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1. Introduction 
 

Light is an essential factor for all processes in the aquatic ecosystems since the whole 

productivity is dependent on solar radiation (Wetzel, 2001). The absorption of solar 

radiation in the aquatic ecosystem is highly controlled by dissolved organic compounds, 

especially humic substances, that reduce the light penetration and shift the absorption 

spectra of the light (Wetzel, 2001).  

Humic substances (HS) are a heterogeneous group, present in all natural waters as 

dissolved molecules, colloidal structures, and particulate matter. The concentration of 

humic substances varies being lowest in the groundwater and sea (0.1-0.5 g m-3) and 

highest in lakes near peatlands (60 g m-3) (Kronberg, 1999). Due to their chemical 

complexity and large variation of chemical functionalities, direct measuring of humic 

substances from the water sample is hard. Instead of measuring directly humic 

substances, dissolved organic carbon (DOC) is typically determined. Usually, 50% of the 

DOC is humic substances, but in very dystrophic waters, the concentration of humic 

substances can be even 90% of the DOC (Kronberg, 1999).    

During the last two decades, an increasing trend in freshwater DOC concentration has 

been noticed in Europe and North America, a phenomenon called browning or 

brownification (Freeman et al., 2001; Evans et al., 2005; Monteith et al., 2007). 

Brownification means a substantial increase in the water color and it is mainly due to 

the increased amount of DOC (Kritzberg et al., 2020) but also iron (Fe) plays a role in 

browning (Weyhenmeyer et al., 2014).  

Brownification affects strongly lakes’ ecosystems, having remarkable impacts on light 

and temperature conditions, biodiversity, and biogeochemistry and also on atmospheric 

carbon fluxes from lakes (reviewed by Kritzberg et al., 2020). Factors that are driving 

brownification are somewhat debated, but the main supposed factors are the recovery 

of soil from acidification, climate change, and land-use change (Kritzberg et al., 2020). 

 

1.1 The main factors behind lake browning 

1.1.1 Recovery from acidification 
 

Changes in the atmospheric deposition and the resulting soil recovery from acidification 

provide a prominent, but also the most controversial explanation for brownification. 

Many factors, for example, increased atmospheric CO2 concentration, air temperature, 

and land-use change can affect the concentration of DOC in the freshwater on a short 
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timescale (Monteith et al., 2007). However, some studies state that there is too little 

evidence that these factors could affect in the long run because they don’t show similar, 

spatial patterns with the increased DOC concentration (Monteith et al., 2007). Instead, 

the relative change in DOC concentration has been found to correlate strongly and 

inversely with sulfate and chlorite concentration in the soil (Monteith et al., 2007). 

The reason why recovery from acidification increases the DOC concentration and thus 

browning of freshwaters is that when the atmospheric deposition is decreased, it 

reduces the ionic strength of soil organic matter, thus increasing its´ solubility and 

transport into the waters (Arvola et al., 2010). There are many studies suggesting that 

the decreased atmospheric sulfate deposition is the main driving factor for 

brownification (e.g. Monteith et al., 2007; Solomon et al., 2015). However, some studies 

suggest that the role of sulfate deposition is overestimated (e.g. Kritzberg, 2017). 

Atmospheric deposition is also currently returning to pre-industrial levels, which means 

that the importance of other driving factors might increase in the future (Finstad et al., 

2016). 

 

1.1.2 Climate change 
 

The most prominent effect of climate change on brownification is increased 

precipitation since it accelerates water flushing from soils. It has been estimated that a 

10% increase in precipitation could increase the mobility of organic carbon from soils by 

30% (de Wit et al., 2016). In addition, it has also been shown that iron leaching into lakes 

increases with precipitation (Kritzberg & Ekström, 2012). This is likely due to the 

increased precipitation together with a longer growing season that causes the draining 

of Fe from deeper soil layers (Weyhenmeyer et al., 2014). Iron has been shown to have 

an impact on water color as well, and Weyhenmeyer et al. (2014) suggested that when 

Fe is bound to DOC, the relationship between water color and DOC increases. Thus, 

when Fe is bound to DOC, their combined contribution to water color is higher than with 

DOC alone, emphasizing the role of Fe on water color (Weyhenmeyer et al., 2014).  

In many northern areas, vegetation, biomass carbon, and forest cover have been shown 

to increase. This trend is commonly known as “greening” (Guay et al., 2014; de Wit et 

al., 2015). Finstad et al. (2016) suggested that in addition to decreased sulfate 

deposition, greening promotes the browning of freshwaters. In their study, DOC was 

measured from 70 lakes during the years 1986 – 2013, and 76% of the lake catchments 

showed an increase in normalized difference vegetation index (NDVI), indicating an 

increase in vegetation density (Finstad et al., 2016). The majority of their study lakes 

also showed an increase in DOC concentration during the study period. The increase in 

lake DOC concentration was highest in the areas, where the strongest decrease in soil 
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acidification was observed (Finstad et al., 2016). This supports the hypothesis of 

recovery from acidification as the main factor behind browning.  

However, in the future, the importance of greening behind lake browning might increase 

(Finstad et al., 2016).  According to a model created by Larsen et al. (2011), the predicted 

increase in mean annual temperature and precipitation could increase the vegetation 

density (Larsen et al., 2011). Increased vegetation could increase the amount of total 

organic carbon in lakes by 65% (Larsen et al., 2011). 

In addition to increased precipitation and greening, temperature changes can have an 

impact on lakes’ DOC concentration. Laudon et al. (2012) found that DOC concentration 

in the lakes is related to the mean annual temperature (Laudon et al., 2012). When the 

mean annual temperature was between 0 and 3°C, the highest DOC concentrations were 

observed in their study lakes. Above 3°C, the DOC concentration declined, probably due 

to the mineralization rate of organic matter in the soil (Davidson & Janssens, 2006; 

Laudon et al., 2012). Below 0°C, transport of DOC was probably inhibited by frozen soil 

(Laudon et al., 2012). 

 

1.1.3 Land-use change 
 

Land-use change, especially peatland draining, shift to conifer-dominated forests and 

forest industry (Kritzberg et al., 2020) are factors that have been suggested to contribute 

to browning.  

Kritzberg et al. (2017) analyzed the historical data from 50 Swedish lakes over the last 

80 years. Based on this analysis, they suggested that the recovery from acidification does 

not provide a sufficient explanation for brownification (Kritzberg et al., 2017). Contrary 

to their expectations, there was no significant decrease in the water color of study lakes 

after the abrupt increase in atmospheric sulfate concentration in 1940. Also, the data 

showed that the water color of these lakes started to rise much before the atmospheric 

sulfate emissions started to decline, indicating that other factors than recovery from 

acidification should be behind brownification (Kritzberg et al., 2017).  

Increased artificial ditching density has been shown to increase DOC concentration, 

water color, and water color/DOC -relationship in the lakes, especially in the lakes with 

high peatland cover in the catchment (Estlander et al., 2021; Nieminen et al., 2021). 

Ditching has been shown to change significantly the peatland vegetation causing denser 

tree stands, more shrubs (Straková et al., 2010), and a change from Sphagnum moss-

dominated peatland into a forested area (Straková et al., 2012).  

One important effect of ditching is the change of peatlands into a forested area, since 

when the tree stands increases, there is also an increase in tree litter, leading to an 

overall increase in the litter input (Straková et al., 2010). The increase of forested area 
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due to artificial ditching can thus increase the amount of organic carbon from soils into 

the inland waters, causing a driving factor for browning (Nieminen et al., 2021). In 

addition, the forest industry has also an impact on water quality. Several studies have 

revealed that forest operations, especially harvesting, increase the runoff from the land 

and the concentration of DOC in the lakes (Liski et al., 1998; Laudon et al., 2009; Schelker 

et al., 2012) 

1.2 Impacts of lake brownification 
 

Brownification has many impacts on the physical and chemical properties of the lake 

and its’ ecosystem functioning. This master´s thesis focuses on aquatic macrophytes, 

and therefore the emphasis is put specifically on the effects of brownification that are 

relevant for macrophytes. These include the impacts on light and temperature 

conditions, sediment processes, and the direct effect of brownification on macrophytes. 

 

1.2.1 The effects of brownification on light and temperature conditions in lakes 
  

Dissolved organic carbon affects strongly light conditions in the water by attenuating 

light, especially in the shorter wavelengths (Eloranta, 1978). Thus, DOC decreases the 

light intensity in the lake and changes the quality of the light (Eloranta, 1978).  

Short wavelengths include the blue part of the photosynthetically active radiation (PAR), 

especially important for photosynthesis (Thrane et al., 2014). Because humic substances 

are effective to absorb blue light, brownification can have significant impacts on 

photosynthetic organisms, like phytoplankton, macrophytes, and macroalgae. In the 

humic waters, the red light penetrates deeper than green light (Eloranta, 1978), which 

can also affect the lake ecosystem.  

Feuchtmayr et al. (2019) showed that PAR is highly dependent on DOC concentration. 

In their study, in high organic matter treatment, 1% of PAR was left at 0.6 m depth of 

the water column, whereas in low and no organic matter treatment, 1% of PAR was left 

at 0.9 m depth of the water column (Feuchtmayr et al., 2019). Colored dissolved organic 

matter (cDOM), which is mainly composed of DOC, is the most dominant light absorber 

in the lakes (Thrane et al., 2014). cDOM has been shown to be able to capture 57 % of 

the photons when for example phytoplankton can absorb only approximately 7% 

(Thrane et al., 2014).  

Brownification has also been shown to have impacts on lake temperature and thermal 

stratification (Eloranta, 1978; Williamson et al., 2016; Strock et al., 2017). When the 

water color increases, it absorbs more heat, causing a rapid increase in water 

temperature. Thermal stratification occurs usually faster in humic lakes than in clear 
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water lakes and the stratification stays more stable in the humic lakes (Bowling & 

Salonen, 1990). Humic waters can absorb solar radiation already in the early spring, 

below the ice cover, which causes the warm-up of the epilimnion (Eloranta, 1999). This 

causes stable thermal stratification, which is also driven by sheltered, forest-covered 

location, typical for humic lakes, that prevents wind-mixing of the water (Bowling, 1990). 

Despite the rapid warming in humic waters, the hypolimnion stays cold during the 

summer, thus the whole water mass of humic lakes is colder than in clear water lakes 

(Bowling & Salonen, 1990; Williamson et al., 2016). 

 

1.2.2 Other impacts of lake browning   
 

Strong thermal stratification causes a decrease in the epilimnion thickness of humic 

lakes (Strock et al., 2017). When the temperature gradient is strong and water mixing is 

reduced, it is typical that the hypolimnion of humic waters is anoxic (Eloranta, 1999). 

Anoxia and cold hypolimnion water together can further cause deposition of fixed 

carbon in the sediment due to decreased decomposition rate and an increase in the 

release of methane from the sediment (Williamson et al., 2016). Anoxia in the lake 

hypolimnion can lead to a brownification – anoxia feedback loop, where anoxia 

promotes the release of phosphorus, DOC, and iron from the sediment surface, thus 

enhancing both brownification and eutrophication of the lake (Brothers et al., 2014). 

Draining of forested peatlands has been shown to cause a 100-200 fold increase in 

suspended solids both during and after ditching (Prévost et al., 1999). Increased organic 

sediment causes stress for aquatic organisms, and can lead to a decline of invertebrates 

and decreased taxonomic richness (Brown et al., 2019). It has also been detected, that 

especially rapid sediment flushing to the water can bury large fractions of macrophytes, 

thus causing their decline or even total loss (Brookes, 1986; Edwards, 1969).  

 

1.3 Macrophytes 

Macrophytes play an important role in lake ecosystems. They can increase the 

sedimentation of organic carbon and they increase oxygen in the sediment, thus 

enhancing microbial carbon mineralization (Mann & Wetzel, 2000). Also, for instance, 

Vallisneria americana can take up nutrients from the sediment and thus reduce the 

growth of phytoplankton (Wigand et al., 2000). Macrophytes also work as an important 

refuge for zooplankton, for instance, daphnids, against fish predation (e.g. Burks et al., 

2001). 

Brownification can both benefit and hamper macrophyte growth. Increased 

photodegradation of DOC increases the CO2 concentration of the lake, benefitting 
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macrophyte growth (Choudhury et al., 2019). DOC can also attenuate UV-B radiation, 

which is harmful to macrophytes and in that way benefit them (Choudhury et al., 2019). 

However, macrophyte growth can also be inhibited due to brownification, for example, 

due to weakened light conditions (Choudhury et al., 2019), anoxic sediment (Lemoine 

et al., 2012), or direct, harmful effects of humic substances (Pflugmacher et al., 2006). 

Also, brownification can lower the abundance and species diversity of macrophytes 

(Reitsema et al., 2018). 

 

1.3.1 The growth and allocation of macrophytes 
 

The growing rate of submerged macrophytes (Chara vulgaris) has been shown to 

increase in response to minor brownification, probably due to increased CO2 released in 

DOC degradation (Choudhury et al., 2019). When brownification increased 2-fold 

compared to the control state, where the water color was 0.055 abs420 (cm-1), the 

amount of light in the water column and depth of the euphotic zone was reduced, 

inhibiting macrophyte growth (Choudhury et al., 2019).  

Light seems to be one of the most important factors that control macrophyte growth. It 

could be assumed that a minor increase in brownification will enhance macrophyte 

growth, due to an increase in water CO2 concentration and a decrease in harmful UV-B 

light (Choudhury et al., 2019), but when the level of brownification increases, it might 

reduce macrophyte growth (Choudhury et al., 2019).  

Decreasing light intensity and changing light quality have been shown to affect 

macrophyte growth allocation. In some submerged macrophyte species (Egeria densa, 

Hydrilla verticillate, and Myriophyllum spicatum) decreased light has been shown to 

cause a diminished amount of shoots, but increased shoot length and thus increased 

development of canopy (Barko & Smart, 1981). Also, Potamogeton perfoliatus showed 

an increase in stem length and canopy formation in response to low light conditions 

(Goldsborough & Kemp, 1988). It is beneficial to macrophytes to increase the canopy 

density in the dark water, since most of their photosynthetic tissue is located there, near 

to water surface (Barko & Smart, 1981). Goldsborough & Kemp (1988) also found out 

that in response to low light, the ratio of leaf to stem length decreases, indicating 

increased elongation, but no changes in leaf growth (Goldsborough & Kemp, 1988). They 

also suggested that the leaf length to width ratio increased in response to low light and 

that whole plant abundance was reduced (Goldsborough & Kemp, 1988). 

In terrestrial plants, it has been shown that plants grown in strong light had thicker 

leaves than plants grown in shaded habitats, probably because the mesophyll is deeper 

and there are more palisade layers, that include chloroplasts, in the plants grown in 
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strong light (Björkman & Holmgren, 1963). Water content has been shown to be 5% 

higher in plants grown in shaded habitats (Björkman & Holmgren, 1963). 

It is assumed that climate change will increase the temperature of the lakes. 

Macrophytes, for example, charophytes, might benefit from the warmer water, but if 

the water gets darker, the light limitation will reduce the growth and eliminate the effect 

of the warmer lake (Choudhury et al., 2019).  

Intensified thermal stratification of the lake and increased amount of organic carbon can 

also cause anoxia in the sediment, which can have an impact on macrophytes. Some 

macrophytes, for example, Nuphar lutea, which are usually found in eutrophic lakes, can 

tolerate sediment anoxia better than some other species (Lemoine et al., 2012). 

Sediment anoxia has been found to increase root porosity in Myriophyllum spicatum and 

Vallisneria spiralis which are species tolerating anoxic sediments, whereas species 

growing usually in well-oxygenated sediments (Potamogeton coloratus, Sparganium 

emersum, and Elodea canadensis) could not increase their root porosity enough to 

tolerate anoxic sediment (Lemoine et al., 2012). Compared to well-oxygenated 

sediments, photosynthesis and plant growth rate are negatively affected in anoxic 

conditions, but the effect is less pronounced in M. spicatum and V. spiralis (Lemoine et 

al., 2012).  

Light conditions and thus brownification does not only affect macrophyte growth, but 

also the macrophyte community of the lakes. In Nova Scotia, Canada, the macrophyte 

community of a clear water lake differed significantly from the community of a dark 

water lake (Stewart & Freedman, 1989). In the clear water lake, macrophytes were 

found from 6.5-meter depth, whereas in a dark water lake floating leaved macrophytes 

were found from 1.8-meter depth and macrophytes without floating leaves at 1.2-meter 

depth (Stewart & Freedman, 1989).  

The community also differed with a clear water lake dominated by Sphagnum 

macrophgllum, Utricularia purpurea, U. vulgaris, and Isoetes spp. in the deeper sites, 

and in the shallower places with Eriocaulon septangulare, Eleocharis acicularis, Lobelia 

dortmanna, and Isoetes macrospora. In the dark water lake, dominating macrophytes 

were Nuphar variegatum, Eriocaulon septangulare, and Sphagnum spp. (Stewart & 

Freedman, 1989). When looking at the dominant species between dark and clear water 

lakes, it could also be concluded that the species richness was higher in the clear water 

lake, even though this was not discussed in the study. For example, E. septangulare and 

Sphagnum spp. were found in both lakes, but the distribution depth was deeper in clear 

water lake, indicating the importance of light in macrophyte growth (Stewart & 

Freedman, 1989). 
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1.3.2 Direct effects of humic substances on macrophytes 
 

Dissolved organic matter is mainly composed of humic substances (Steinberg, 2006) and 

humic substances have direct effects on aquatic organisms, such as macrophytes. In the 

study by Grigutytė et al. (2009), beech leaf extract was used as a DOC to study its effects 

on macrophytes. Beech leaf extract induced a significant increase in antioxidative 

enzymes in Nitellopsis obtuse in a relatively low DOC concentration. These antioxidative 

enzymes included catalase, glutathione reductase, and glutathione S-transferases that 

are produced in plants to reduce the concentration of reactive oxygen species (ROS). 

Reactive oxygen species are generated when the leaves are degenerating and producing 

quinoid structures that can produce reactive oxygen species (Grigutytė et al., 2009). As 

was mentioned earlier, ditching increases the number of trees in peatland causing an 

increase in tree litter input into the waters (Straková et al., 2010). Thus, peatland 

ditching and the resulting increase in tree litter input can induce similar effects on 

macrophyte cells that were observed in the study by Grigutytė et al. (2009). 

Humic substances have also been shown to have a strong negative impact on 

macrophytes’ photosynthesis. These inhibitory effects are probably due to the 

disturbing effects of humic substances on photosynthetic apparatus. Humic substances 

are capable of catching some electrons between the photosynthetic system I and II 

which then diminishes the amount of oxygen that can be produced in photosynthesis 

(Pflugmacher et al., 2006). 

In addition to inhibitory effects on photosynthetic apparatus, humic substances have 

also been shown to have an impact on photosynthetic pigments. Pflugmacher et al. 

(1999) showed that the exposure of macrophytes to dissolved organic matter decreased 

the amount of chlorophyll a, and increased the amount of chlorophyll b. This is probably 

not due to the impacts on DOM to light, but plant pigments have also been shown to 

react with pigments to xenobiotic stress (Pflugmacher et al. 1999). Humic substances 

are not xenobiotics, but their physiological effects are similar to xenobiotics 

(Pflugmacher et al. 1999).  

Humic waters are typically acidic and low pH (pH 5.0 - 6.5) has been shown to affect 

negatively macrophyte growth and cause reduced dry matter accumulation and leaf 

area of the plants (Grisé et al., 1986; Song et al., 2018). Song et al. (2018) found that pH 

5.5 – 6.5 caused a decrease in the protein content of the leaves and stem of Hydrilla 

verticillata, which is an indicator of poor plant growth (Song et al., 2018). Also, levels of 

malondialdehyde (MDA) and antioxidant enzymes that are indicators used for plant 

stress response were increased in plants grown at low pH. Because MDA is a product of 

lipid peroxidation, an increase in MDA levels might indicate a membrane disruption 

caused by reactive oxygen species (Song et al., 2018). Grigutytė et al. (2009) also 

suggested that the amount of ROS was increased in macrophytes when exposed to high 
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DOC concentrations (Grigutytė et al., 2009). The increase in antioxidant enzymes 

observed by Song et al. (2018) is also a sign of increased ROS in plant cells (Song et al., 

2018). Low pH also affected on nitrogen metabolism of H. Verticillata, which is an 

indicator of inhibited growth, since nitrogen metabolism has an essential role in the 

growth and development of macrophytes (Song et al., 2018). 

 

1.3.3 The effects of brownification on macrophyte photosynthetic pigments 
 

As brownification affects the lake’s light conditions, it also affects photosynthetic 

pigments in macrophytes both directly via humic substances (Pflugmacher et al. 1999, 

Pflugmacher et al., 2006) and because of the decrease of light. In humic water, where 

the amount of photosynthetically important green and blue light is scarce, it is beneficial 

for macrophytes to harvest as much green and blue light as possible.  

In the seawater, where light irradiance decreases sharply, the algae species are relatively 

rich in chlorophyll b, which can harvest blue and green light more efficiently than 

chlorophyll a (Yamazaki et al., 2005). Also in terrestrial plants grown in low light, the 

chlorophyll a:b ratio has been shown to be lower than in the plants grown in strong light, 

indicating an increase in CHL b in contrast with CHL a (Bertamini et al., 2006).  

Chlorophyll b is synthesized from chlorophyll a by chlorophyllide a oxygenase (CAO) in a 

highly regulated way. This synthesis of CHL a to CHL b requires sensing of the CHL b. 

Under low light conditions, CAO mRNA levels have been shown to increase, indicating 

increased CHL b synthesis in low light (Nakagawara et al., 2007). 

Photosynthetic pigments are located in the plants’ light-harvesting antenna complex. 

The core complex of it contains only CHL a, but the peripheral complex contains both 

CHL a and CHL b. The antenna complex is flexible and can react to changes in the 

environment. Thus, the CHL a:b ratio is a good indicator of antenna size (Tanaka et al., 

2001). By measuring the CHL a:b ratio it could also be possible to measure the effects of 

environmental changes in the plants. Also, because plants react to environmental 

changes, changes in plant physiology could be used as an indicator of an environmental 

change. 

In terrestrial plants, the photosynthetic apparatus is highly affected by light during plant 

development (Björkman & Holmgren, 1963). When Björkman & Holmgren (1963) 

cultivated clones of Solidago virgaurea from exposed and shaded habitats in both strong 

and weak light, they found out that in the low light conditions, clones from shaded 

habitat had a higher photosynthetic capacity than clones from exposed habitat. This 

indicates that the photosynthetic apparatus can utilize low light more efficiently when 

the plant has been developed in shaded habitat (Björkman & Holmgren, 1963). Thus, it 

could be hypothesized that when macrophytes are grown in the dark water lake, in the 
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long run, they are adapted to decreased light conditions and can utilize low light more 

efficiently.  

In submerged macrophytes, the CHL a:b ratio has been shown to decrease with 

decreasing light together with an increase in total (a+b) chlorophyll content (Barko & 

Filbin, 1983). Goldsborough & Kemp (1988) found out that the CHL a concentration and 

the ratio between CHL a and carotenoids increased significantly in Potamogeton 

perfoliatus under low light conditions. The concentration of CHL b also increased in P. 

perfoliatus, but they did not find any changes in the CHL a:b ratio (Goldsborough & 

Kemp, 1988), which is contrary to what Barko & Filbin (1983) showed to happen in some 

macrophyte species and Bertamini et al. (2006) in terrestrial plants. However, the 

changes in the relationship in CHL a:b concentration might depend on plant species, 

which could explain the differences in these studies.  

 

1.4 Monitoring of lake brownification and the aim of this thesis 
 

According to EU Water Framework Directive (WFD) (2000/60/EC; E.C. 2000), in Finland, 

it is mandatory to monitor the ecological status of the lake ecosystems (Vuori et al., 

2009). However, in the WFD, the water color is used for the classification of the lake 

type (Aroviita et al., 2019), not for the assessment of the water quality. The majority of 

the biological indicators in the WFD are targeted at eutrophication (Sepp et al., 2018), 

and thus, there are no sufficient biological indicators for lake brownification. In the WFD, 

there are metrics to measure the amount of dissolved organic matter in the lakes, for 

instance, chemical and biological oxygen demand and total and dissolved organic 

carbon, but they are only recommended and thus not mandatory to do (Sepp et al., 

2018). Also, those metrics are considered to be too robust to indicate lake browning 

alone (Sepp et al., 2018).   

Since brownification causes several impacts on the lake ecosystem, it would be 

important to monitor the humus loading in the lakes. Therefore, a ten-year research 

project HUMI (Humic Load Indicators) was launched at the University of Helsinki in 2018  

to find out, what indicators could be used to monitor the effects of humus loading in the 

lakes.  

Macrophytes have been shown to increase their CHL a:b ratio as a response to 

decreased light conditions (Barko & Filbin, 1983), and this raises the question if the 

macrophyte CHL a:b ratio could be used as a biological indicator for lake browning. The 

CHL a:b ratio of N. lutea has been shown to decrease with increasing water color 

(Horppila et al., 2022), thus supporting the idea of macrophyte CHL a:b ratio as a 

browning indicator. However, there is a lack of studies on the seasonal changes in the 

macrophyte chlorophyll content in the lakes.  
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To clarify the possible application of macrophytes as an indicator, the seasonal variation 

of chlorophyll content must be studied. If the chlorophyll content varies a lot during the 

growing season and is very sensitive to, for example, rapid changes in the weather 

conditions, macrophyte chlorophyll might be too sensitive to be used as a long-term 

indicator of lake browning. Also, it is needed to find out, if the variation of macrophyte 

chlorophyll content is different in lakes with variable water quality. This is important 

because if the variation differs between lakes, the possible sampling time can be 

optimized differently in different lakes. Because also eutrophication can decrease the 

light conditions in the lakes, for instance, due to phytoplankton blooms, the effects of 

brownification must be separated from the effects of eutrophication. To clarify the 

differences between eutrophication and brownification in the lakes, also eutrophic lake 

was chosen as a study lake in this thesis. 

This thesis aims to find out, how the macrophyte (Nuphar lutea) chlorophyll content 

varies during the growing season in the lakes with variable water quality. N. lutea was 

chosen as a study species because it is a very common floating leaf macrophyte species 

in various lakes in Finland (Horppila et al., 2022). The results of this thesis would 

complement the question if the lakes affected by browning can be found based on the 

macrophyte chlorophyll content. Also, this thesis aims to solve, if macrophyte 

chlorophyll samplings should be acting at different times in lakes with different water 

quality.  

The research questions of this thesis are:  

RQ1) How does the total CHL concentration (CHL a+b), and the CHL a:b ratio of N. lutea 

vary between the lakes with variable water quality? 

RQ2) Does the seasonal variation of chlorophyll content of N. lutea (CHL a, CHL b, and 

CHL a+b concentration and CHL a:b ratio) depend on the lake water quality? 

RQ3) Which environmental factors affect the seasonal variation of the chlorophyll 

content of N. lutea? 

RQ4) Is the seasonal variation of N. lutea chlorophyll content similar in floating leaves 

and different parts of the petiole? 

The hypotheses for these research questions are: 

H1) Based on the findings of previous studies (e.g., Barko & Filbin, 1983; Horppila et al., 

2022), it can be expected that the macrophyte CHL a+b concentration is higher and the 

CHL a:b ratio is lower in the humic lake because low light conditions are known to 

increase the total CHL a+b concentration and decrease the CHL a:b ratio of the 

macrophytes (Barko & Filbin, 1983; Horppila et al., 2022). Correspondingly, it can be 

expected that the CHL a+b concentration is lowest and the CHL a:b ratio is highest in the 

clear water lake. The chlorophyll content of macrophytes from the eutrophic lake is 
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most probably between these lakes, but due to the relatively high water color of the 

eutrophic study lake (> 100 mg Pt l-1), the macrophyte chlorophyll content is probably 

more similar to the humic lake than with the clear water lake.  

H2) The CHL a, CHL b, CHL a+b concentration, as well as CHL a:b ratio varies probably 

most in the eutrophic lake and least in the clear water lake. It could be assumed, that in 

the eutrophic lake, the seasonal variation of the water quality is strongest, and in the 

clear water lake, the water quality varies least.  

H3) The hypothesis is, that factors affecting the transparency of the water affect most 

the variation chlorophyll content of the N. lutea, as light is known to affect the 

photosynthetic pigments of macrophytes (Barko & Filbin, 1983). 

H4) The CHL a, CHL b, and CHL a+b concentration, and CHL a:b ratio are assumed to vary 

more in the floating leaf than in the petiole of N. lutea, as the floating leaf is more 

sensitive to changes in the weather conditions. The chlorophyll content of the petiole is 

assumed to be more dependent on the changes in water quality, and based on previous 

findings, it can be assumed that the sampling depth also affects the chlorophyll content 

of N. lutea (Horppila et al., 2022). 

 

2. Materials and methods 

2.1 Study lakes 
 

To study the changes in macrophyte chlorophyll content, three study lakes were chosen 

from southern Finland, near to Lammi biological station in Hämeenlinna. Study lakes 

were clear water Lake Valkea-Mustajärvi, humic Lake Käkilammi, affected by ditching, 

and eutrophic Lake Kyynäröjärvi. Lakes with variable water quality were chosen to see, 

how the macrophyte chlorophyll content varies during the growing season depending 

on the water quality. The chlorophyll content variation between the lakes needs to be 

examined, to know whether the samplings should be scheduled differently in different 

lakes if chlorophyll content is used as an indicator for browning. 

Properties of the lakes’ catchment areas were taken from the VALUE tool, which is 

provided by the Finnish Environment Institute (Estlander et al., 2021). VALUE tool 

derives land-use variables and lake percentages from Coordination of Information on 

the Environment (CORINE 2012) land cover data (Estlander et al., 2021). 

Valkea-Mustajärvi has no ditches or agriculture in its catchment area, and approximately 

70% of the catchment is forest (Table 1). By contrast, in the catchment of Käkilammi, 

there is 34.4% of peat and a lot of ditches, which probably has affected its water quality. 

Eutrophic lake Kyynäröjärvi was chosen for this study to see, how the effects of 
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eutrophication on the macrophyte chlorophyll content differ from those on 

brownification. 

Table 1 

Properties of the study lakes’ catchments and the water quality. The catchment data is from the 

public database of the Finnish Environment Institute (VALUE) and water quality values are from a 

study by Estlander et al. (2021). 

Parameter Käkilammi Kyynäröjärvi Valkea-
Mustajärvi 

    
Area (ha) 9.9       24.6     13.1 

Catchment area (ha)     57      2826     48 

Forest (%)      80.9      70.3     70.7 

Agriculture (%) 1.1      25.5 0 

Peat in the catchment (%)     34.4  7.26 0 

Ditches in the catchment (km/km2) 
 
 
Water color (mg Pt l-1) 
 
 
DOC (mg l-1) 
 
 

4.0 

     

   314 

  

  33.5 

     

 4.5 

     

   116 

     

17.8 

                                  

0.1 

     

    14 

 

5.4 

 

 

2.2 Physiochemical samples 
 

Samplings were conducted seven times during summer 2021, from June 7 to September 

6, approximately every two weeks.  

In each sampling water temperature, turbidity, and oxygen concentration were 

measured by using YSI6600 sonde (YSI Corporation, Yellow Springs, OH, USA). During the 

whole summer, iButton temperature loggers (Maxim Integrated, Rio Robles, San Jose, 

CA, USA) were placed in each lake in 5 cm and 50 cm water depth, logging at 4-hour 

intervals. Loggers were placed in the same location, in littoral near macrophytes and 

they were changed in every sampling time. 
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Vertical variation of the intensity of light in photosynthetically active wavelengths (PAR, 

400-700 nm) in the water column was measured with an LI-1400 data logger equipped 

with an LI-192SA quantum sensor (LI-COR Biosciences, Lincoln, NE, USA). Vertical 

variation of light intensity was logged from the littoral and pelagic area, except 

Käkilammi, where the light was only measured from the littoral due to the shallowness 

of the lake. 

Vertical variation of light intensity was measured for both downward from the surface 

to the bottom coming light and for light reflecting the surface from the lake bottom and 

the water column. Both of these were measured from littoral at 5 cm intervals up to 50 

cm depth. From pelagic, downward coming light and reflected light was measured from 

10 cm intervals up to 50 cm depth, and below that, measurements were done at 50 cm 

intervals until the bottom of the lake. The reflecting light was measured because, in the 

previous studies, it has been suggested that the reflecting light can affect the chlorophyll 

concentration of the macrophyte floating leaf (Horppila et al., 2022). Secchi depth was 

determined on every sampling date from each lake. 

From the light measurements, the relationship of the downward penetrating light to the 

amount of light reflected from the bottom at 5 cm water depth was calculated as a 

percentage. This relationship is further referred to as light reflectance. Also, the 

attenuation coefficient was calculated for each lake with the equation of, for example, 

Scheffer et al., (1998): 

          𝐾𝑑 =
𝑙𝑛

𝐼0
𝐼𝑍

𝑍
  

In the equation, I0 and Iz are light intensities below the surface and at depth Z (50 cm 

water depth), respectively. Based on the attenuation coefficients of the lakes, the depth 

of the euphotic zone was determined for each lake. The intensity of light on the water 

surface was assumed to be 500 uE m2/s. The depth of the euphotic zone was calculated 

with the equation: 

𝑧 = −
𝑙𝑛0,01

𝑘
, where k  is the attenuation coefficient of the lake at 50 cm depth.  

This equation was conducted from the equation of attenuation coefficient (e.g., Scheffer 

et al., 1998). 

Water samples (three replicates from each lake) were taken from 0.5 m to 1 m depth 

with a Limnos tube sampler (volume 2.8 L, Limnos Ltd). From the water samples, water 

color, Fe, and DOC concentration as well as specific UV absorbance at 254 nm (SUVA254) 

were analyzed. DOC concentration was measured with a Shimadzu TOC 5000A analyzer, 

following the standard SFS-EN 1484. Water color was measured spectrophotometrically 

as the absorbance of light at 410 nm wavelength, following the standard SFS-EN 

ISO7887, method C. 
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2.3 Macrophyte samplings 
 

Six replicates of macrophytes (Nuphar lutea) were sampled each sampling time, from 

each lake. N. lutea was chosen for this study, since it is abundant in lakes with very 

variable water quality, and thus a potential indicator species for brownification 

(Horppila et al., 2022). Three of the replicates were used in chlorophyll assay and three 

for biomass assay. The macrophyte petiole was cut from the sediment-water interface 

and placed in the dark plastic bag right after the samplings. Macrophytes were prepared 

on the same day at the laboratory. 

In the laboratory, macrophytes were wiped to remove the periphyton from the 

macrophyte surface. Then, petiole length and floating leaf thickness were measured. For 

the chlorophyll analysis, 1 cm long fragment of the macrophyte petiole at 10 cm intervals 

surface to bottom were cut from each macrophyte. The fragments were separately 

wrapped in aluminum foil and frozen. Also, from each macrophyte leaf, a 1 cm2 piece 

was cut to determine the chlorophyll content of the floating leaf. The chlorophyll 

concentration of the N. lutea petiole is known to vary depending on the sampling depth 

(Horppila et al., 2022), and thus, the chlorophyll concentration was determined from the 

different depths. The chlorophyll samplings were taken also from the floating leaf 

because in previous studies it has been shown that the chlorophyll a:b ratio of the 

N.lutea floating leaf responds to changes in the lake water color (Horppila et al., 2022). 

The chlorophyll extraction was done by macerating the samples and then extracting 

weighted samples in 95% ethanol at 75°C for 5 minutes. Also, to ensure the chlorophyll 

extraction, samples were treated with ultrasound. To remove particulate matter, the 

extract was filtered. The concentrations of CHL a and CHL b were calculated using the 

equations by Lichtenthaler and Wellburn (1983).  

 

2.4 Statistical analysis 
 

Statistical analyses were done by using RStudio version 4.1.0, with the “rstatix”-package.  

To study the seasonal variation of water color, DOC, and Fe concentration in different 

study lakes, a two-way repeated-measures analysis of variance (ANOVAR) and pairwise 

Bonferroni t-test was computed. To see the differences between lake light reflectance 

and turbidity, one-way analysis of variance (ANOVA) and Tukey HSD -tests were used. 

Welch one-way test was used to see the differences between the Secchi depth in the 

lakes. 

The variation in macrophyte chlorophyll content and the variation in macrophyte petiole 

length and leaf thickness as a pooled average value from each lake was studied using 

one-way ANOVA and Tukey HSD -test.  
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One-way repeated-measures ANOVA was used to see the seasonal variation in 

macrophyte chlorophyll content. The seasonal variation in the lakes was studied as an 

average value from 10 to 30 cm petiole length in the eutrophic and clear water lakes, 

and from 10 cm petiole length in the humic lake. This was done because, in the eutrophic 

lake, no seasonal variation of the chlorophyll was not seen deeper than 30 cm petiole 

depth, and in the humic lake, the seasonal variation was only seen in the 10 cm petiole 

depth. In the clear water lake, seasonal variation of chlorophyll was seen in each depth, 

but for the simplicity, the seasonal variation was studied from the same depth as in the 

eutrophic lake (average of 10-30 cm) 

Simple linear regression analysis was used to see, which factors affect the macrophyte 

CHL a:b ratio and chlorophyll a, and chlorophyll b concentration. Here, the average value 

of the whole plant CHL a:b ratio was studied, and the average CHL a:b values of all lakes 

were plotted in the same model. A simple regression model was used to analyze the 

effect of water color, DOC, and Fe concentration, specific UV absorbance at 254nm 

(SUVA254), and light relationship on macrophyte chlorophyll content. 

 

3. Results 

3.1 Water quality in study lakes 
 

3.1.1 Water color, dissolved organic carbon , and iron concentration 

All water quality parameters were analyzed from the epilimnion water samples because 

those values are more relevant considering the macrophytes. 

During the sampling period, the average water color in Käkilammi was 345 mg Pt l-1, in 

Kyynäröjärvi 227 mg Pt l-1, and Valkea-Mustajärvi 24 mg Pt l-1 (Fig. 1). Thus, water color 

was significantly higher in Käkilammi than in Kyynäröjärvi and in Valkea-Mustajärvi 

(ANOVAR, F(2,4) = 26807.34, P < 0.001). The difference between lakes was significant on 

each sampling date.  

Water color decreased significantly in each lake during sampling period (ANOVAR, F(6,12) 

= 1087.31, P < 0.001) (Fig. 1). In Käkilammi, water color on June 7 was on average 383 

mg Pt l-1, whereas on September 6 it was on average 250 mg Pt l-1. In Kyynäröjärvi, water 

color decreased from 242 mg Pt l-1 to 200 mg Pt l-1 during the sampling period and in 

Valkea-Mustajärvi from 31 mg Pt l-1 to 21 mg Pt l-1 (Fig. 1). 

In Valkea-Mustajärvi, the significant decrease in the water color was between June 7 (31 

mg Pt l-1) and July 19 (22 mg Pt l-1, P < 0.05), but later in the summer it remained quite 

stable (average 21 mg Pt l-1). In contrast, the water color of Käkilammi stayed stable 

during early summer, from June 7 to July 19 (average 384 mg Pt l-1), whereas from July 
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19 to September 6 it decreased significantly from 389 mg Pt l-1 to 250 mg Pt l-1 (P < 0.001). 

In Kyynäröjärvi, there was a significant decrease in the water color on August 21, when 

it dropped from 239 mg Pt l-1 (average value from June 7 to August 2) to 193 mg Pt l-1 (P 

< 0.001) (Fig. 1). 

DOC concentration of Valkea-Mustajärvi was significantly lower (average 6.32 mg l-1) 

than in Kyynäröjärvi (24.77 mg l-1) and in Käkilammi (33.91 mg l-1) on each sampling date 

(ANOVAR, F(2,4) = 60081.27, P < 0.001) (Fig. 1). 

DOC concentration decreased significantly during the sampling period in Käkilammi and 

Valkea-Mustajärvi (ANOVAR, F(6,12) = 458.23, P < 0.001), being lowest on September 6, 

when DOC concentration in Valkea-Mustajärvi was on average 6.0 mg l-1 and in 

Käkilammi 27.3 mg l-1. By contrast, in Kyynäröjärvi, a significant decrease in DOC 

concentration was seen between August 2 (24.9 mg l-1) and August 21 (22.6 mg l-1), but 

DOC concentration measured on September 6 did not differ from those measured 

between July 5 and August 21 (average 24.1 mg l-1) (Fig. 1).  

In Valkea-Mustajärvi, DOC concentration decreased significantly also in early summer. 

It was significantly higher on June 7 (6.6 mg l-1) than on June 21 (6.3 mg l-1) and July 5 

(6.3 mg l-1, P < 0.05). Between June 21 and August 2, DOC concentration remained 

stable, being on average 6.4 mg l-1. DOC concentration measured on August 21 (6.3 mg 

l-1) was significantly lower than DOC measured in early summer, June 7 (P < 0.01). DOC 

concentration on September 6 was significantly lower (6.0 mg l-1) than on any other 

sampling date (P < 0.05). 

In Kyynäröjärvi, DOC concentration also varied during early summer, decreasing 

significantly from June 7 (27 mg l-1) to July 5 (24.6 mg l-1, P < 0.05) (Fig. 1). In Kyynäröjärvi, 

DOC concentration remained stable between June 21 and August 2.  

In Käkilammi, DOC concentration decreased significantly from 37.78 mg l-1 to 27.3 mg l-

1 during the sampling period (Fig. 1). The decrease was significant between all sampling 

dates except between July 5 and 19 (35.6 mg l-1).  

Specific ultraviolet absorbance at 254nm in the epilimnion of Käkilammi was significantly 

higher (4.73) than in Kyynäröjärvi (4.50) and in Valkea-Mustajärvi (2.52) (ANOVA, F(2,18) 

= 353.90, P < 0.001). The difference was significant between each lake (P > 0.05). 

The attenuation coefficient was highest in Käkilammi, on average 8.90. In Kyynäröjärvi, 

the attenuation coefficient was on average 5.30 and in Valkea-Mustajärvi 1.14. The 

attenuation coefficient of Käkilammi varied between 5.26 and 14.59, being highest on 

July 19 and lowest on August 21. In Kyynäröjärvi, the attenuation coefficient varied 

between 4.04 and 6.23. Here, the lowest attenuation coefficient was observed also on 

August 21, and the highest on August 2. In Valkea-Mustajärvi, the lowest attenuation 

coefficient was observed on June 21, when it was 0.26. The highest value was 2.17, and 

as in Kyynäröjärvi, it was also seen on August 2.  
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In Käkilammi, the highest attenuation coefficient was observed at the same time, when 

the water color was highest. However, in Kyynäröjärvi, the highest attenuation 

coefficient was observed on August 2, whereas water color was highest on June 21. Also, 

in Valkea-Mustajärvi, the attenuation coefficient was highest on August 2, but the 

highest water color was seen on June 7.  

The depth of the euphotic zone in Käkilammi was 52 cm, in Kyynäröjärvi 87 cm and in 

Valkea-Mustajärvi 404 cm. 

 

Figure 1. Water color (mg Pt l-1) (left panel) and DOC concentration (mg l-1) (right panel) of the 

epilimnion water of the study lakes during the sampling period. 

 

Contrary to water color and DOC concentration, Fe concentration was significantly 

higher in Kyynäröjärvi (average 1.94 mg l-1) than in Käkilammi (1.33 mg l-1) and in Valkea-

Mustajärvi (0.12 mg l-1, ANOVAR, F(2,4) = 2560.38, P < 0.001) (Fig. 2). The difference was 

significant between the lakes on every sampling date, except on June 7, when there was 

no significant difference in Fe concentration between Kyynäröjärvi and Käkilammi.  

In Kyynäröjärvi, Fe concentration did not change significantly in early summer, between 

June 7 and July 5 (1.43 mg l-1). Instead, from July 5 (1.61 mg l-1) to August 2, Fe 

concentration increased significantly, reaching its’ highest concentration on August 2 

(2.95 mg l-1, P < 0.001) (Fig. 2).  Fe concentration then decreased significantly from 

August 2 to September 6 (1.72 mg l-1, P < 0.01).  

Also, in Käkilammi, Fe concentration did not change significantly in early summer, but it 

increased significantly between July 5 (1.50 mg l-1) and July 19 (1.95 mg l-1, P < 0.01). 

After July 19, Fe concentration in Käkilammi started to decrease, reaching its’ lowest 

concentration on September 6 (0.90 mg l-1) (Fig. 2). 
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In Valkea-Mustajärvi, there was no change in the Fe concentration during the sampling 

period (Fig. 2).  

 

 

 

Figure 2. Fe concentration (mg l-1) of the lake epilimnion in the study lakes during the 
sampling period. 

 

3.1.2 Secchi depth and water turbidity 

In Valkea-Mustajärvi, Secchi depth was approximately 4 meters as its deepest, whereas 

in Käkilammi the deepest observed depth was 50 cm, and in Kyynäröjärvi 70 cm. The 

Secchi depth was significantly deeper in Valkea-Mustajärvi compared to Käkilammi and 

Kyynäröjärvi during the study period (Welch test, F(2, 8.94) = 121.86, P < 0.001), but no 

significant difference in Secchi depths between Kyynäröjärvi and Käkilammi were 

detected (P > 0.05).  

Turbidity was overall highest in Kyynäröjärvi (average 7.41 NTU) and lowest in Valkea-

Mustajärvi (average 0.68 NTU). In Käkilammi, the average turbidity of the whole 

sampling season was 2.86 NTU. Turbidity was significantly higher in Kyynäröjärvi than in 

Valkea-Mustajärvi (ANOVA, F(2,18) = 22.88, P < 0.001) and in Käkilammi (ANOVA, F(2,18) = 

22.88, P < 0.001). No significant difference was observed in the turbidity between the 

Valkea-Mustajärvi and Käkilammi (P > 0.05).  

 

 



20 
 

3.1.3 Relationship of downward to the upward coming light  

In all lakes, the relationship of downward to upward coming light was less than 1.50 %. 

There was a significant difference between the light reflectance of Käkilammi (average 

0.09 %) and Valkea-Mustajärvi (average 0.80 %) and between Käkilammi and 

Kyynäröjärvi (average 0.66 %) (ANOVA, F(2,18) = 3.25, P < 0.001) but no difference 

between Valkea-Mustajärvi and Kyynäröjärvi was observed (P > 0.05).  

In Valkea-Mustajärvi, the highest relationship of downward to upward coming light was 

observed on June 7 (1.15%), in Käkilammi on June 21 (0.17%), and in Kyynäröjärvi on 

August 21 (0.96%). The lowest value in Valkea-Mustajärvi was detected on July 5 (0.55%) 

as well as in Käkilammi (0.04%). By contrast, in Kyynäröjärvi, the lowest value was 

detected on June 7 (0.39%).  

 

3.1.4 Water temperature 

The average water temperature from 5 cm water depth of the study lakes for the whole 

summer (7.6.-6.9.) was 17.8°C in Kyynäröjärvi, 20.0°C in Käkilammi, and 16.6°C in 

Valkea-Mustajärvi (Table 2) (Fig. 3).  

When comparing daily temperatures from the timescale June 8 to August 2, the 

maximum temperature values in each lake were observed on July 15, when the average 

temperature of Valkea-Mustajärvi was 26.0°C, 27.0°C in Käkilammi, and 28.0°C in 

Kyynäröjärvi. The lowest temperature values were observed on June 16, when the 

temperature was on average 19.0°C in Valkea-Mustajärvi, 20.0°C in Käkilammi, and 

17.0°C in Kyynäröjärvi (Fig. 3). 

 

 

Figure 3. Water temperature at 5 cm water depth during sampling period in study lakes. 
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3.1.5 Other water quality parameters  

CHL a concentration of the epilimnion water was highest in Kyynäröjärvi, being on 

average 26.0 µg l-1. In Käkilammi, CHL a concentration of the epilimnion was on average 

15.5 µg l-1, and in Valkea-Mustajärvi 8.0 µg l-1. pH in Käkilammi was 6.21, in Kyynäröjärvi 

6.51, and Valkea-Mustajärvi 6.45 (Table 2). 

The concentration of dissolved oxygen of the whole water column was 6.63 mg l-1 in 

both Käkilammi and Kyynäröjärvi, and 8.01 mg l-1 in Valkea-Mustajärvi (Table 2).  Values 

of lake nutrient concentrations were not available from summer 2021, so instead, 

average concentrations from summer 2019 were presented here (Estlander et al., 2021) 

(Table 2). 

The total phosphorus concentration of Käkilammi epilimnion was 47 µg l-1, in 

Kyynäröjärvi 61 µg l-1, and in Valkea-Mustajärvi 9 µg l-1 (Table 2). The total nitrogen 

concentration of Käkilammi epilimnion was on average 1147 µg l-1, in Kyynäröjärvi 1057 

µg l-1, and in Valkea-Mustajärvi 370 µg l-1 

 

Table 2 

Water quality parameters in study lakes. Values are averages from summer 2021 (7.6.-

6.9.2021), except for total P and total N which are from summer 2019 (Estlander et al., 

2021). 

Parameter Käkilammi Kyynäröjärvi Valkea-Mustajärvi 

Tot-P µg l-1 46.67 60.67 8.87 

Tot-N µg l-1 1147 1057 370 

Chl-a µg l-1 15.48 25.98 7.98 

Fe mg l-1 1.33 1.94 0.12 

DOC mg l-1 33.91 24.77 6.32 

Secchi depth (cm) 43 47 363 

Color (mg Pt l-1) 345 227 25 

pH  6.21 6.51 6.45 

ODO mg l-1 6.63 6.63 8.01 

Turbidity NTU 4.28 8.63 4.11 

Temperature °C 20.05 17.75 16.61 

SUVA254 4.73 4.5 2.52 
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3.2 Macrophytes 
 

In Valkea-Mustajärvi, the petioles of macrophytes were on average longer (102.30 cm) 

than in Käkilammi (72.90 cm) and in Kyynäröjärvi (83.55 cm) (ANOVA, F(2,6) = 19.70, P = 

0.002). The difference was significant between Valkea-Mustajärvi and Käkilammi (P = 

0.002) and between Valkea-Mustajärvi and Kyynäröjärvi (P = 0.02), but not between 

Kyynäröjärvi and Käkilammi.  

Also, floating leaves of the macrophytes from Valkea-Mustajärvi were thicker (1.31 cm) 

than those from Kyynäröjärvi (1.03 cm) and from Käkilammi (0.93 cm) The difference 

was the greatest between Valkea-Mustajärvi and Käkilammi (P = 0.003), but there was 

also a significant difference between Kyynäröjärvi and Valkea-Mustajärvi (P = 0.01).   

 

3.2.1 Differences in the whole macrophyte chlorophyll concentration between 

study lakes 

When the average individual macrophyte chlorophyll concentration as a pooled average 

value for the whole sampling season was studied, it showed that the average individual 

concentration of CHL a+b varied significantly between the study lakes, being highest in 

Valkea-Mustajärvi (0.28 µg mg-1), and lowest in Käkilammi (0.20 µg mg-1) (ANOVA, F(2,18) 

= 4.07, P = 0.03). However, there was a significant difference only between Käkilammi 

and Valkea-Mustajärvi in the average individual macrophyte chlorophyll concentration. 

Between Kyynäröjärvi and Käkilammi and between Kyynäröjärvi and Valkea-Mustajärvi, 

the individual macrophyte average chlorophyll concentration did not differ (P > 0.05).  

Also, the average individual macrophyte CHL a concentration as a pooled average 

concentration was significantly highest in Valkea-Mustajärvi (0.22 µg mg-1) (ANOVA, 

F(2,18) = 4.63, P = 0.02). CHL a was also significantly higher in macrophytes of Valkea-

Mustajärvi than in macrophytes of Käkilammi (0.15 µg mg-1) (P < 0.05), but no difference 

was observed between Valkea-Mustajärvi and Kyynäröjärvi or between Kyynäröjärvi 

and Käkilammi (P > 0.05). The average individual macrophyte CHL b concentration did 

not differ between study lakes (P > 0.05). 

Considering the average individual macrophyte CHL a:b ratio as a pooled average 

concentration from the whole sampling season, it was significantly higher in Valkea-

Mustajärvi (2.89) than in Käkilammi (2.52) (ANOVA, F(2,18) = 15.54, P < 0.001). The 

average individual macrophyte CHL a:b ratio was also significantly higher in Valkea-

Mustajärvi than in Kyynäröjärvi (2.60) (P = 0.003), but no difference between 

Kyynäröjärvi and Käkilammi was observed (P > 0.05). 
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3.2.2 Chlorophyll concentration differences between the floating leaf and 

petiole, and the impact of sampling depth  

In each lake, macrophyte CHL a+b, CHL a, and CHL b concentrations were significantly 

higher in the floating leaf than in the petiole (Fig. 4). Also, in each lake, the macrophyte 

CHL a:b ratio was significantly higher in the floating leaf than in the petiole (ANOVAR, 

F(1,2) = 438.90, P = 0.002) (Fig. 4). 

 

In Käkilammi, the CHL a concentration of the floating leaf was on average 0.57 µg mg-1, 

and in the petiole 0.08 µg mg-1. CHL a concentration of the floating leaf was significantly 

higher than the concentration of the petiole during the whole sampling period 

(ANOVAR, F(1,2) = 66.32, P = 0.01). Also, CHL b concentration was significantly higher in 

the floating leaf (0.16 µg mg-1) than in the petiole (0.03 µg mg-1) in every sampling date, 

except on July 5 (ANOVAR, F(1,2) = 72.02, P = 0.01). CHL a+b concentration of Käkilammi 

floating leaves was significantly higher than the CHL a+b concentration of the petiole in 

each sampling date (ANOVAR, F(1,2) = 67.72, P = 0.01). The CHL a:b ratio in the floating 

leaf was on average 3.44, whereas in the petiole it was on average 2.40 (ANOVA, F(1,2) = 

491.00, P = 0.002). 

In Valkea-Mustajärvi, the average CHL a concentration of the floating leaf was 0.70 µg 

mg l-1 and in the petiole 0.13 µg mg l-1, and it was significantly higher in every sampling 

date (ANOVAR, F(1,1) = 231.46, P = 0.04). Also, CHL b concentration of macrophytes in 

Valkea-Mustajärvi was significantly higher in the floating leaf (0.19 µg mg l-1) than in the 

petiole (0.05 µg mg l-1) (ANOVAR, F(1,1) = 193.36, P = 0.05), as well as CHL a+b 

concentration, which was on average 0.86 µg mg l-1 in the floating leaves and 0.18 µg 

mg l-1 in the petiole (ANOVAR, F(1,2) = 141.70, P = 0.01). However, the difference between 

floating leaf and petiole CHL a+b concentration was not significant on September 6 (P > 

Figure 4. CHL a:b ratio (left panel) and CHL  a+b concentration (µg mg l-1) (right panel) of 
macrophyte petioles and floating leaves in each study lake. 
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0.05). The CHL a:b ratio of the floating leaf was on average 3.60 and in the petiole the 

average concentration was 2.81 (ANOVA, F(1,2) = 4703.00, P = < 0.001). 

Also, in Kyynäröjärvi, the macrophyte CHL a concentration was significantly higher in the 

floating leaf (0.66 µg mg-1) than in the petiole (0.11 µg mg-1) (ANOVAR, F(1,2) = 150.74, P 

= 0.01) during the whole sampling season. CHL b of the floating leaf in Kyynäröjärvi was 

on average 0.18 µg mg-1 and in the petiole on average 0.05 µg mg-1, and the difference 

was significant in each sampling date (ANOVAR, F(1,2) = 517.22, P = 0.002). Additionally, 

the CHL a+b concentration of the floating leaf was significantly higher (0.85 µg mg-1) 

than in the petiole (0.16 µg mg-1) during the whole sampling period (ANOVAR, F(1,2) = 

183.08, P = 0.005). The average floating leaf CHL a:b ratio was 3.67 and in the petiole 

2.51 (ANOVA, F(1,2) = 80.60, P = 0.01). 

No differences in the floating leaf CHL a+b, CHL a, or CHL b concentrations or CHL a:b 

ratio were detected between the study lakes. 

Macrophyte petiole CHL a+b concentration decreased with increasing sampling depth 

in Kyynäröjärvi and Käkilammi, but not in Valkea-Mustajärvi (Fig. 5). In Käkilammi, the 

CHL a+b concentration at 10-30 cm depth of the petiole was significantly higher (0.13 

µg mg-1) than at the 70 cm depth (0.07 µg mg-1, P < 0.05). In Kyynäröjärvi, at 10 cm 

sampling depth, the CHL a+b was significantly higher (0.18 µg mg-1) than at 70 cm 

sampling depth (0.12 µg mg-1, P < 0.05). 

CHL a concentration also decreased significantly with increasing depth in Käkilammi and 

Kyynäröjärvi (ANOVAR¸ F(7,14) = 10.13, P < 0.001). In Käkilammi, the CHL a concentration 

was significantly higher on 10-30 cm sampling depth (0.09 µg mg-1) than on 70 cm 

sampling depth (0.05 µg mg-1, P < 0.05). In Kyynäröjärvi, the CHL a concentration was 

significantly higher on 10 cm (0.13 µg mg-1) than on 70 cm depth (0.10 µg mg-1, P < 0.05).  

In Valkea-Mustajärvi, sampling depth did not affect the CHL a concentration.  

CHL b concentration also decreased significantly with increasing sampling depth, but 

only in Käkilammi. There, the CHL b concentration of 10-30 cm was significantly higher 

(0.04 µg mg-1) than in 70 cm depth (0.02 µg mg-1, P < 0.05). In Kyynäröjärvi and Valkea-

Mustajärvi, no effect of sampling depth on CHL b concentration was detected. 

Sampling depth had an effect also on CHL a:b ratio, as it decreased with increasing depth 

in Käkilammi and Kyynäröjärvi (Fig. 5). In Käkilammi, the macrophyte CHL a:b ratio of 

the petiole was significantly higher in 10 cm depth (2.49) than in 40-70 cm depths (2.34, 

P < 0.05) (Fig. 5). Also, in the 20 cm depth, the CHL a:b ratio was significantly higher 

(2.45) than in 70 cm depth (2.30, P = 0.01). There was no difference in the CHL a:b ratio 

between other sampling depths.  

In Kyynäröjärvi, the CHL a:b ratio in the 10 cm depth was significantly higher (2.63)  than 

it was in 40-70 cm depth (2.44, P < 0.05). In the 20 cm depth, the CHL a:b ratio was 



25 
 

significantly higher (2.60) than in the 50-70 cm depths (2.42, P < 0.01) (Fig. 5). Between 

other sampling depths, the CHL a:b ratio did not differ.  

 

 

 

 

3.3 The effect of water quality on macrophyte chlorophyll concentration 
 

The average individual macrophyte CHL a+b concentration decreased significantly with 

increasing water color (F(1,19) = 7.72, P = 0.01, r2 = 0.29) (Fig. 6), with increasing DOC 

concentration (F(1,19) = 8.25, P = 0.01, r2 = 0.30) and with increasing Fe concentration 

(F(1,19) = 8.07, P = 0.01, r2 = 0.30) of the epilimnion. SUVA254 explained 29% of the CHL 

a+b increase (F(1,19) = 7.76, P = 0.01, r2 = 0.29), whereas Secchi depth explained 26% 

(F(1,19) = 6.60, P = 0.02, r2 = 0.26). 

The average individual macrophyte CHL a concentration also decreased significantly 

with increasing epilimnion water color (F(1,19) = 9.00, P = 0.01, r2 = 0.32) (Fig. 6), with 

increasing epilimnion DOC concentration (F(1,19) = 9.62, P = 0.01, r2 = 0.34) and with 

increasing epilimnion Fe concentration (F(1,19) = 8.87, P = 0.01, r2 = 0.32). The average 

individual macrophyte CHL a concentration also decreased significantly with increasing 

SUVA254 of the lake epilimnion (F(1,19) = 9.12, P = 0.01, r2 = 0.33). Macrophyte CHL a 

concentration increased significantly with increasing Secchi depth (F(1,19) = 7.91, P = 0.01, 

r2 = 0.30).  Light reflectance did not have a significant effect on CHL a or CHL a+b 

concentration.  

Figure 5. Depth distribution of macrophyte CHL a+b concentration (left panel) and CHL a:b 
ratio (right panel) in the study lakes. 
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Epilimnion Fe concentration explained 22% of the average individual macrophyte CHL b 

variation (F(1,19) = 5.40, P = 0.03, r2 = 0.22), whereas DOC concentration explained 19% 

(F(1,19) = 4.54, P = 0.05, r2 = 0.19), and water color 18% of the CHL b variation (F(1,19) = 

4.23, P = 0.05, r2 = 0.18) (Fig. 6). There was no significant effect of Secchi depth, SUVA254, 

macrophyte dry mass or light reflectance on CHL b concentration. 

The most important factor explaining the average individual macrophyte CHL a:b 

variation was epilimnion water color, that explained 69% of the CHL a:b variation (F(1,19) 

= 41.62, P < 0.001, r2 = 0.69) (Fig. 6), and epilimnion DOC concentration, that explained 

67% of the CHL a:b variation (F(1,19) = 38.28, P < 0.001, r2 = 0.67). Secchi depth explained 

66% of the variation in CHL a:b ratio (F(1,19) = 36.46, P < 0.001, r2 = 0.66), Fe concentration 

38% (F(1,19) = 11.61, P = 0.003, r2 = 0.38), and light reflectance 37% (F(1,19) = 11.12, P = 

0.003, r2 = 0.37). Temperature sum did not affect CHL a:b ratio on either 5 cm or 50 cm 

depth of the water column. 

 

 

 

Figure 6. The relationship between water color (mg Pt l-1) and the average of individual 

macrophyte CHL a (top left), CHL b (top right), CHL a+b (bottom left) and CHL a:b 

(bottom right). 
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3.3.1 The effect of water transparency on macrophyte petiole chlorophyll 

concentration 

Total petiole CHL a+b concentration as a sum of 10-60 cm sampling depth increased 

significantly with increasing Secchi depth (F(1,19) = 5.02 P = 0.04, r2= 0.21) and with 

increasing light reflectance (F(1,19) = 4.732, P = 0.04, r2 = 0.20). Correspondingly, total 

petiole CHL a+b concentration decreased significantly with increasing water color (F(1,19) 

= 9.71, P = 0.01, r2 = 0.34) and with increasing DOC concentration (F(1,19) = 9.88, P = 0.005, 

r2= 0.34). Fe concentration did not affect the macrophyte petiole CHL a+b concentration. 

Total CHL a concentration of the petiole as a sum of 10 to 60 cm depth also decreased 

significantly with increasing water color (F(1,19) = 11.97, P = 0.003, r2 = 0.39), increasing 

DOC concentration (F(1,19) = 12.18, P = 0.002, r2 = 0.39) and with increasing Fe 

concentration (F(1,19) = 4.62, P = 0.04, r2 = 0.20). Total petiole CHL a concentration 

increased significantly with increasing Secchi depth (F(1,19) = 6.36, P = 0.02, r2 = 0.25), and 

with increasing light reflectance (F(1,19) = 5.49 , P = 0.03, r2 = 0.15). Total petiole CHL b 

concentration also decreased significantly with increasing water color (F(1,19) = 5.07, P = 

0.04, r2 = 0.39), and with increasing DOC concentration (F(1,19) = 5.18, P = 0.03, r2 = 0.39), 

but Fe concentration, light reflectance or Secchi depth did not affect petiole CHL b 

concentration.  

Water color explained 78% of the total petiole CHL a:b ratio (F(1,19) = 68.41, P < 0.001, r2 

= 0.78), whereas DOC concentration explained 76% (F(1,19) = 60.75, P < 0.001, r2 = 0.76). 

Secchi depth explained 72% (F(1,19) = 47.79, P < 0.001, r2 = 0.72), Fe concentration 41% 

(F(1,19) = 13.31, P = 0.002, r2 = 0.41), and light reflectance 14% (F(1,19) = 14.06, P = 0.001, 

r2 = 0.1411). 

 

3.3.2 The effect of water transparency on the chlorophyll concentration of 

macrophyte floating leaf  

No relationship between water color, DOC or Fe concentration, light reflectance, or 

downward coming light at 5 cm water depth on floating leaf CHL a+b, CHL a or CHL b 

concentration, nor CHL a:b ratio was observed (P > 0.05). 

On July 19, the CHL b concentration of the floating leaf was significantly lower in the 

macrophytes of Käkilammi (0.11 µg mg-1) than in the floating leaves of Kyynäröjärvi (0.16 

µg mg-1) and Valkea-Mustajärvi (0.20 µg mg-1) (ANOVAR, F(2,4) = 26.90, P < 0.05). On 

August 21, the CHL b concentration of floating leaf macrophytes of Valkea-Mustajärvi 

was significantly higher (0.24 µg mg-1) than in the macrophytes of Kyynäröjärvi (0.15 µg 

mg-1) and Käkilammi (0.14) (ANOVAR, F(2,4) = 26.90, P < 0.001). 
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3.4 Seasonal changes in the macrophyte chlorophyll concentration and 

water quality within the study lakes 
 

3.4.1 Käkilammi 

The average individual macrophyte CHL a+b, CHL a or CHL b concentration or CHL a:b 

ratio did not change during the sampling period in Käkilammi (P > 0.05). No changes in 

the floating leaf CHL a+b, CHL a, CHL b concentrations or CHL a:b ratio were observed (P 

> 0.05). 

However, the seasonal changes of the chlorophyll content were detectable in the 10 cm 

petiole depth. Macrophyte CHL a+b concentration in 10 cm petiole depth decreased 

during the sampling period, together with decreasing water color (ANOVAR, F(6,12) = 

1087.31, P < 0.001), with decreasing DOC concentration (ANOVAR, F(6,12) = 458.22, P < 

0.001), and with increasing Secchi depth. The decrease of CHL a+b was significant from 

June 7 (0.17 µg mg-1) to September 6 (0.10 µg mg-1) (ANOVAR, F(6,12) = 6.49, P = 0.003).  

Also, macrophyte CHL b concentration in 10 cm petiole depth decreased significantly 

from June 7 and July 5 (0.05 µg mg-1) to September 6 (0.03 µg mg-1) (ANOVAR, F(6,12) = 

9.80, P < 0.001), suggesting that the shortest time CHL b changes, was 9 weeks in 

Käkilammi. The macrophyte CHL a concentration did not change significantly during the 

sampling period. Floating leaf CHL a+b, CHL a, CHL b concentration, or CHL a:b ratio did 

not change during the sampling period (P > 0.05).  

In Käkilammi, macrophyte petiole CHL a:b ratio at 10 cm petiole depth increased 

significantly during the sampling period (ANOVAR, F(6,12) = 5.18, P = 0.01), together with 

decreasing epilimnion water color (Fig. 7), and with decreasing DOC concentration. Also, 

Secchi depth increased in Käkilammi simultaneously with increasing macrophyte CHL a:b 

ratio, thus suggesting that increasing water transparency affected the macrophyte CHL 

a:b ratio. 
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Figure 7. Macrophyte CHL a:b ratio from 10 cm petiole depth (blue bars) and water color 

(mg Pt l-1) (orange line)  of the epilimnion in Käkilammi during the sampling period. 

 

3.4.2 Valkea-Mustajärvi 

In Valkea-Mustajärvi, no changes in the average individual macrophyte CHL a, CHL b, 

and CHL a+b concentration were observed during the sampling period. However, the 

average individual macrophyte CHL a:b ratio increased significantly during the sampling 

period (ANOVAR, F(6,12) = 11.70, P < 0.05). The increase was significant between June 7 

(2.75) and August 2 (3.03) (P = 0.04), between June 7and August 21 (3.08) (P = 0.01), 

between July 5 (2.79) and August 21 (P = 0.03), and between June 7, June 21, July 5, and 

July 19 (2.85) and September 6 (3.21) (P < 0.01). 

Floating leaf CHL a,  CHL b or CHL a+b concentration did not change during sampling 

period in Valkea-Mustajärvi (P > 0.05). However, the floating leaf CHL a:b ratio increased 

significantly from June 7 (3.19) to August 2 (3.81) (ANOVAR, F(6,6) = 48.40, P = 0.01), from 

June 7 to August 21 (3.73) (ANOVAR, F(6,6) = 48.40, P = 0.05), and from June 7 to 

September 6 (3.89) (ANOVAR, F(6,6) = 48.40, P = 0.01).  

The changes in chlorophyll content in Valkea-Mustajärvi were detectable in 10-30 cm 

petiole depth. There was a significant decrease in CHL a+b concentration of 10-30 cm 

average petiole depth in the clear water lake between July 19 (0.24 µg mg-1) and August 

2 (0.13 µg mg-1) (ANOVAR, F6,12 = 3.83, P = 0.02).  

CHL a concentration in the 10-30 cm petiole depth also decreased significantly between 

July 19 (0.17 µg mg-1) and August 2 (0.09 µg mg-1) (ANOVAR, F6,12 = 3.72, P = 0.02), but 
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not between any other sampling dates. In addition, CHL b concentration decreased 

significantly between July 19 (0.06 µg mg-1) and August 2 (0.03 µg mg-1) (ANOVAR, F6,12 

= 4.16, P = 0.02). 

Together with decreasing CHL a+b, CHL a, and CHL b concentration, no simultaneous, 

abrupt changes in water color, DOC, or Fe concentration were observed. However, 

during early summer, before the CHL a+b, CHL a, and CHL b concentration decreased, 

the average epilimnion water color was 26 mg Pt l-1, whereas, on August 2, water color 

in the clear water lake was 20 mg Pt l-1. Also, simultaneously with decreasing 

macrophyte chlorophyll concentration, Secchi depth of Valkea-Mustajärvi increased 

from 370 cm to 430 cm, and turbidity decreased from 0.68 NTU to 0.37 NTU, thus 

indicating an increase in the water transparency. 

In Valkea-Mustajärvi, CHL a:b ratio as an average ratio from 10-30 cm petiole depth 

increased significantly during the sampling period from June 7 (2.71) to September 6 

(3.08) (ANOVAR, F(6,12) = 12.55, P < 0.001) (Fig. 8). The increase was also a significant 

increase from June 21, July 5, and July 19 to September 6 (ANOVAR, F(6,12) = 12.55, P < 

0.001), indicating that the shortest time when a significant increase in CHL a:b ratio was 

detected in Valkea-Mustajärvi, was seven weeks.  

In Valkea-Mustajärvi, the epilimnion DOC concentration decreased (Fig. 8), and Secchi 

depth increased simultaneously with increasing CHL a:b ratio, thus suggesting that there 

was an increase in the water transparency, that affected the macrophyte CHL a:b ratio.  

 

Figure 8. Macrophyte CHL a:b ratio as an average value from 10-30 cm petiole depth 

(grey bars) and epilimnion DOC concentration (black line) in Valkea-Mustajärvi during 

the sampling period. 
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3.5.3 Kyynäröjärvi  

Total chlorophyll concentration (CHL a+b) of the average individual macrophyte in 

Kyynäröjärvi decreased significantly during the sampling period (ANOVAR, F(6,12) =7.72, 

P < 0.05). The decrease was significant from June 21 (0.34 µg mg-1) to July 19 (0.17 µg 

mg-1) (P = 0.02), from July 5 (0.35 µg mg-1) to July 19 (P = 0.01), from June 21 to August 

2 (0.17 µg mg-1) (P = 0.02), from July 5 to August 2 (P = 0.01), and from July 5 to 

September 6 (0.21 µg mg-1) (P = 0.04). 

Also, the average individual macrophyte CHL a concentration decreased significantly 

during the sampling period (ANOVAR, F(6,12) = 7.72, P < 0.05). Here, the decrease was 

significant from June 21 (0.24 µg mg-1) to July 19 (0.13 µg mg-1) (P = 0.02), from July 5 

(0.26 µg mg-1) to July 19 (P = 0.007), from June 21 to August 2 (0.13 µg mg-1) (P = 0.02) 

and from July 5 to August 2 (P = 0.006).  

The average individual macrophyte CHL b concentration decreased significantly during 

growing season (ANOVAR, F(6,12) = 7.76, P < 0.05). The decrease was significant from June 

21 (0.08 µg mg-1) to July 19 (0.04 µg mg-1) (P = 0.01), from July 5 (0.09 µg mg-1) to July 19 

(P = 0.01), from June 21 to August 2 (0.05 µg mg-1) (P = 0.02), from July 5 to August 2 (P 

= 0.01), from June 21 to September 6 (0.05 µg mg-1) (P = 0.04), and from July 5 to 

September 6 (P = 0.02). 

The CHL a:b ratio of the average individual macrophyte increased significantly from June 

7 (2.48), June 21 (2.66), July 5 (2.62), July 19 (2.58) and August 2 (2.53) to September 6 

(2.96) (ANOVAR, F6,12 = 8.31, P < 0.05).  

In Kyynäröjärvi, CHL a+b concentration of the average value from 10-30 cm petiole 

depth decreased significantly between July 5 (0.29 µg mg-1) and July 19 (0.12 µg mg-1) 

(ANOVAR, F(6,12) = 4.77, P = 0.01). Also, CHL a concentration of 10-30 cm petiole depth 

decreased significantly between between July 5 (0.21 µg mg-1) and July 19 (0.08 µg mg-

1) (ANOVAR, F(6,12) = 4.65, P = 0.01). CHL b concentration of the 10-30 cm petiole depth 

decreased significantly between July 5 (0.08 µg mg-1) and July 19 (0.03 µg mg-1) 

(ANOVAR, F(6,12) = 5.12, P = 0.01).  

Water color or DOC concentration did not change between July 5 and July 19, when 

macrophyte chlorophyll concentration (CHL a+b, CHL a, CHL b) decreased. However, 

Secchi depth increased between July 5 and July 19, thus suggesting an increase in the 

water transparency.  

Also in Kyynäröjärvi, the CHL a:b ratio as an average ratio from 10-30 cm petiole depth 

increased during the sampling period from June 7 (2.40) to September 6 (2.91) 

(ANOVAR, F(6,12) = 7.91, P = 0.001) (Fig. 9). In Kyynäröjärvi, CHL a:b ratio varied the most 

among study lakes. For instance, in contrast to other study lakes, the CHL a:b ratio 

increased also in the late summer, from August 2 (2.49) to September 6 (P < 0.01). Thus, 

the change in CHL a:b ratio was shortest in Kyynäröjärvi (5 weeks).   

In Kyynäröjärvi the increase in the macrophyte CHL a:b ratio happened together with 

decreasing water color (ANOVAR, F(6,12) = 1087.31, P < 0.001) (Fig. 9). In Kyynäröjärvi, 
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both increase in the CHL a:b ratio and the decrease of water color happened later in the 

summer than in Käkilammi and Valkea-Mustajärvi where water color decreased and CHL 

a:b ratio increased significantly from July 19 to September 6. 

There were no changes in the floating leaf CHL a, CHL b, or CHL a+b concentration in the 

Kyynäröjärvi during the sampling period. However, the floating leaf CHL a:b ratio 

increased significantly from June 21 (3.28) to September 6 (4.27) (ANOVAR, F(6,12) = 3.26, 

P = 0.03). 

 

Figure 9. CHL a:b ratio as an average value of 10-30 cm petiole depth (green bars) and 
water color (mg Pt l-1) (orange line)  of the epilimnion in Kyynäröjärvi during the sampling 
period. 

 

4. Discussion 

4.1 Seasonal variation of macrophyte chlorophyll content and water quality in 

the study lakes 
 

Chlorophyll a:b ratio of submerged macrophytes, terrestrial plants, and phytoplankton 

has been shown to decrease with decreasing light in several previous studies (e.g. Barko 

& Filbin, 1983; Yamazaki et al., 2005; Bertamini et al., 2006). This phenomenon was also 

seen in the results of this thesis, as the CHL a:b ratio of N. lutea was significantly lower 

in Käkilammi, with high DOC concentration and water color, than in Kyynäröjärvi or 

Valkea-Mustajärvi. Thus, as I hypothesized, the macrophyte CHL a:b ratio was lowest in 
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the humic and highest in the clear water lake. In each study lake, macrophytes reacted 

to changes in light conditions by increasing their petiole CHL a:b ratio, when water clarity 

increased. Also, in response to increased water clarity, the average individual 

macrophyte CHL a+b concentration decreased in each study lake. 

DOC has a strong role in controlling light conditions of the lakes because it attenuates 

effectively the short-wavelength light that is important to photosynthetic organisms 

(Eloranta, 1978; Thrane et al., 2014). Photosynthetically active radiation has been shown 

to be lower in lakes with higher DOC concentrations (Feuchtmayr et al., 2019). In 

macrophytes, CHL b can harvest the short-wavelength light more effectively than CHL a 

(Yamazaki et al., 2005), and therefore is beneficial for macrophytes to increase their CHL 

b concentration in low light conditions.  

In the study lakes of this thesis, DOC concentration and water color decreased in each 

lake during the sampling period, indicating an increase in the water transparency. One 

important reason for the increase in water transparency is the degradation of DOC. DOC 

is degraded by photo- and biodegradation first mentioned as being usually the dominant 

process (Dempsey et al., 2020), and the degradation of DOC typically causes seasonal 

variation in the lake light conditions (Morris & Hargreaves, 1997). Also, the precipitation 

during this sampling season was very low (Lehtonen, 2021), so there was little runoff 

from the catchment. Thus, the amount of new DOC coming into lakes was probably low, 

which also affected the increasing water transparency during the sampling period.  

The decrease of the DOC in Käkilammi was relatively higher than in Valkea-Mustajärvi, 

even though the decrease in the water color in both lakes was on average 30-35 %. This 

indicates, that in Käkilammi, more degradation of DOC was needed to cause significant 

changes in the water color. In Käkilammi, Fe might have also played a role in maintaining 

higher water color (Weyhenmeyer et al., 2014), and thus, the decrease in the water color 

was not that sensitive to a decrease in DOC concentration. 

In Kyynäröjärvi, the decrease of DOC was lower than in Käkilammi, but also water color 

decreased less than in Valkea-Mustajärvi and Käkilammi. In Kyynäröjärvi, Fe 

concentration was highest among the study lakes, and that could have been contributing 

to water color (Weyhenmeyer et al., 2014). Fe also increased in Kyynäröjärvi in the 

middle of the summer, probably due to the internal loading. Thus, releasing Fe from the 

sediment might have inhibited the decrease of water color. 

Together with decreasing DOC concentration and water color, the CHL a:b ratio 

increased during the summer in each study lake, thus responding to changes in the light 

conditions. This is in line with findings of previous studies, that have shown a decrease 

in macrophyte CHL a:b ratio together with decreasing light (Barko & Filbin, 1983). Barko 

and Filbin (1983) also found out, that the CHL a+b concentration increased with 

decreasing light. Also, in my results, CHL a+b in each lake was highest in the early 

summer, when water clarity was lowest.  
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In my first hypothesis, I stated, that based on the previous findings, the CHL a+b 

concentration should be highest in the humic study lake (Barko & Filbin, 1983). However, 

the results of this thesis showed, that between the lakes, the average petiole CHL a+b 

concentration was highest in Valkea-Mustajärvi and lowest in Käkilammi, indicating that 

it was highest in the lake with the most light available, thus meaning that my first 

hypothesis does not entirely hold. Barko & Filbin (1983) used submerged macrophytes 

in their study, whereas my study species was floating leaf N. lutea. It might be, that the 

response of CHL a+b concentration to the light conditions depends on the macrophyte 

species. 

In Valkea-Mustajärvi, more light penetrates through the water column, which could be 

seen from the attenuation coefficient of the lake. When comparing the depth of the 

euphotic zones between the lakes, in Käkilammi, the euphotic zone was 52 cm, whereas 

the mean length of the N. lutea was 73 cm. This means, that on average, 29% of the N. 

lutea petiole is below the euphotic zone and does not receive photosynthetically active 

radiation. In Kyynäröjärvi and Valkea-Mustajärvi, depth of euphotic zone was higher 

than the mean length of N. lutea. Thus, in Kyynäröjärvi and Valkea-Mustajärvi, petioles 

of the N.lutea are getting more light than in the Käkilammi, where almost 30% of the 

petiole is in the dark. It might not be useful for macrophytes of Käkilammi to increase 

their CHL a+b concentration, because below 50 cm water depth, there is no 

photosynthetically active radiation left. 

Although a similar pattern in CHL a:b ratio was seen in each study lake, there were some 

differences between the lakes. In the eutrophic lake, water color decreased less than in 

the humic and clear water lake, but still, the increase in the CHL a:b ratio was quite 

similar. As I hypothesized, the changes in the CHL a:b ratio varied most in the eutrophic 

study lake, and it was probably due to higher variance in the water quality in the 

eutrophic lake. 

Also, in the eutrophic study Lake Kyynäröjärvi, the response time of CHL a:b ratio to 

water color changes was shorter than in the humic Lake Käkilammi and the clear water 

Lake Valkea-Mustajärvi, thus indicating that macrophytes of Kyynäröjärvi reacted faster 

and more sensitively than macrophytes in Käkilammi and Valkea-Mustajärvi. The reason 

for this might be the adaptation of macrophytes into their environment. For instance, 

terrestrial plants are strongly adapted to light conditions of their development 

(Björkman & Holmgren, 1963). Terrestrial plants developed in low light have been 

shown to have better photosynthetic capacity than plants developed in high light 

conditions, even inside the same species (Björkman & Holmgren, 1963).  

Thus, it could be suggested that also in this study, the macrophytes in Valkea-Mustajärvi 

and Käkilammi were adapted to their environment, and thus, to detect the increase in 

their CHL a:b ratio, the longer time and greater change in the water color was needed. 

Usually, in eutrophic lakes, light conditions can change faster due to, for instance, 
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phytoplankton (Thrane et al., 2014), and thus, in this study, the macrophytes of 

Kyynäröjärvi were not that strongly adapted to either low or high light conditions and 

could react faster to changes in their environment.  

Unlike I first hypothesized, the seasonal variation in the CHL a and CHL b concentrations 

was very similar in Kyynäröjärvi and Valkea-Mustajärvi, as, in both lakes, the decrease in 

CHL a and CHL b concentrations were seen in two weeks. Unexpectedly, the decrease of 

CHL a was not significant in Käkilammi, although a decreasing trend was also observed 

there. The reason for the abrupt decrease of CHL a and CHL b concentration in 

Kyynäröjärvi and Valkea-Mustajärvi is probably due to increased light conditions, as 

excessive light is known to be potentially harmful to plants and causes the production 

of reactive oxygen species (Polukhina et al., 2016). 

To avoid the harmful effects of excessive light, plants have developed photoacclimation 

processes (Anning et al., 2000). One mechanism of photoacclimation is the decrease of 

the antenna size by degrading the light-harvesting chlorophyll a/b binding protein 

complex of photosystem II (LHCII) (Sato et al., 2015). LHCII degradation requires 

degradation of CHL b, and to break down CHL b, it must be converted back to CHL a. This 

pigment degradation and synthetization can take days or weeks (Sato et al., 2015), and 

this can explain, why no significant change was not be seen in the macrophyte CHL a 

concentration of Käkilammi, but the change in CHL b was significant. Also, the water 

color was high in Käkilammi during the whole sampling season, and thus, the 

macrophytes are not that much exposed to excessive light, even the water color would 

decrease.  

Even though the decrease in CHL a concentration was not statistically significant in 

Käkilammi, a decreasing trend could be observed. In Käkilammi, the CHL a:b ratio was 

overall lowest, indicating that there was relatively more CHL b than CHL a, compared to 

Kyynäröjärvi and Valkea-Mustajärvi. Thus, when the macrophytes of Käkilammi started 

to degrade their LHCII in response to increased light (Sato et al., 2015), more CHL b 

needed to be converted to CHL a to degrade it. Due to the higher amount of CHL b, the 

decrease of CHL a takes a longer time than in Kyynäröjärvi and Valkea-Mustajärvi, and 

probably that is the reason, why the significant decrease in the CHL a in Käkilammi was 

not observed. 

Even though in Kyynäröjärvi and Valkea-Mustajärvi there was no simultaneous change 

in the water color or DOC concentration with a decrease in CHL a or CHL b concentration, 

in both lakes the water color and DOC concentration were significantly higher before 

the decrease of chlorophyll happened, indicating that the decrease of CHL a and CHL b 

was a response to better light conditions. In Käkilammi, the CHL b concentration 

decreased together with the decrease in water color and DOC, thus also indicating that 

CHL b started to decrease when light intensity increased. Based on these results, my 
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third hypothesis of water transparency affecting most of the macrophyte chlorophyll 

content holds true.  

Based on the findings of previous studies about seasonal changes in DOC concentration 

and light conditions in the lakes (Morris & Hargreaves, 1997; Catalán et al., 2013; 

Dempsey et al., 2020), and the responses of plant chlorophyll to changes in light, it can 

be assumed that the decrease of DOC in the study lakes and thus, increased light 

conditions caused a decrease in macrophyte CHL a and CHL b concentration. When CHL 

b is being degraded, in response to increased light, it is converted to CHL a (Sato et al., 

2015), and thus, the relationship of CHL a to CHL b increases. Probably this was the 

reason, why the CHL a:b ratio started to increase in the macrophytes. It varied between 

the lakes when the increase in the CHL a:b ratio was observed, but overall, it took several 

weeks in studied lakes. 

The increase in the CHL a:b ratio was very straightforward in each lake. When 

considering the use of macrophyte CHL a:b ratio as a browning indicator, the change in 

the CHL a:b ratio was quite similar in each lake. Even though the change took a bit 

shorter time in Kyynäröjärvi, it took several weeks in that lake too. Based on these 

findings, there is no need for sampling to act at different times in different types of lakes. 

Macrophyte CHL a:b ratio started to increase in July, so I would suggest that the best 

sampling time would be in June or early July. At that time, the macrophyte CHL a:b ratio 

has not yet been increased as a response to increased water clarity.  

However, due to the low precipitation during the sampling period (Lehtonen, 2021), no 

effects of variable weather on macrophyte chlorophyll content could not be detected. 

It could be possible, that in the summers with more variable weather, macrophyte 

chlorophyll content also varies more and reacts faster. Also, samplings were done only 

with two weeks intervals, which means that there might have been some smaller 

variations in the chlorophyll content, that could not be seen because of the sparsity of 

the samplings. In previous studies, CHL a and CHL b concentration of Potamogeton 

perfoliatus has been shown to increase within three days after the shade treatment 

(Goldsborough & Kemp, 1988), thus indicating that it is possible that also chlorophyll 

concentration of N. lutea could react within a shorter time period.  To strengthen this 

hypothesis, studies with more frequent samplings of N. lutea are needed in the future. 

 

4.2. Other factors affecting macrophyte chlorophyll content 
 

In previous studies, the macrophyte CHL a:b ratio has been shown to decrease with 

increasing water temperature (Barko & Filbin, 1983; Spencer, 1986). However, this was 

not seen in the results of this thesis as the water temperature sum did not affect the 

CHL a:b ratio, and the CHL a:b ratio did not decrease with increasing temperature. 
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Although, the average epilimnion water temperature was highest in Käkilammi, where 

also the macrophyte CHL a:b ratio was lowest.  

In previous studies, the water temperature has been shown to affect submerged 

macrophytes (Barko & Filbin, 1983; Spencer, 1986), so it might be that in floating leaf 

macrophytes, for instance in N. Lutea, the effect of temperature is not as prominent. 

Also, in my study lakes, the average temperature of the water was quite similar in each 

lake, and that can also be one reason, why no effect of temperature on macrophyte 

chlorophyll content was observed. Also, the time, when there were differences in the 

lake's water temperature, was quite short, and thus, the difference did not affect 

macrophyte CHL content.  

Macrophyte CHL a+b and CHL a concentration decreased with increasing SUVA254 of the 

lake, indicating that the quality of organic matter could affect macrophyte chlorophyll 

concentration. SUVA254 is considered to be a good indicator of the quality of DOC 

(Weishaar et al., 2003). However, in my results, higher SUVA254 was observed in 

Käkilammi, having the highest DOC concentration, where also the macrophyte CHL a+b 

concentration was the lowest. Thus, it is probable, that the SUVA254 does not 

independently affect CHL a+b concentration, and the reason why SUVA254 correlated 

with CHL a+b concentration was, that it was highest in the humic lake having the highest 

DOC concentration, and poorest light conditions. 

 

4.3. The effect of sampling depth on macrophyte chlorophyll content 
 

As I hypothesize, the sampling depth affected macrophyte chlorophyll concentration, 

and the macrophyte chlorophyll concentration and CHL a:b ratio decreased with 

increasing sampling depth. This is logical, since the photosynthetically active radiation is 

absorbed by humic substances (Eloranta, 1978; Thrane et al., 2014), and thus the light 

conditions are decreasing with increasing depth. However, in Valkea-Mustajärvi, no 

changes in CHL a:b ratio was observed with increasing sampling depth, probably, 

because in Valkea-Mustajärvi, the euphotic zone is almost 5 times deeper than in 

Kyynäröjärvi and almost 8 times deeper than in Käkilammi.  

In Käkilammi and Kyynäröjärvi, the increase in the CHL a:b ratio during the sampling 

period was only observed in certain depths of the macrophytes. In Kyynäröjärvi, the 

increase was observed in 10-30 cm depth of the petiole, and in Käkilammi in 10 cm 

depth. In Valkea-Mustajärvi, the increase in the CHL a:b ratio was observed in all 

sampling depths. In Käkilammi and Kyynäröjärvi, the photosynthetically active radiation 

is effectively absorbed by humic substances (Eloranta, 1978; Thrane et al., 2014), during 

the whole growing season, and thus, the changes in the water clarity are not seen in the 

deeper parts of the macrophyte petiole.  
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Also, when considering the chlorophyll content deeper than 30 cm depth of the 

macrophyte stem, the limited light attenuation starts to affect chlorophyll content, and 

thus the chlorophyll measurement should be taken upper than 30 cm stem depth. In 

Kyynäröjärvi and Valkea-Mustajärvi, an average CHL a:b ratio from 10-30 cm stem depth 

could be used, but in Käkilammi, no seasonal changes were detected in any other than 

10 cm stem depth.  

In previous studies, the CHL a:b ratio of the floating leaf of N. lutea has been shown to 

be dependent also on the water color (Horppila et al., 2022). However, in my results, 

the floating leaf chlorophyll content did not differ between the lakes. The chlorophyll 

content of the floating leaf was probably most influenced by the sunlight, and for 

example, the light reflecting from the bottom of the lake did not seem to affect leaf 

chlorophyll content. Because of the strong impact of sunlight on the floating leaf, it is 

not useful to use the leaf as an indicator of lake brownification. Also, as I stated in my 

fourth hypothesis, the variation of chlorophyll content was higher in the floating leaf 

than in the macrophyte petiole, most probably due to the changes in the weather. 

Environmental factors did not affect the floating leaf chlorophyll concentration or 

chlorophyll a:b ratio, suggesting that the chlorophyll content of the floating leaf is 

impacted by solar radiation. However, the floating leaves of macrophytes from Valkea-

Mustajärvi were thicker than the leaves of Käkilammi or Kyynäröjärvi. Based on the 

studies done with terrestrial plants (Björkman & Holmgren, 1963), the difference in the 

floating leaf thickness could indicate, that the floating leaves of the clear water lake have 

more palisade layers and thus more chloroplasts. The macrophytes were collected on 

the same day from each lake, so differences in the sunlight can not explain the 

differences in the macrophyte floating leaf thickness.  

It is known, that in the humic lakes, the dark lake bottom inhibits the backscattering of 

the light from the bottom to the water surface (Eloranta, 1999). Also, reflecting light has 

been detected to affect CHL a:b ratio of the N. lutea floating leaves (Horppila et al., 

2022). In the study lakes of this thesis, the light reflectance was significantly higher in 

Valkea-Mustajärvi than in Käkilammi and Kyynäröjärvi, thus indicating that in Valkea-

Mustajärvi, there was more light reflecting the lake surface. Thus, it can be hypothesized 

that in Valkea-Mustajärvi, the reflected light might have had some effect on the 

macrophyte floating leaves and their thickness. 

 

4.5 Possible future studies 
 

Macrophytes act as important carbon storage in lake ecosystems (Reitsema et al., 2018). 

However, brownification is known to change the macrophyte community (Stewart & 

Freedman, 1989), and as presented in the results of this thesis, the chlorophyll 
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concentration is lower in macrophytes grown in humic lakes. This raises the question, if 

the photosynthetic capacity and ability of macrophytes to act as carbon storage is 

diminished with lake browning. Thus, in the future, more studies concerning the impacts 

of brownification on macrophytes' carbon sequestration are needed. 

In this study, I concluded that the slower reaction time of chlorophyll change in Valkea-

Mustajärvi and Käkilammi than in Kyynäröjärvi could have been due to adaptation of the 

macrophytes. To confirm this hypothesis, more studies concentrating on the genetic 

adaptation of the macrophytes are needed. Also, one intention of this study was to find 

out, how the effects of eutrophication differ from those of brownification. Differences 

between eutrophic and humic lakes were found, but to clarify the effects of 

brownification and eutrophication, studies should be also done in eutrophic lakes having 

low water color. 

 

5. Conclusions 
 

The CHL a:b ratio of N. lutea was highest in Valkea-Mustajärvi and lowest in Käkilammi, 

thus showing that the CHL a:b ratio was different in lakes with variable water quality 

and that the light conditions of the lake impact macrophyte CHL a:b ratio. In 

Kyynäröjärvi, the CHL a:b ratio was in between of ratios in Valkea-Mustajärvi and 

Käkilammi.  

The CHL a:b ratio increased during the growing season similarly in different types of 

lakes. The increase in CHL a:b ratio was seen between early and late summer samplings, 

and the increase in CHL a:b ratio was most probably due to the decrease in chlorophyll 

b concentration, which is an acclimation process to increased light conditions. Light 

conditions of the lakes are increasing due to the degradation of the DOC. The increase 

in the CHL a:b ratio was seen in the 10-30 cm of the macrophyte petiole, and no seasonal 

changes were observed in the floating leaf. Thus, the CHL a:b ratio of macrophyte petiole 

would be a better indicator for browning than the floating leaf. 

The significant increase in the macrophyte CHL a:b ratio took five to seven weeks, 

depending on the lake type. The shortest reaction time was observed in Kyynäröjärvi. 

However, the rate of the increase was similar enough that if the macrophyte CHL a:b 

ratio could be used as an indicator for lake browning, the sampling should occur at the 

same time in different lake types. Macrophyte CHL a:b ratio reacted to changes in the 

lake light conditions, but the reaction was not sensitive to, for example, short changes 

in the weather conditions. This would mean, that based on the results of this thesis, the 

macrophyte CHL a:b ratio is a promising indicator for lake browning. 
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