1,22 453,59 0,14 0,15 0,18 0,52 

3165 1,15 587,93 0,11 0,28 0,17 0,44 

3167 1,07 539,73 0,18 0,16 0,22 0,44 

3185 2,33 210,68 0,09 0,14 0,13 0,64 

3189 1,89 404,95 0,10 0,24 0,14 0,52 

3201 1,23 267,98 0,10 0,13 0,19 0,58 

3220 1,07 340,68 0,13 0,13 0,24 0,50 

3384 0,62 424,86 0,15 0,18 0,33 0,34 

3397 0,54 273,43 0,08 0,29 0,33 0,31 

3399 1,04 488,89 0,16 0,16 0,23 0,45 

3516 0,99 364,56 0,10 0,16 0,22 0,51 

3541 1,09 415,03 0,12 0,18 0,23 0,46 

5000 1,11 1414,54 0,23 0,21 0,17 0,39 

10000 0,62 498,49 0,16 0,14 0,28 0,41 

10001 0,89 457,42 0,14 0,20 0,25 0,41 
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Appendix figure 1. PAM fluorescence measurements: QY ~ irradiance. Solid lines are LME 

model predictions. 
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Appendix figure 2. Absorbance spectra for DOM, algae, and detritus for all lakes. The 

absorbance spectra for water is also shown. 

 

 

 

 

 

 

  

 

 

 

 

 


