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1. INTRODUCTION

Carbon appears in aquatic ecosystems in the forms of  different inorganic 
and organic compounds, which can be dissolved or particulate and 
transform easily to each other. Organic matter (OM) is the largest pool 
of  reduced carbon in water bodies and is thus contributing crucially 
to the global carbon cycle. Inland waters, mainly lakes and reservoirs, 
have gained increasing attention as regulators of  carbon cycling during 
the past decade (Cole et al., 2007; Raymond et al., 2013). The annual 
transport of  carbon from terrestrial ecosystems to inland waters is three 
times greater than the transport of  carbon to the ocean, and the global 
burial of  organic carbon (OC) in inland water sediments exceeds the 
OC sequestration on the ocean floor (Tranvik et al., 2009). Inland waters 
can be substantial sources of  methane (CH4; Bastviken et al., 2004) and 
carbon dioxide (CO2; Tranvik et al., 2009), which are the most important 
greenhouse gases and contribute to the climate change if  released to 
the atmosphere. For example, CH4 emission (mg m–2 h–1) from lakes is 
considerably higher than that form the ocean (Ortiz-Llorente & Alvarez-
Cobelas, 2012) and the global CH4 emission from lakes is estimated to 
constitute 6–16% of  non-anthropogenic emission and 1.6–9.6% of  
total emission (Bastviken et al., 2004).

The role of  inland waters in the global carbon cycle is still a “burning” 
topic because it has changed significantly and will continue to change 
as a result of  human activities (eutrophication and land use changes) 
and climate change (Tranvik et al., 2009). Eutrophication from the 
catchment and changes in land use both alter carbon budgets of  lakes 
and can thereby have an effect on the global carbon cycle. According to 
the scenarios of  warming climate, more OM and therefore more carbon 
will reach lakes and rivers (Pagano et al., 2014; Weyhenmeyer et al., 
2016). In order to capture these trends and to understand the changes 
in the amount and composition of  OM under the influence of  changes 
in land use and climate, reliable and consistent monitoring of  lake OM 
is of  crucial importance. Nevertheless, in the European Union (EU) 
Water Framework Directive (WFD) – the most important European 
policy document on water quality – OM parameters are not mandatory 
physico-chemical parameters (EC, 2003). Many countries have long time 
series on certain OM parameters, but different parameters and methods 
used in different countries avoid getting a global or even Europe-wide 
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picture of  lake OM changes over the past decades. OM monitoring, 
especially its spatial and temporal representativeness, would benefit 
from the usage of  innovative methods, e.g. remote sensing and high-
frequency measurements, in addition to traditional methods.

High levels of  OM in lakes originate predominantly from the surrounding 
catchment (Thurman, 1985) and catchment has thus an important effect 
on the amount and composition of  OM as well as on its cycling in lakes. 
Therefore, lakes should be studied as lake-catchment systems taking into 
account that the OM in lakes is linked to the OM in catchment vegetation 
and soils. The effect of  catchment land cover on OM, especially on its 
content, in lakes is relatively well examined (e.g. Kortelainen, 1993a), 
while the connections between OM in catchment soils and in water 
bodies have been studied mainly in streams (e.g. Billett et al., 2006). Lake-
catchment interactions are also influenced by hydrological conditions, 
catchment area (e.g. Schindler et al., 1992) and topography (e.g. Arvola 
et al., 2016), etc. Catchment size and topography are static variables, 
whereas hydrology and land cover are altered by human activities and 
climatic conditions (e.g. Pagano et al., 2014; Finstad et al., 2016). The 
more integrative approach to study OM in lakes in relation to catchment 
characteristics enables to possibly predict the OM loads from catchment 
and provides insight into how OM cycling in lakes may respond to future 
changes in climate and land use and examine the overall effect on the 
global carbon cycle.
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2. REVIEW OF THE LITERATURE

2.1. Organic matter in lakes: fractions, biogeochemical role, 
dynamics

OM is formed through biochemical reactions in living organisms and 
transformed through chemical reactions occurring after their death. 
It is a complex mixture of  many thousands of  individual organic 
compounds and has no homogeneous, exactly specified chemical 
composition. In order to deal with such complexity, scientists have 
historically subdivided OM into fractions, e.g. according to its origin 
(autochthonous or allochthonous) or physical state (dissolved or 
particulate). Autochthonous OM is produced within the water body, 
whereas allochthonous OM is produced elsewhere and transported into 
the water body from the catchment. Dissolved organic matter (DOM) is 
the fraction of  total organic matter (TOM) which passes through a 0.45 
µm filter and particulate organic matter (POM) is the fraction which is 
removed by a 0.45 µm filter. The size limit applicable to differentiate the 
DOM and POM fractions is somewhat arbitrary, but there is a general 
consensus of  using 0.45 µm filters. This size limit is also approved by 
international standards for the determination of  OC (EN 1484:1997; 
ISO 8245:1999). The main component of  TOM is total organic carbon 
(TOC). DOM, POM and TOM correspond to dissolved organic carbon 
(DOC), particulate organic carbon (POC) and TOC, respectively. The 
first terms refer to the entire OM that includes other elements, e.g. 
oxygen, hydrogen, nitrogen, in addition to carbon. The values of  TOM, 
DOM and POM are about two times higher than those of  TOC, DOC 
and POC (Robards et al., 1994). Most of  the aquatic OM is occurring 
in the dissolved form: the average ratio of  DOM and POM (or DOC 
and POC) in world surface waters is 10:1, although it may vary in a wide 
range (Wetzel, 2001).

DOM is a critical component in aquatic ecosystem functioning and 
biogeochemical processes (Hessen & Tranvik, 1998), its role has been 
clearly recognised during the past 30 years (Aiken, 2014). DOM is a pH 
buffer in low alkalinity waters (Kortelainen, 1993b), acting as an energy 
source and cellular building material for heterotrophic micro-organisms 
(Tranvik, 1988), interacting with metals and organic pollutants (Haitzer 
et al., 1998; Yamashita & Jaffé, 2008) and influencing the availability 
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of  nutrients (Qualls & Richardson, 2003). The functions of  DOM 
in aquatic ecosystems are strongly influenced by its composition, i.e. 
molecular weight and aromaticity (Tranvik, 1990; Wickland et al., 2007). 
Non-humic substances of  low molecular weight, e.g. sugars, peptides 
and amino acids, can readily be used by heterotrophic micro-organisms 
and are recycled in the foodweb through the microbial loop (Tranvik, 
1992). These compounds are decomposed quickly, usually within hours 
(Münster et al., 1999). Humic substances of  higher molecular weight are 
the more refractory polymerisation products of  DOM and constitute 
up to 90% of  it in the boreal region (Thurman, 1985). Their presence in 
water bodies is observable as a yellowish or brownish coloration affecting 
strongly the under-water light field (Bricaud et al., 1981). Absorption of  
sunlight in humic substances strengthens also the thermal stratification 
of  lakes (Wetzel, 2001). On the other hand, absorption of  ultraviolet 
(UV) radiation in humic substances protects aquatic organisms against 
genetic damages (Schindler et al., 1996).

The dynamics of  DOM in lake ecosystems are driven by allochthonous 
inputs from the surrounding catchment and atmosphere and 
autochthonous in-lake production, and losses through outflow and 
in-lake removal processes (i.e. sedimentation, microbial decomposition 
and photodegradation). The transport of  allochthonous DOM from the 
catchment to the lake is influenced by the water residence time of  the lake 
(Schindler et al., 1992), catchment area (Kortelainen, 1993a) and geology, 
soil cover, vegetation and land use in the catchment (Li et al., 2015). 
Production of  autochthonous DOM is connected to the lake trophic 
status (Williamson et al., 1999). Eutrophication increases the in-lake 
production of  DOM and will likely increase the relative importance 
of  autochthonous DOM compared to that of  allochthonous DOM 
(Tranvik et al., 2009). The short-term dynamics of  DOM in lakes are 
largely unknown as there are only few studies measuring DOM at high-
frequency intervals. Among articles using high-frequency measurements 
in lakes published between 2000 and 2015, DOM was measured in less 
than 20 studies (Meinson et al., 2016). According to these studies, DOM 
variations were affected by in-lake production (Coloso et al., 2011; Liu 
et al., 2013), photodegradation (Müller et al., 2014), interactions with 
the sediment carbon pool (Downing et al., 2008) and weather-related 
episodic events (Jennings et al., 2012).
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2.2. Brownification and enrichment with oxygen consuming 
substances

Increasing OM concentrations in surface waters, mainly lakes and 
streams, have been reported as a dominating trend in various parts of  the 
Northern Hemisphere over the past decades (Evans et al., 2005; Filella 
& Rodríguez-Murillo, 2014). This phenomenon is called brownification 
as the brown colour of  water increases. Possible drivers behind the 
brownification are recent climate change, e.g. increased precipitation and 
runoff  (Erlandsson et al., 2008) and higher temperatures (Weyhenmeyer 
& Karlsson, 2009), decreased atmospheric sulphur deposition 
(Monteith et al., 2007), changes in land use (Klavins et al., 2012), as well 
as combinations of  these mechanisms. Brownification has ecological 
impacts on inland waters and negative effects on human use of  water 
resources. Darker water may lead to light limitation of  phytoplankton and 
affect lake productivity at several trophic levels (Karlsson et al., 2009; von 
Einem & Granéli, 2010). High concentrations of  OM have also major 
implications for drinking water treatment. Organic compounds must 
be removed from drinking water because of  health concerns related to 
the formation of  carcinogenic disinfection by-products (DBPs; Rook, 
1974). OM can also be responsible for water taste, odour and colour 
and can be related to bacterial proliferation within distribution systems 
(Volk et al., 2002). Another societal impact of  brownification is reduced 
recreational value of  lakes as brown water lakes are often considered less 
attractive for swimming (Ekström, 2013).

The organic enrichment with oxygen-consuming substances is also a 
serious issue and is reported to affect 13% of  lakes in the EU (EEA, 
2012). It is a major threat to the oxygen regime of  surface waters 
(Shiddamallayya & Pratima, 2008) increasing oxygen consumption and 
contributing to the formation of  bottom anoxia. Formation of  anoxic 
hypolimnion is in turn related to increased accumulation and emission 
of  CH4 (Juutinen et al., 2009). Depletion of  dissolved oxygen caused 
by high concentrations of  oxidisable OM has also subsequent adverse 
effects on aquatic organisms (Robards et al., 1994). However, improved 
wastewater treatment is expected to diminish the pollution by oxygen 
consuming substances.
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2.3. Main methods for quantity and quality measurements of  
aquatic organic matter

2.3.1. Oxygen demand methods, organic carbon analysis, water 
colour determination

OM is composed of  organic carbon compounds in various oxidation 
states. Some of  these compounds can be oxidised further by biological 
or chemical processes. Biochemical oxygen demand (BOD) and chemical 
oxygen demand (COD) are used to characterise these fractions (Fig. 1).

Figure 1. Fractions of  aquatic organic matter (OM). Boxes show the fractions of  OM 
and brackets show which fractions and approximately how large proportion of  them 
different parameters measure (I). DOM – dissolved organic matter; POM – particulate 
organic matter; TOM– total organic matter; DOC – dissolved organic carbon; POC – 
particulate organic carbon; TOC – total organic carbon; CDOM – coloured dissolved 
organic matter, BOD – biochemical oxygen demand; CODMn – permanganate oxygen 
demand; CODCr – dichromate oxygen demand.
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BOD is an empirical test which measures the amount of  molecular 
oxygen utilised during a specified incubation period (mostly 5 or 7 
days) for the biochemical degradation of  OM and oxidising inorganic 
substances, e.g. sulphides and ferrous iron; precision of  the method is 
~15% (APHA et al., 1999). BOD determination is time consuming and 
not sufficiently sensitive to detect small changes. It is generally used for 
wastewater, effluent and polluted waters. COD is defined as the amount 
of  a specified oxidant, potassium dichromate (K2Cr2O7) or potassium 
permanganate (KMnO4), which reacts with OM under controlled 
conditions (APHA et al., 1999). The methods are called dichromate 
oxygen demand (CODCr) and permanganate oxygen demand (CODMn), 
respectively. The oxidation efficiency of  the CODCr method is higher 
than that of  the CODMn, the latter method being used to determine the 
content of  easily degradable and relatively recently formed OM in water. 
COD is widely employed in analytical laboratories to determine the 
amount of  organic pollutants in surface waters or wastewater. Precision 
of  the method is 7–11% (APHA et al., 1999). COD determination takes 
less time and the results are more reproducible than those for BOD 
while, on the other hand, it requires toxic reagents (Robards et al., 1994). 
On a practical level, COD test kits are commercially available for COD 
measurement (e.g. WTW COD test), coupled with the advantage of  
reduced waste production and smaller sample volumes.

The TOC analysis measures the concentration of  OC in a sample (Fig. 
1). For measuring DOC, the sample is filtered through 0.45 μm pore 
size filters before processing (EN 1484:1997; ISO 8245:1999). TOC 
is independent of  the oxidation state of  OM and does not measure 
other organically bound elements, unlike BOD or COD (APHA et al., 
1999). In order to determine TOC, inorganic carbon (IC) must be either 
removed from the sample (direct TOC method) or measured (indirect 
TOC method). With the indirect method, IC and total carbon (TC) 
are measured and TOC is calculated as the difference between the two 
results; with direct method, TOC concentration is measured directly 
(Domini et al., 2007). In TOC analysis, organic molecules are broken 
down and converted to CO2 that can be measured quantitatively. Hence, 
TOC methods comprise an oxidation step followed by separation and 
measurement of  the resultant CO2 (Robards et al., 1994). There are 
numerous modern analytical instruments (TOC analyzers) commercially 
available for TOC assessment with precision < 1–2% (Domini et al., 
2007). In addition to TOC analyzers, TOC is determined using TOC 
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cuvette tests, e.g. Lange TOC cuvette test which conforms to the 
European standard method (Kraatz & Wochnik, 1998).

Water colour indicates indirectly the content of  OM because organic 
compounds are the main factor responsible for the coloration of  water 
in inland waters (Fig. 1). However, water colour is also affected by the 
prevalence of  iron, i.e. iron compounds may be a confounding factor 
(Kritzberg & Ekström, 2012). According to the international standard 
(ISO 7887:2011), water colour can be examined and determined visually 
(only apparent colour), by visual comparison with hexachloroplatinate 
standard solutions, or using optical apparatus. True colour is determined 
using optical instruments: filter photometer or spectrophotometer. True 
colour is the colour of  water from which turbidity has been removed, i.e. 
samples have to be filtered prior to measurement (APHA et al., 1999). 
According to ISO 7887:2011, the intensity of  colour can be determined 
by measuring the light absorption of  water at the wavelength of  
maximum absorption (e.g. 436 nm) or comparing absorption coefficient 
at the wavelength of  410 nm with the specific absorption coefficient 
for a defined calibration solution of  potassium hexachloroplatinate and 
cobalt chloride at the same wavelength. Water colour is usually expressed 
in cobalt-platinum units (mg Pt L–1).

2.3.2. Absorbance and fluorescence spectroscopy

A variety of  spectroscopic techniques have been applied to provide 
information about the qualitative and quantitative properties of  DOM, 
although these methods do not measure directly the concentration of  DOM. 
Absorbance spectroscopy is based on spectrophotometric measurement 
of  the light absorption by DOM at a wide range of  wavelengths in the UV 
and visible light bands. The sum of  all dissolved organic compounds in 
water that absorb light is called coloured dissolved organic matter (CDOM; 
Coble, 2013), also known as the yellow substance. Owing to the fact that 
different functional groups (e.g. carboxylic acid, phenolic and alcoholic 
hydroxyl, ketone, etc.) absorb light at their operational wavelengths, 
numerous specific wavelengths or their absorbance ratios have been 
applied (e.g. Hautala et al., 2000; Uyguner & Bekbolet, 2005; and references 
therein). Many of  these spectral parameters have been proposed as indices 
discriminating different DOM sources. One limitation of  absorbance 
spectroscopy is that many natural substances (e.g. chlorophyll) absorb light 
within the same spectral range (Coble, 2013).
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Fluorescence spectroscopy analyses the fluorescence of  a sample using 
a fluorometer. Several spectral parameters are used to differentiate the 
sources of  DOM, to characterise its chemical properties or to explore 
its spatial variability between different aquatic environments and seasons 
(e.g. Hudson et al., 2007; Fellman et al., 2010; and references therein). 
For example, the fluorescence index (FI) reflects the origin of  DOM, 
i.e. terrestrially or microbially derived DOM (McKnight et al., 2001). 
Fluorescence measurements are affected by many environmental factors: 
pH, ionic strength, temperature and redox potential of  the medium 
(Senesi, 1990). Spectroscopic techniques are also applied for high-
frequency measurements of  DOM quantity and quality, i.e. using field-
deployable spectrophotometers and fluorometers measuring absorbance 
or fluorescence in water at high-frequency intervals.

2.3.3. Remote sensing

First attempts to determine the content of  OM in lake water with remote 
sensing were made in the 1980s (Vertucci & Likens, 1989). Since then, 
different handheld spectrometers and airborne and satellite sensors have 
been utilised for remote estimation of  DOC or CDOM. CDOM is a 
quantifiable remote sensing indicator, which is calculated as absorption 
(m–1) at a specific wavelength (usually 440 nm) and can be used as a 
proxy for DOC (Dörnhöfer & Oppelt, 2016). Handheld or airborne 
spectrometers cannot provide a global estimate; usage of  satellite sensors 
is hence preferred. However, lack of  appropriate sensors has restricted 
the remote sensing of  lakes (Palmer et al., 2015). Satellite ocean colour 
sensors, e.g. Moderate Resolution Imaging Spectroradiometer (MODIS), 
have global coverage and their radiometric sensitivity is optimised for 
measurements in water, but their spatial resolution is suitable for large 
lakes only (Kutser et al., 2005). Land-observing satellite sensors, e.g. 
Landsat 7, offer a spatial resolution suitable for lake measurements, 
but their radiometric sensitivity makes reliable determination of  
CDOM questionable (Kutser, 2012). Landsat 8 radiometric resolution 
is, however, suitable for remote sensing of  even dark lakes, i.e. lakes 
with high CDOM concentrations (Kutser et al., 2016). The launch of  
Multispectral Imager (MSI) on-board Sentinel-2 in 2015 also changed 
the situation with sensors applicable for remote sensing of  lakes: MSI 
spatial resolution is suitable even for small lakes (ESA, 2015). The major 
advantage of  remote sensing is the representation of  spatial variations in 
lakes; on the other hand, the vertical representation of  the water column 
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is limited (Odermatt et al., 2012). The interpretation of  remote sensing 
data is generally based on the use of  bio-optical models or empirical 
algorithms (Kallio et al., 2001). There are several algorithms developed 
for estimating CDOM concentrations in lakes (e.g. Zhu et al., 2014) and 
closely related DOC concentrations (e.g. Kutser et al., 2015a).

2.4. The effect of  catchment on dissolved organic matter in lakes

2.4.1. Catchment area, geology and hydrology

High DOM concentrations in unpolluted lakes are mainly of  
allochthonous origin (Thurman, 1985). Export of  allochthonous 
DOM to lakes is generally greater from larger catchments, i.e. at higher 
catchment area to lake area ratio (Schindler et al., 1992; Kortelainen, 
1993a), but annual changes in DOM concentrations are found to be 
larger in smaller catchments (Worrall et al, 2004; Vuorenmaa et al., 
2006). Catchment geology (siliceous, calcareous or organic) has also an 
effect on DOM in lakes. High concentration of  humic substances in 
lakes is a reflection of  organic geology (peat content) in the catchment. 
The content of  humic substances can be indirectly determined via 
the “water colour” method and water colour (mg Pt L–1) is therefore 
suggested as a proxy for organic geology in EU WFD; whereas alkalinity 
(meq L–1) is used as a proxy for siliceous/calcareous geology (EC, 2009). 
While catchment area and geology are static, hydrology is controlled 
by climate conditions, especially by the amount of  precipitation and air 
temperature. Fluctuations in the export of  DOM from the catchment 
have been attributed to the changes in precipitation and runoff, i.e. DOM 
export decreases during drier and warmer years (Dillon & Molot, 2005). 
On the contrary, more DOM reaches lakes due to increased runoff, 
enhancing the brownification. A long-term decrease in precipitation and 
consequently in runoff  would be expected to increase the water residence 
time of  lakes. Increased residence time controls the effectiveness 
of  in-lake removal processes of  DOM (e.g. sedimentation, microbial 
decomposition and photodegradation) and causes a decrease in DOM 
concentrations (Schindler et al., 1992). Also the share of  allochthonous 
DOM decreases because of  the selective loss (Kellerman et al., 2014). 
Modifications of  hydrological regime by global climate change would 
probably affect OC budget in lakes on a global scale (Tranvik & Jansson, 
2002).
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2.4.2. Land cover and soil in the catchment

Lakes with high DOM concentrations are typical of  regions rich in 
bogs and with peat soils. The role of  peatlands as a major source of  
allochthonous DOM to lakes has been confirmed for boreal catchments 
in general (e.g. Dillon & Molot, 1997). High DOM export can also be 
attributed to high percentage of  agricultural land (Mattsson et al., 2005) 
and forests (Hongve, 1999) in the catchment area, while coniferous and 
mixed forests provide a greater DOM input to lakes than deciduous 
forests (Cronan & Aiken, 1985). Wetlands are regarded as sources of  
DOM as well (Li et al., 2015), while the upstream lakes in the catchment 
act rather as the sinks of  terrestrially derived DOM (Larson et al., 2007). 
The DOM export from the catchment is lower if  the upstream lake 
percentage is higher, indicating the retention of  DOM in lakes (Mattsson 
et al., 2005). Natural and anthropogenic land cover changes have a strong 
effect on DOM in lakes, e.g. increase in terrestrial vegetation (Finstad et 
al., 2016) and clear-cutting (Nieminen, 2004) may both significantly rise 
the export of  DOM to lakes. Changes in land use, especially a major 
transition from agriculture to modern forestry (afforestation) during the 
last century has been regarded as one possible driver of  brownification 
(Kritzberg, 2017). Besides land cover and vegetation, catchment soil 
cover has also an important effect on DOM in lakes as DOM export 
depends on its transfer between soil and surface water. Stream water 
DOM concentrations have been linked to soil organic carbon (SOC) 
pool, mainly to the percentage of  peat soils in the catchment area (Billett 
et al., 2006). This linkage becomes weaker as the percentage of  mineral 
soils increases because of  the lower SOC inputs and retention of  DOM 
through sorption to mineral soils, i.e. stream DOM is derived from peat 
soils rather than from mineral soils (Dillon & Molot, 1997). However, 
no studies hitherto have examined DOM in lakes in relation to the 
catchment soil cover.

2.5. Organic carbon budget in lakes

Relationships between lake DOM and catchment characteristics 
(especially land cover, e.g. percentage of  peatlands) are relatively well 
examined and several empirical models have been proposed in the 
literature (e.g. Kortelainen, 1993a; Li et al., 2015). These models can 
be used for predicting DOM export from the catchment and in-lake 
concentrations, but they do not constitute the complete OM budget. 
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OM is difficult to quantify and in order to reduce the complexity, 
OC measurements (mg C L–1) are preferred. Focusing on the most 
abundant fraction of  the organic pool, DOC, can be helpful for OM 
budget assessments as well. A complete lake OC budget has to include 
the major allochthonous inputs from surface water, groundwater, and 
atmospheric deposition, autochthonous in-lake production, and losses 
due to outflow, sedimentation and mineralisation, i.e. respiration and 
photodegradation (Hanson et al., 2011). The different components 
of  OC budgets have been studied separately in many cases, e.g. inputs 
from stream water (Dillon & Molot, 1997), groundwater (Schindler & 
Krabbenhoft, 1998) and atmosphere (Preston et al., 2008), and losses 
through sedimentation (Algesten et al., 2004) and mineralisation 
(Vachon et al., 2017). All components of  lake OC budgets are rarely 
measured and the complete budget has been assessed only for few lakes 
to date; however, the uncertainties related to OC budgets limit robust 
assessments of  lakes in the carbon cycle on a regional and global scale 
(Hanson et al., 2015). OC export depends on the discharge and inferring it 
from DOC concentrations can be misleading (Tranvik & Jansson, 2002). 
Therefore, a complete lake OC budget needs to be based on a complete 
water budget, which is seldom explicitly included in the studies, mainly 
because of  the difficulties in measuring groundwater flux (Hanson et al., 
2015). Groundwater that passes through soils with high SOC content 
may pick up large quantities of  DOC just before entering surface water 
(Schindler & Krabbenhoft, 1998) and contribute substantially to the OC 
load. For many lakes, loads from stream water inflow are the dominant 
OC source, while atmospheric inputs may be important only in small 
lakes with a large perimeter to area ratio (Hanson et al., 2015). Several 
studies have been focused only on the allochthonous OC budget as 
for many boreal and hemiboreal lakes allochthonous inputs are much 
more important drivers of  the carbon cycle than autochthonous OC. 
Labile autochthonous OC is rapidly degraded by micro-organisms and 
makes a relatively small contribution to in-lake OC pool compared to 
refractory allochthonous OC even in a highly productive lake (Toming et 
al., 2013). OC inputs to lakes can be buried in the sediments, mineralised 
or discharged to downstream water bodies. The balance among these 
processes is controlled primarily by the mineralisation rate and the 
water residence time. Lakes with shorter residence time and stronger 
outflow are likely to export more OC downstream (Hanson et al., 2011; 
Weyhenmeyer et al., 2012).
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3. AIMS AND HYPOTHESES OF THE STUDY

The present thesis had two main focuses: the monitoring of  OM in lakes 
and the effect of  different catchment characteristics on the loads and 
properties of  OM and on the cycling of  its allochthonous component 
in temperate lake-catchment systems.

The specific aims of  the thesis were to test the four hypotheses listed 
below.

Hypothesis 1: OM metrics included in the EU WFD monitoring 
programmes in the Member States and Norway provide sufficient 
data for capturing brownification trends and evaluating the effects 
of  measures applied to reduce the pollution by oxygen-consuming 
substances in lakes (I).

To test the hypothesis 1, we:

a)  conducted a review of  metrics and methods used for measuring OM 
in EU WFD lake surveillance monitoring programmes, and 

b)  analysed the data on five OM metrics (BOD5, CODCr, DOC, TOC 
and water colour) included in the Europe-wide water quality database 
WATERBASE-Lakes to explore the possibilities for converting them 
to each other.

Hypothesis 2: recently launched Sentinel-2 MSI sensor is potentially 
suitable for quantitative OM monitoring in lakes with remote sensing 
(II).

To test the hypothesis 2, we:

a)  tested the suitability of  Sentinel-2 MSI data for mapping parameters 
related to OM (water colour, CDOM and DOC) by means of  band 
ratio type algorithms, which have demonstrated a good performance 
in previous lake remote sensing studies using other multispectral 
sensors, and



23

b)  analysed the relationships between the band ratios calculated from 
remote sensing data and the values of  CDOM, DOC and water 
colour from in situ water sampling.

Hypothesis 3: catchment has a crucial role in determining the 
quantitative and qualitative properties of  DOM in temperate lakes (III).

To test the hypothesis 3, we:

a) estimated, how the quantity and quality of  DOM in 34 Estonian 
lakes from different limnological types were influenced by catchment 
characteristics (hydrology and geology, and variables of  land cover 
and soil), and

b) assessed the relative share of  allochthonous and autochthonous 
components as a result of  the effect of  catchment characteristics on 
DOM in lakes.

Hypothesis 4: allochthonous OC cycling in hemiboreal lakes is more 
strongly determined by catchment-scale factors than by in-lake processes 
(IV).

To test the hypothesis 4, we:

a) used an ecosystem-scale equilibrium model to quantify loads, 
respiration, sedimentation and export of  allochthonous OC and 
calibrated the model based on 13 Estonian lakes, and

b) identified the most important catchment-scale factors for predicting 
the components of  allochthonous OC budget and compared them to 
in-lake factors.
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4. MATERIAL AND METHODS

4.1. Review of  monitoring programmes

National lake monitoring programmes of  all countries acting under the 
EU WFD (28 Member States and Norway) were examined regarding 
OM measurements (I). We considered only the occasions where OM 
metrics were included in national WFD compliant lake surveillance 
monitoring programmes as physico-chemical parameters. We focused 
on surveillance monitoring because this type of  monitoring is required 
to investigate the overall status of  surface waters, whereas operational 
and investigative monitoring are only required in water bodies at risk 
(Collins et al., 2012). Information about monitoring programmes was 
mainly obtained from the websites of  the responsible institutions for the 
national monitoring in each Member State. Some information was also 
gathered from the European Environment Agency (EEA) website, EU 
reports and different articles. Information sources are listed by countries 
in article I.

4.2. Study sites

Study was conducted in different Estonian lakes, all sampled under the 
national monitoring programmes in 2015 and 2016. Detailed information 
about studied lakes is given in original articles (II, III and IV), main 
characteristics of  lakes are displayed in Table 1 in articles II, III and 
IV. For articles III and IV, different catchment characteristics were 
also obtained. Collection and calculation of  catchment characteristics is 
described in original articles and characteristics are displayed in Tables 1 
and 3 in III and Table 2 in IV.

4.3. Water sampling and laboratory analysis

All water samples were collected under the national lake monitoring 
programmes. Detailed descriptions of  water sampling and laboratory 
analysis are given in original articles (II, III and IV). Alkalinity (as 
HCO3

−, meq L−1) was determined from unfiltered samples by titration 
with 0.05 M HCl using a potentiometric titrator TitroLine 6000 (SI 
Analytics, Germany). Other samples were filtered within 24 h through 
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Whatman GF/F glass microfiber filters, which were previously washed 
with 500 mL of  ultrapure water (Milli-Q) for samples from small lakes 
or precombusted 3 h at 500 °C for samples from Peipsi and Võrtsjärv. 
DOC (mg L−1) was measured using TOC-VCPH analyzer (Shimadzu, 
Japan) in conformity with the European standard method (EN 
1484:1997) and from some Peipsi and Võrtsjärv samples using TOC 
cuvette tests with a detection limit of  2 mg L–1 (Hach Lange, Germany). 
CDOM (mg L–1) was determined spectrophotometrically at 380 nm and 
water colour (mg Pt L–1) at 410 nm in Peipsi and Võrtsjärv and at 420 
nm in small lakes. In article III, spectroscopic analysis (absorbance and 
fluorescence spectroscopy) was also included, description of  applied 
spectral parameters is given in Table 4 in III.

4.4. Remote sensing data, modelling and statistical analysis

We used satellite images for mapping different OM parameters in lakes 
(II). Sentinel-2 Level-1C (L1C) MSI data were downloaded from Sentinels 
Scientific Data Hub (https://scihub.copernicus.eu/). Sentinel-2 Toolbox 
version 2.0.4 in Sentinel Application Platform (SNAP) version 2.0.2 was 
used to process the images. 3 x 3 cloud free pixels (pixel size 20 m) were 
extracted around each in situ sampling point and the mean values of  the 
pixels were used for analysis. Sen2cor atmospheric correction procedure 
was used to derive the Level-2A (L2A) Bottom of  Atmosphere (BOA) 
reflectance images from L1C Top of  Atmosphere (TOA) reflectance 
images. We used Sentinel-2 MSI sensor spectral band 3 to band 4 (see 
Table 2 in II) ratio to retrieve values of  CDOM, DOC and water colour. 
Processing of  satellite images and interpretation of  remote sensing data 
is described thoroughly in article II.

We used a modified version of  the OC equilibrium model by Hanson et 
al. (2014) to assess the allochthonous OC budget for hemiboreal lakes 
(IV). By fitting the model within a Bayesian framework, we assessed 
the parameter distribution and uncertainties. Model inputs consisted of  
hydrological, bathymetric and chemical data; and outputs were mean 
OC loads, exports, respiration and sedimentation. The mechanistic 
part of  the model was constructed in R (R Core Team, 2017). Model 
outputs were related to limnological and catchment characteristics using 
Spearman’s pairwise correlations and by linear regression analysis to find 
the predictors of  allochthonous OC loads and export. The statistical 
part of  the model was linked to the mechanistic part using also R. Main 
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features of  the model and modelling procedure is described in detail in 
article IV.

To illustrate the possibilities of  converting different OM metrics into 
each other (I), linear regression analysis of  the variables obtained from 
WATERBASE-Lakes was performed. The metric values included in the 
database were checked for distribution type and realistic values of  the 
extremes. All variables had a log-normal distribution and their logarithmic 
values were included in the analysis. Statistical analysis was performed 
using Statistica version 13.2. Spearman’s Rank Order correlation was 
used to find the relationships between DOC concentrations and spectral 
parameters of  DOM, and catchment characteristics (III). Correlations 
were considered moderate, if  Spearman correlation coefficients (r) were 
≥ 0.4–0.7. Variables of  catchment characteristics were also included 
in multiple linear regression models predicting values of  DOC and 
DOM parameters. The models were built using a mixed stepwise 
algorithm, which selects a model by Akaike information criterion (AIC). 
Models were checked for multicollinearity, spatial autocorrelation and 
homoscedasticity. Statistical analysis was performed using R version 
3.4.2 (R Core Team, 2017).
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5. RESULTS

5.1. Organic matter metrics applied in the European Union lake 
monitoring (I)

In article I, we reviewed different OM metrics used in the EU lake 
surveillance monitoring programmes. Among the 29 countries (28 
Member States and Norway) analysed, at least one OM metric is 
monitored in lakes under the WFD in 14 of  them (48%), but as these 
are mostly smaller countries, it makes up only 42% of  the total EU-28 
plus Norway territory (Fig. 2).

Figure 2. Organic matter monitoring in the European Union Member States and in 
Norway (I). Countries are marked by their 2-digit codes (ISO 3166-2:1998).
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In Member States which measure OM, 6 different metrics are used 
including BOD, COD, TOC, DOC, water colour and yellow substance 
(Table 3 in I). BOD and COD are measured most widely, in 8 and 9 
Member States, respectively. Water colour and yellow substance (CDOM) 
are not compulsory by the WFD (EC, 2003, 2005). Water colour is 
measured in all Fennoscandian and Baltic countries and also in Denmark 
and Ireland. CDOM is a parameter used only in Estonian small lakes. 
TOC is measured in Norway and in 6 Member States, and the dissolved 
fraction, DOC, only in Latvia. In Romania, Bulgaria and Hungary, the 
quality elements are overall very well covered in monitoring programmes 
and also 3 different OM parameters are used (Fig. 2). In Fennoscandian 
and Baltic countries 2 or 3 different OM metrics are monitored. In 
Central, Western and Southern Europe, OM is either not monitored or 
assessed only with one parameter (water colour in Denmark and Ireland, 
and TOC in Slovenia), except Portugal and Croatia where different 
oxygen demand methods are used, yet TOC is not measured.

Europe-wide water quality database WATERBASE-Lakes included 
annually aggregated data on 7 OM metrics from 17 countries. Values 
of  BOD5, CODCr, DOC, TOC, and water colour were analysed to 
explore the relationships between them. BOD7 and CODMn were 
excluded because of  the small number of  observations. All metrics with 
a sufficient number of  observations showed strong collinearity (Fig. 
3 in I). Relationships in which one metric explained more than half  
of  the variability in another metric (R2 > 50%) were considered strong 
enough to suggest mutual conversion of  the values using liner regression 
equations if  necessary for extending the time series (Table 1).

Table 1. Regression equations describing strong (R2 > 0.5) and statistically significant 
(p < 0.001) relationships between organic matter metrics in the WATERBASE-Lakes 
database (I). Countries are marked by their 2-digit codes (ISO 3166-2:1998). R2 – 
coefficient of  determination; N – number of  observations.

Regression equation R2 N Data by countries
LogTOC = 0.523 LogWater colour + 0.998 0.691 345 SE 313; NO 17; IE 11; PT 4
LogTOC = 1.076 LogDOC + 0.017 0.966 13 DE 13
LogDOC = 0.898 LogTOC + 0.009 0.966 13 DE 13
LogDOC = 0.589 LogWater colour – 0.813 0.591 42 IE 41; PT 1
LogWater colour = 1 .322 LogTOC + 0.364 0.691 345 SE 313; NO 17; IE 11; PT 4
LogWater colour = 1 .004 LogDOC + 0.738 0.591 42 IE 41; PT 1
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5.2. Monitoring organic matter in lakes with remote sensing (II)

In article II, we tested the suitability of  Sentinel-2 MSI satellite images 
for monitoring different OM parameters in lakes. DOC from in situ 
water sampling varied from 6.0 to 20.9 mg L–1, CDOM from 1.8 to 
15.8 mg L–1 and water colour from 3 to 30 mg Pt L–1 in studied lakes 
(Table 3 in II). We did not have DOC and CDOM values for all study 
sites, i.e. for some sites we had DOC results, whereas CDOM was not 
measured and vice versa. The in situ dataset was limited in number, but 
covered a reasonably wide range of  optical water properties. The mean 
time difference between in situ water sampling and Sentinel-2 overpass 
was approximately 5 days.

Concurrent in situ reflectance measurements were not available in studied 
lakes. Therefore, it was not possible to validate the performance of  
Sen2cor atmospheric correction directly. We could assess it indirectly by 
comparing the Sen2cor corrected Sentinel-2 reflectances with the field 
reflectance data from two studied lakes (Peipsi and Võrtsjärv) collected 
in previous years (2011–2013). The atmospheric correction worked 
better for Lake Võrtsjärv, where the Sentinel-2 reflectances resembled 
the field reflectances well; however, there were larger differences in the 
case of  Lake Peipsi (Fig. 2 in II).

The exponential regressions between the values from in situ water 
sampling and band ratio calculated from remote sensing data had high 
coefficients of  determination (R2; Fig. 3), the strongest with DOC (R2 
= 0.92) and somewhat lower for CDOM (R2 = 0.72) and water colour 
(R2 = 0.52) that have direct effect on the water reflectance spectra. One 
possible explanation may be the slightly different sets of  lakes used in the 
analysis (see Table 3 in II). The results obtained with TOA reflectance 
were better than with BOA reflectance for all parameters.
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Figure 3. Relationships between the ratio of  spectral band 3 and spectral band 4 
(B3/B4) calculated from Sentinel-2 Multispectral Imager data and 1) concentrations 
of  CDOM, 2) values of  water colour and 3) concentrations of  DOC measured from 
water samples (II). Dotted line shows the exponential fi t. a) B3/B4 calculated from 
the Top of  Atmosphere (TOA) refl ectance (L1C) and b) B3/B4 calculated from the 
Bottom of  Atmosphere (BOA) refl ectance (L2A). R2 – coeffi cient of  determination.

5.3. Relationships between dissolved organic matter properties 
and catchment characteristics (III)

In article III, we assessed the effect of  different catchment characteristics 
on DOM in temperate lakes. DOC concentrations varied from 3.2 to 53.0 
mg L–1 in studied lakes, being lowest in alkalitrophic and oligotrophic 
lakes and highest in dystrophic and acidotrophic lakes (Table 5 in III). We 
found several relatively strong correlations between DOC concentrations 
and DOM spectral parameters, and catchment characteristics (Figs. 2 
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and 4 in III). DOC had strongest correlations with the descriptor of  
catchment hydrology – the water exchange rate (WE; r = 0.50), and SOC 
stock in the catchment (r = 0.53). Drainage ratio (CA/LA, catchment 
area/lake area) had strongest correlation with SUVA254 (r = 0.54) and the 
proxy for catchment geology – alkalinity – with FI (r = 0.46). Among 
land cover types, the percentage of  bogs had strongest correlations with 
DOM parameters, e.g. positive correlation with SUVA254 (r = 0.51), 
and negative correlation with A250/A365 (r = -0.47) and FI (r = -0.60). 
Land cover type “other” had also moderate but opposite correlations 
with A250/A365 (r = 0.41) and FI (r = 0.55). Among soil types, Gleyic 
Cambisols & Gleyic Luvisols had the strongest positive correlation with 
DOC (r = 0.48) and Haplic Albeluvisols had the strongest negative 
correlation with DOC (r = -0.47). Dystric Histosols and Fibric Histosols 
had strongest correlations with several DOM parameters, e.g. both with 
FI (r = -0.58 and -0.59, respectively), Dystric Histosols with A250/A365 (r 
= -0.70), and Fibric Histosols with SUVA254 (r = 0.50). Albeluvisols had 
also moderate positive correlations (r ≥ 0.4) with SUVA254, and Podzols 
and Gleyic Podzols moderate negative correlations (r ≤ -0.4) with A250/
A365 and FI. Sapric Histosols and Gleyic Cambisols & Gleyic Luvisols 
had moderate but opposite correlations with A250/A365, and Brown soils 
and Sapric Histosols with FI (r ≥ 0.4).

Variables of  catchment characteristics (land cover and soil variables, 
and hydrogeological characteristics) were included in multiple linear 
regression models predicting values of  DOC and DOM parameters. The 
parameters, whose values were predicted by the models, were A250/A365 
(reflecting the average molecular weight of  DOM), SUVA254 (reflecting 
the aromaticity of  DOM) and FI (reflecting the origin of  DOM). A 
combination of  land cover variables (percentages of  land cover types 
in the catchments) and hydrogeological characteristics (CA/LA, WE, 
alkalinity) explained 21.2%, 47.3%, 26.5% and 54.6% of  the variance 
of  DOC, A250/A365, SUVA254 and FI, respectively (Table 6 in III). A 
combination of  soil variables (percentages of  soil types and SOC stocks) 
and hydrogeological characteristics explained 37.2%, 66.7%, 43.0% and 
59.3% of  the variance of  DOC, A250/A365, SUVA254 and FI, respectively 
(Table 7 in III). An examination of  the sums of  squares associated to 
each variable in the multiple regression models allowed us to determine 
the relative influence of  different catchment characteristics on DOC, 
A250/A365, SUVA254 and FI (Fig. 4a, b). Land cover and soil variables 
were more important than hydrogeological characteristics predicting the 
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values of  DOC and DOM parameters. The most important land cover 
variable for DOC and FI was the percentage of  bogs, for A250/A365 the 
percentage of  open spaces, and for SUVA254 the percentage of  open 
spaces and the percentage of  agricultural areas. The most important soil 
variables for DOC were the percentage of  Haplic Albeluvisols and SOC 
stock, for A250/A365 the percentage of  Gleyic Rendzinas, for SUVA254 the 
percentage of  Gleyic Rendzinas and the percentage of  Albeluvisols, and 
for FI the percentage of  Fibric Histosols.

Figure 4a. Variance partitioning in the multiple linear regression models of  DOC, 
A250/A365, SUVA254 and fl uorescence index (FI), showing the percentage of  the 
variability explained by land cover types, water exchange (WE), alkalinity (HCO3

–) and 
drainage ratio (CA/LA) and the residuals unexplained by the models (III).
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Figure 4b. Variance partitioning in the multiple linear regression models of  DOC, 
A250/A365, SUVA254 and FI, showing the percentage of  the variability explained by 
soil types, soil organic carbon (SOC) stocks, CA/LA and WE and the residuals (III). 
AB – Albeluvisols; AB-st GL-sd – Stagnic Albeluvisols & Spodic Gleysols; AB-ha 
– Haplic Albeluvisols; AB-gl GL-um – Gleyic Albeluvisols & Umbric Gleysols; PZ – 
Podzols; PZ-gl – Gleyic Podzols; HS-fi  – Fibric Histosols; HS-dy – Dystric Histosols; 
CM-gl LV-gl – Gleyic Cambisols & Gleyic Luvisols; RZ – Rendzinas; RZ-gl – Gleyic 
Rendzinas; RG-er – Eroded Regosols; RG-co – Colluvic Regosols.

5.4. Modelled allochthonous organic carbon budget (IV)

In article IV, allochthonous OC budgets were assessed for 13 Estonian 
lakes using an ecosystem-scale equilibrium model, which outputs were 
mean OC loads, exports, respiration and sedimentation. The OC 
budget differed markedly across the studied lakes according to model 
simulations, e.g. OC loads varied between 5 g m–2 y–1 for Tänavjärv to 
123 g m–2 y–1 for Nohipalo Mustjärv and exports from 1.10–3 g m–2 y–1

for Nohipalo Valgõjärv to 108 g m–2 y–1 for Nohipalo Mustjärv (Fig. 5). 
The mean values of  respiration ranged from 3 to 12 g m–2 y–1 and the 
mean values of  sedimentation from 1.6 to 6 g m–2 y–1. When the OC 
budget was scaled up to the surface area of  lakes, the OC loads, export, 
sedimentation and respiration for Võrtsjärv were greater than those 
fl uxes in all other lakes combined owing to the much larger surface area 
of  Võrtsjärv compared to other studied lakes.
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Figure 5. Components of  organic carbon budgets (mean ± standard deviation) of  the 
studied lakes 1) according to the model outputs and 2) their scaling up to lake surface 
area (IV). Please note the log-scaled y axis in panel 2).

Loads and exports were the two main processes dominating the OC 
budgets, whereas respiration and sedimentation contributed much 
smaller proportions, except in two seepage lakes Nohipalo Valgõjärv 
and Tänavjärv. Budgets were, thus, more dependent on how active were 
the lake-catchment systems in mobilising and processing OC rather than 
the lakes alone. Hydrologically active lake-catchment systems (Võrtsjärv, 
Nohipalo Mustjärv, Lohja, Saare, Aheru, Saadjärv) received and released 
large amounts (> 25 g m–2 y–1) of  OC. Less active systems (Klooga, 
Maardu, Kuremaa, Lõõdla, Tündre) received 5–25 g m–2 y–1 of  OC. 
Seepage lakes were the least active lake-catchment systems, mobilising 
several orders of  magnitude less OC than the active ones. The modelled 
OC budget metrics summarised as the retention index (RI = (input - 
output)/input; %) ranged between 12% for Nohipalo Mustjärv and 
99% for Nohipalo Valgõjärv (Fig. 4 in IV), i.e. hydrologically active lake-
catchment systems were the least efficient for retaining OC, whereas 
seepage lakes retained nearly all of  the received OC.
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The most important input of  allochthonous OC for the majority of  lakes 
was groundwater inflow (Fig. 6), which represented also non-stream 
runoff  (surface runoff  from small streams and ditches) in our study. 
Precipitation was the second most important input. Fluvial input from 
tributaries (stream load) were only present for Võrtsjärv and Aheru, but 
was the third most important input because of  the high DOC values 
in Võrtsjärv inflows. The contribution of  aerial input (leaves, pollen, 
etc. from lake’s shore) was less than 20% in all lakes except Nohipalo 
Valgõjärv and inputs from adjacent wetlands were even smaller reaching 
10% only in Nohipalo Valgõjärv and Tänavjärv (Fig. 2 in IV).

Figure 6. Mean apportioning of  different organic carbon sources in the total input of  
the studied lakes according to the modelling results (IV). Groundwater represents also 
the surface runoff  from small streams and ditches here.

Analysing the predictors of  allochthonous OC load and export, the 
results of  correlation analysis revealed that modelled loads and export 
had the highest r values with CA/LA (r = 0.87 and 0.85, respectively) 
and forest ratio (FA/LA; catchment forested area/lake area ratio; r 
= 0.81 and 0.76, respectively). These correlations were stronger and 
more significant than all other correlations (Table 3 in IV). The linear 
regressions for the loads and export versus CA/LA and FA/LA were 
very strong (R2 = 0.86–0.92; Fig. 5 in IV).
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6. DISCUSSION

6.1. Organic matter monitoring in the European Union and 
its suitability to capture trends of  brownification and organic 

enrichment (I)

OM has numerous biogeochemical and ecological functions in lake 
ecosystems and important implications for water management. Due to 
the complex structure and no homogeneous, exactly specified chemical 
composition of  aquatic OM, different parameters are measured with 
various methods. In the EU WFD, metrics of  OM are not mandatory 
physico-chemical parameters, but only recommended parameters to 
characterise water transparency, oxygenation conditions or acidification 
status (EC, 2003, 2005). In article I we reviewed the OM metrics used in 
the EU lake surveillance monitoring programmes in all Member States 
and Norway. Our analysis showed that no Europe-wide conclusions on 
the trends of  brownification and organic enrichment in lakes can be 
drawn based on the data from the WFD surveillance monitoring (Fig. 2).

Selection of  metrics and methods for OM monitoring depends often 
on research traditions in a specific country. Most traditional parameters 
for the estimation of  OM content in water are BOD and COD, which 
mainly indicate the organic enrichment by oxygen consuming substances. 
BOD and COD have long time series in many countries, e.g. in one of  
the largest lakes in Sweden, Lake Mälaren, COD has been measured 
since 1935 (Johansson et al., 2010). In the thematic assessment for the 
EEA Water 2012 Report (ETC/ICM, 2012), 13 Member States reported 
organic enrichment as one of  the pressures affecting lakes, yet, according 
to our results, no OM parameter was included in the surveillance 
monitoring programmes in 8 of  these countries, even those with highest 
percentages of  affected lakes (94% in Belgium, 46% in Greece and 
about 30% in Italy, France and Czech Republic). The methods for BOD 
and COD assessment are rough and thus generally not suitable for lakes 
with very low OM content, e.g. oligotrophic or hard-water lakes. Low 
COD values in water (1–35 mg L–1) can be determined with a modified 
dichromate method (Hejzlar & Kopacek, 1990).

TOC analysis similarly to those of  BOD and COD is also based on the 
oxidation of  OM, though combined with precise measurements of  the 
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CO2 produced during the oxidation. The determination of  TOC may be 
interfered by high content of  IC in water. The indirect method where IC 
is removed eliminates this interference, although, volatile organic carbon 
(VOC) is also removed. The VOC contribution to TOC is usually 
negligible and the results obtained by this method are, in practice, still 
considered as TOC (Robards et al., 1994). TOC can be used to estimate 
the respective BOD and COD values or vice versa if  a reproducible 
empirical relationship is established between these parameters (Domini 
et al., 2007). For example, strong correlations between CODMn and TOC 
have been found in Finnish and Swedish lakes (Kortelainen, 1993a; 
Johansson et al., 2010). However, there is no universal relationship for 
converting BOD and COD values to TOC and careful regression analysis 
relating BOD or COD with TOC is required in different regions and 
lake types. Our analysis of  the WATERBASE lakes showed a statistically 
significant correlation (Fig. 3 in I) only between TOC and BOD5. Even 
in this case, one metric explained less than half  of  the variability in 
the other (R2 < 50%) and we did not consider this relationship strong 
enough to suggest mutual conversion between TOC and BOD values 
(Table 1). The relationship between TOC and water colour in our 
analysis was strong and potentially suitable for mutual conversion (R2 
= 0.69), however 96% of  the data originated from Sweden and Norway 
where coloured humic substances form the dominating component of  
OM in lakes. Therefore, expanding strong empirical relationships found 
between OM parameters for some region to others should be avoided 
or at least applied with caution for neighbouring areas with similar 
geological background and land cover.

One parameter used in EU lake surveillance monitoring is CDOM, which 
is measured with absorbance spectroscopy. Fluorescence spectroscopy 
is not utilised in monitoring programmes at all. However, spectroscopic 
methods could also be included in monitoring programmes to characterise 
the composition and structure of  OM in addition to methods measuring 
its content. Fluorescence and absorbance spectroscopy are not suitable 
as general methods for OM measurements since it is impossible to 
find reference material common for all natural waters (Peuravuori & 
Pihlaja, 2007). Lake water quality has traditionally been monitored by 
in situ data collection and laboratory analysis, which can be expensive 
and time consuming when a large number of  lakes has to be monitored. 
Automatic stations for high-frequency measurements and remote 
sensing could improve the temporal and spatial representativeness of  
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OM monitoring. Automatic stations measuring CDOM or DOC are 
not part of  any national surveillance monitoring programmes at the 
moment. Remote sensing is also not utilised for OM measurements in 
EU lake surveillance monitoring. Only investigative measurements of  
OM, mainly CDOM, in lakes with remote sensing have been carried out 
in several EU Member States, e.g. Finland (Kallio et al., 2015), Sweden 
(Kutser et al., 2015a), Germany (Heege & Fischer, 2004), Italy (Giardino 
et al., 2015), the Netherlands (Laanen, 2007), and Estonia (II).

6.2. Remote sensing – innovative method for organic matter 
monitoring in lakes (II)

Remote sensing of  lakes has been restricted by the lack of  appropriate 
satellite sensors. Sentinel-2 MSI launched in 2015 improved the 
opportunities to study small lakes. MSI imagery is with 10 m, 20 m and 
60 m spatial resolution; however, several bands critical for lake remote 
sensing are available with 20 m resolution (ESA, 2015). In article II we 
used Sentinel-2 MSI imagery to monitor different OM parameters in 
lakes as small as 7 ha, but much smaller lakes can be studied with 20 
m pixel size. This promotes examining the role of  lakes in the global 
carbon cycle where small lakes have greater importance due to their 
large number (Verpoorter et al., 2014) and higher carbon sequestration 
(Tranvik et al., 2009). The mean time difference between in situ water 
sampling and Sentinel-2 image acquisition was approximately 5 days 
in our study. Previous studies in boreal lakes have shown that a time 
difference of  few days between the satellite overpass and in situ data 
collection does not affect significantly the retrieval accuracy of  water 
parameters, especially relatively stable parameters like CDOM (Kutser, 
2012; Cardille et al., 2013). Strong relationship between the values from 
in situ water sampling and band ratio calculated from satellite images 
assured us that the time difference was not a noteworthy problem in our 
study (Fig. 3).

Atmospheric correction of  coastal and inland water imagery is often 
a challenge. We used Sen2cor atmospheric procedure to remove 
atmospheric contribution from the satellite images. Sen2cor is freely 
available in the SNAP software and will probably be the first choice 
for many users to apply. In our study we were able to assess the 
performance of  Sen2cor only indirectly by comparing the corrected 
reflectance spectra with the field reflectance data from two studied 
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lakes collected in previous years and by comparing the water parameter 
retrievals from corrected and uncorrected reflectances. Our results 
showed that the atmospheric correction worked better in the case of  
stronger signal, i.e. for more turbid Lake Võrtsjärv than for Lake Peipsi, 
which has in general lower reflectance (Fig. 2 in II). On the other hand, 
for all studied parameters (CDOM, DOC and water colour) uncorrected 
TOA reflectance gave much better estimations than the corrected BOA 
reflectance (Fig. 3). This indicated the poor performance of  Sen2cor in 
correcting lake imagery.

The interpretation of  remote sensing data is generally based on the 
use of  different algorithms. We tested the suitability of  commonly 
used band ratio type algorithms for Sentinel-2 MSI imagery. Band ratio 
algorithms for estimating lake CDOM concentrations (and closely 
related DOC and water colour) from remote sensing data are mostly 
based on the green to red ratio, which has been found to work well for 
broad CDOM range in lakes (Zhu et al., 2014). In our study we used the 
band 3 (central wavelength 560 nm, green) to band 4 (central wavelength 
665 nm, red) ratio (B3/B4) from Sentinel-2 imagery, which had strong 
relationships with lake DOC, CDOM and water colour (Fig. 3). In 
many lakes the relationship between DOC and its coloured component 
CDOM is permanently very strong (Molot & Dillon, 1997; Erlandsson 
et al., 2012) but in Estonian lakes it is seasonally variable (Toming et al., 
2016). Furthermore, as carbon-bound iron molecules absorb light in a 
similar way like CDOM, the variable carbon to iron ratio makes remote 
sensing of  DOC in lakes even more complicated (Kutser et al., 2015b). 
Therefore, it was surprising that B3/B4 had stronger relationship with 
DOC than with CDOM. One possible explanation is that DOC and 
CDOM were measured from a slightly different set of  lakes (Table 3 in 
II). Another possible explanation is that CDOM and DOC ratio as well 
as carbon to iron ratio in the studied lakes compensated each other’s 
optical effects somehow and B3/B4 allowed to retrieve DOC more 
accurately than CDOM. The results of  our study showed, however, that 
Sentinel-2 MSI data has a great potential for remote sensing of  lakes as 
we were able to estimate CDOM, DOC and water colour in lakes with 
high confidence.



40

6.3. The effect of  catchment characteristics on dissolved organic 
matter properties in temperate lakes (III)

DOC concentrations in Estonian lakes (III) are relatively high, its range 
is comparable with that in Finnish (Kortelainen, 1993a), Swedish (von 
Einem & Granéli, 2010) and Latvian (Klavins et al., 2012) lakes, but 
slightly higher than in Irish (Burton & Aherne, 2012) and Norwegian 
lakes (Finstad et al., 2016). The qualitative and quantitative properties 
of  DOM in our study depended substantially on land cover and soil 
types in the catchments, catchment hydrology and geology, showing 
the predominantly allochthonous origin of  DOM. Catchment 
characteristics had a stronger effect on DOM qualitative properties than 
on its quantity as seen from linear models that explained more variance 
in A250/A365, SUVA254 and FI values than in DOC concentrations (Fig. 
4a, b). In general, soil variables were much more important than land 
cover variables and hydrogeological characteristics in determining DOC 
concentrations and average molecular weight, aromaticity and origin of  
DOM.

SOC stock in the catchment showed the strongest positive correlation 
with DOC in lakes (Figs. 2 and 4 in III) and explained the greatest 
proportion of  DOC variation among land cover and soil variables (Fig. 
4b). A strong positive correlation between downstream changes of  DOC 
in a stream and catchment SOC pool related to the percentage of  peat 
soils (Histosols) has been found, for instance, in Scotland (Billett et al., 
2006). SOC stocks are soil-type specific and depend on soil carbonate 
and clay content, moisture regime and management method (Kõlli et al., 
2009). Our results showed that agricultural soils with highest SOC stock 
among mineral soils in Estonia (Gleyic Cambisols & Gleyic Luvisols) 
had a strong positive effect on DOC in lakes and forest soils with low 
SOC content (Haplic Albeluvisols) a strong negative effect. However, 
SOC pool does not directly equate to DOC leaching as OC retaining 
capacity of  soil types is different, e.g. Podzols have a significant capacity 
to retain DOC by physico-chemical adsorption (Lundström et al., 2000). 
We have not found studies examining variables of  catchment soil cover 
in relation to DOM in lakes, which makes us believe that our study is 
the first to find connections between OC in catchment soils and in lake 
water. DOC had also a strong positive correlation with WE (reciprocal 
of  water residence time) of  the lakes. Higher WE restricts in-lake DOC 
removal and causes an increase in DOC concentrations (Schindler et 
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al., 1992) as reported in Finnish lakes (Vuorenmaa et al., 2006) and in 
Swedish Lake Mälaren (Köhler et al., 2013).

DOC concentration, and aromaticity, molecular weight and share of  
the allochthonous component of  DOM increased with CA/LA and the 
percentages of  bogs and Dystric Histosols and Fibric Histosols (peat 
soils dominating in transitional mires and bogs, respectively) in the 
catchments (Figs. 2 and 4, Tables 6 and 7 in III). This showed that the 
export of  allochthonous DOM was greater from larger catchments as 
observed in Finnish lakes (Kortelainen, 1993a) and confirmed the role 
of  peatlands as a major source of  DOM. Similar dependence of  DOM 
aromaticity and molecular weight on peatland cover has been found in 
Finnish (Arvola et al., 2016) and Swedish catchments (Olefeldt et al., 
2013). According to the correlation analysis, soils formed underneath 
coniferous forests (Podzols and Gleyic Podzols) had alike relationship 
with the molecular weight and origin of  DOM as Dystric and Fibric 
Histosols, however, linear models did not confirm it. Billett et al. (2006) 
found a positive correlation between stream DOC and the percentage 
of  Podzols in a Scottish catchment suggesting that the DOM in stream 
water originated at least partially from Podzols. Coniferous forests have 
been found to be an important source of  humic substances to lakes 
(Hongve, 1999). Our results did not confirm the effect of  forests as a 
land cover type. One explanation could be that it did not differentiate 
between deciduous, mixed and coniferous forests, and another possible 
explanation is that forests grow on many different soil types in Estonia 
(Kõlli et al., 2009). Furthermore, DOM export from forested catchments 
is tightly linked to catchment hydrology and local precipitation (Diodato 
et al., 2016) and forests in different catchments can have a different 
effect. Aromaticity of  DOM increased as well with the percentages of  
agricultural areas and fertile agricultural soils (Albeluvisols). Agricultural 
areas have been reported to be an important DOM source in Finnish 
lakes (Mattsson et al., 2005).

Dominance of  non-humic over humic substances and autochthonous 
over allochthonous DOM in lakes corresponded most strongly (Figs. 
2 and 4, Tables 6 and 7 in III) to calcareous catchments (indicated by 
high lake alkalinity), higher percentages of  thin soils on calcareous rock 
(Gleyic Rendzinas), and higher percentages of  land cover types “open 
space” (areas with little or no vegetation) and “other” (other land cover 
types together). Gleyic Rendzinas are common in land cover types other 
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than forest, arable land or grassland in Estonia (Kõlli et al., 2009). The 
land cover types “open space” and “other” used in our study belonged 
both to this category. All studied lakes with calcareous catchment were 
light-coloured eutrophic lakes with low DOC values and our results 
showed a greater contribution of  autochthonous DOM in these lakes. 
Contribution of  low molecular weight and internally produced DOM 
increased also with the percentage of  peat soils dominating in mires 
(Sapric Histosols). Results from a research conducted in Norwegian 
lakes showed similarly very poor relationships between the percentage of  
mires in the catchments and humic substances in lakes (Hongve, 1999). 
One possible explanation for the opposite effect of  Sapric Histosols 
on DOM properties compared to other Histosols could be different 
land use: Fibric and Dystric Histosols are not used for agriculture in 
Estonia, yet Sapric Histosols are (Kõlli et al., 2009). Our results showed 
that Sapric Histosols had a similar effect on DOM properties than 
some agricultural soils, e.g. Gleyic Cambisols & Gleyic Luvisols and 
Brown soils. In addition, Sapric Histosols were part of  heterogeneous 
catchments in our study, even if  being the dominating soil type, and 
runoff  from these soils could interact with mineral soils. This could 
cause the decrease in DOM molecular weight because of  the substantial 
and selective absorption of  hydrophobic DOM while passing through 
mineral soils (Kaiser & Zech, 1998). If  bogs and Fibric Histosols were 
dominating in our studied catchments, the catchment soil cover were 
quite homogeneous with low percentage of  mineral soils and most 
probably runoff  did not interact with mineral soils before reaching the 
lakes.

The role of  catchment characteristics in determining DOM properties 
was not so clear in eutrophic lakes with a higher share of  autochthonous 
DOM because the contribution of  autochthonous DOM is determined 
by the trophic status of  a lake (Williamson et al., 1999). Increased 
nutrient loads from the catchment may increase the in-lake production 
of  DOM and the relative importance of  autochthonous DOM (Tranvik 
et al., 2009) and catchment characteristics have thus an indirect effect 
on DOM properties in eutrophic lakes. In general, patterns in DOM 
quantity and quality found in our studied lakes were similar to patterns 
found in other temperate lakes; therefore, our results have important 
implications for understanding catchment-lake interactions across the 
temperate region.
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6.4. Allochthonous organic carbon budget in hemiboreal lakes 
and possible predictors of  its components (IV)

Relationships between DOM in lakes and catchment characteristics 
are relatively well examined, whereas complete OC budgets have been 
assessed only for few lakes hitherto. A complete lake OC budget needs 
to be based on a complete water budget, which is seldom explicitly 
included in the studies because of  the difficulties in measuring different 
OC fluxes to lakes. Therefore, models based on catchment land cover 
and hydrology could be useful for predicting DOM loadings to lakes. In 
article IV, we provided a full allochthonous OC budget for 13 Estonian 
lakes using a simple, ecosystem-scale equilibrium model. Model outputs 
were mean OC loads, exports, respiration and sedimentation. Our 
results showed that OC removal by respiration and sedimentation were 
quantitatively minor processes and contributed greater proportions 
only in seepage lakes Nohipalo Valgõjärv and Tänavjärv (Fig. 5). The 
modelled OC loss by respiration and sedimentation were comparable, 
although slightly higher than the values calculated for Swedish lakes 
(Algesten et al., 2004), probably because of  higher average temperatures 
in Estonia. The modelled OC sedimentation values for Lake Võrtsjärv 
were also comparable to the ones modelled in a previous study 
(Cremona et al., 2014). Respiration and sedimentation rates are difficult 
to measure accurately and the rates could vary 20-fold depending on 
the methodology used (Hanson et al., 2011). In our study, the modelled 
range of  respiration and sedimentation remained relatively narrow 
despite having broad differences in OC inputs and water residence times 
across lakes. Loads and exports were the main processes dominating OC 
budgets in our study. Previous whole-lake budget calculations based on 
multiannual monitoring have also revealed that hydrology is dominant 
in OC processing in productive lakes (Cremona et al., 2014; Nõges et 
al., 2016).

The broad differences in the ability of  lakes to process allochthonous 
OC were reflected in our study by the RI, which varied eightfold from 
12% for hydrologically active Nohipalo Mustjärv to 99% for seepage lake 
Nohipalo Valgõjärv (Fig. 4 in IV). This showed that hydrologically active 
lakes were venting large amounts of  OC-rich water, whereas seepage 
lakes were mostly dead-ends of  small OC quantities. Our modelling 
findings that hydrologically active lakes were also the largest OC sources 
to downstream water bodies were in agreement with the results from 
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previous studies, e.g. lakes with shorter water residence time and 
stronger outflows export more OC downstream (Weyhenmeyer et al., 
2012) and there is a strong relationship between hydrological inputs and 
OC retention in lakes (Dillon & Molot, 1997). Based on modelled OC 
input metrics, input type and water residence time, we could classify the 
studied lake-catchment systems under the 5 types described by Hanson 
et al. (2015), notwithstanding net primary production not addressed in 
this research:

• high input, short residence time (type A): Nohipalo Mustjärv, Saare, 
Aheru;

• low input (atmospheric), long residence time (type B): Nohipalo 
Valgõjärv, Tänavjärv;

• low to moderate input (groundwater), short to moderate residence 
time (types C, D): Klooga, Lohja, Maardu, Kuremaa, Lõõdla, 
Saadjärv, Tündre;

• moderate to high input (fluvial), short residence time (type E): 
Võrtsjärv.

Groundwater together with the surface runoff  from small streams 
and ditches was the main OC source in most of  the studied lakes 
(Fig. 6) suggesting that groundwater and non-stream runoff  sources, 
which have generally been overlooked in OC research, should gain 
more attention. Previous studies have also shown that groundwater 
passing through organic-rich soils is often the dominant OC input to 
lakes without large, permanent tributaries (Schindler & Krabbenhoft, 
1998; Jones et al., 2005). Estonian soils are relatively organic-rich, 
i.e. the mean SOC content in Estonian soils is one of  the highest in 
Europe (Aksoy et al., 2016). In situ measurements of  groundwater DOC 
concentrations are very scarce, although they would help validating the 
models. Stream OC loads were only present for Võrtsjärv and Aheru. 
Aerial OC load was substantial in seepage lakes (Nohipalo Valgõjärv 
and Tänavjärv) or in those with heavily forested shores (Lõõdla, Tündre 
and Kuremaa). Loads from adjacent wetlands were even lower because 
most of  the lakes had a low proportion of  shoreline wetlands. These 
results contrasted with those from Cardille et al. (2007) and Hanson et 
al. (2014), who modelled up to 60% of  the total OC input to Wisconsin 
lakes (north-central United States) by aerial and wetland inputs. This 
discrepancy was caused by hydrological differences, i.e. groundwater was 
the main source of  water and OC for most of  the lakes in our study, 



45

whereas in Wisconsin it was direct precipitation. The shoreline canopy 
and wetlands contribute proportionally less in groundwater-dominated 
lakes than in precipitation-dominated lakes as OC concentrations are 
higher in groundwater than in precipitation, although the absolute loads 
might be similar.

We analysed also the possible predictors of  allochthonous OC budget in 
our studied lakes. The results from correlation analysis showed that OC 
loads and export, as the main processes in budgets, had strong positive 
correlations with two catchment variables: CA/LA and FA/LA (Table 3 
in IV). All in-lake variables included in the analysis had non-significant 
correlations. The importance of  catchment-scale factors, especially 
CA/LA, compared to in-lake factors for predicting OC budget and 
its components indicated that allochthonous OC cycling is strongly 
dependent on processes taking place in catchment-lake systems as a 
whole rather than in lakes solely. This allowed us to suggest CA/LA as 
a strong predictor of  allochthonous OC budget in Estonian lakes and 
in hemiboreal lakes in general. This strong relationship between CA/LA 
and OC budget is probably valid only for lakes situated in mostly natural 
catchments, where OC is mainly of  allochthonous origin.
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7. CONCLUSIONS

In the present thesis, we examined the monitoring of  lake OM in the 
EU, and the effect of  catchment on the quantitative and qualitative 
properties of  OM and on its cycling in temperate lakes.

Based on our results the following conclusions can be drawn:

1) Our analysis showed that the present EU WFD surveillance 
monitoring programmes do not provide sufficient data for capturing 
brownification trends and evaluating the effects of  measures applied 
to reduce the organic enrichment with oxygen-consuming substances 
in lakes (I). In about half  of  the Member States and 60% of  the total 
territory no OM metric is routinely monitored. In countries which 
measure OM, 6 different OM metrics (BOD, COD, TOC, DOC, water 
colour and CDOM) are used that complicates getting a Europe-wide 
picture of  changes in OM content in lakes over the past decades. Our 
results demonstrated also that the possibilities to convert different 
OM metrics to each other are limited as the empirical relationships 
between them, even if  strong, are region-specific. These findings do 
not corroborate our hypothesis 1.

2) The results from article II affirmed that Sentinel-2 MSI data has a 
great potential for lake OM monitoring with remote sensing. We were 
able to map different OM parameters in 11 Estonian lakes with high 
confidence by commonly used band ratio type algorithms. We found 
strong relationships between the band ratio algorithms calculated 
from Sentinel-2 MSI data and values of  CDOM, DOC and water 
colour from in situ water sampling. These results allowed us to assume 
that Sentinel-2 MSI will be a valuable tool for OM monitoring and 
research in lakes. This conclusion corroborates our hypothesis 2.

3) The results from article III indicated that catchment characteristics 
(land cover, soil, hydrology and geology) have substantial effects on 
DOM in temperate lakes. Our analysis showed that larger catchments 
and intensive water exchange resulted in higher levels of  DOM in 
lakes and confirmed the role of  peatlands as a major source of  DOM 
to lakes; however agricultural lands with Albeluvisols and coniferous 
forests with Podzols and Gleyic Podzols were also important DOM 
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sources. The dominance of  allochthonous DOM increased with CA/
LA and the percentages of  bogs, and Dystric and Fibric Histosols (peat 
soils in transitional mires and bogs, respectively) in the catchments. 
Dominance of  autochthonous over allochthonous DOM in lakes 
corresponded to calcareous catchments and higher percentages of  
Gleyic Rendzinas (thin soils on calcareous rock), Sapric Histosols 
(peat soils in mires) and open spaces (areas with little vegetation). 
We concluded that catchment characteristics had a stronger effect 
on DOM qualitative properties than on its quantity and soil variables 
had in general a greater effect than land cover. Soil types provide 
more detailed information about the OM pool in the catchment and 
are thus better predictors of  DOM loading than general land cover 
types. In eutrophic lakes with a relatively high share of  autochthonous 
DOM, catchment characteristics have an indirect and less clear effect 
on the properties of  DOM. Overall, these findings corroborate our 
hypothesis 3.

4) The results from the article IV confirmed that the cycling of  
allochthonous OC is more strongly dependent on the processes taking 
place in catchment-lake systems as a whole rather than in lakes solely. 
This was illustrated by the importance of  catchment-scale factors, 
especially CA/LA, compared to in-lake variables for predicting the 
components of  allochthonous OC budget. Our results showed that 
OC budgets differed markedly across the studied lakes and loads and 
export were the two main processes, while OC removal by respiration 
and sedimentation contributed much smaller proportions. We also 
found that hydrologically active lake-catchment systems received and 
emitted the largest amounts of  allochthonous OC, whereas seepage 
lakes were mobilising several orders of  magnitude less OC and 
retained nearly all of  the received OC. These findings indicate overall 
that lakes should be studied as lake-catchment systems for a better 
insight into OC cycling and also corroborate our hypothesis 4.

Regular monitoring of  OM is necessary to obtain an integrated view 
on the distribution and availability of  OM in lakes and to investigate 
the response of  lake OM to eutrophication, land use changes and 
climate change. Innovative methods, such as remote sensing with 
satellite sensors or high-frequency measurements with field-deployable 
spectrophotometers and fluorometers, would complement the traditional 
methods and thus improve the effectiveness of  OM monitoring in 
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lakes, especially its spatial and temporal representativeness. Monitoring 
programmes could also include methods, like absorbance or fluorescence 
spectroscopy, which allow to characterise the composition of  OM as it 
influences strongly the biogeochemical role of  OM in lakes. Moreover, 
lakes should be studied in a more integrative way considering the 
catchment-lake interactions as catchment has a significant effect on OM 
in lakes and changes in the catchment may eventually affect the role of  
lakes in the global carbon cycle.
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SUMMARY IN ESTONIAN

ORGAANILINE AINE PARASVÖÖTME JÄRVEDES – 
SEIRE NING SEOSED VALGALAGA

Süsinik leidub veekogudes paljude orgaaniliste ja anorgaaniliste 
ühenditena ning muundub läbi arvukate reaktsioonide kergesti ühest 
vormist teise. Kaasaegses limnoloogias on kasvava tähelepanu all järvede 
kui regulaatorite roll globaalses süsinikuringes. Maismaa aineringetest 
siseveekogudesse jõudva süsiniku hulk on ookeani jõudvast kolm 
korda suurem ning siseveekogud võivad olla oluliseks süsihappegaasi 
(CO2) ja metaani (CH4) allikaks, mis atmosfääri vabanenuna panustavad 
kasvuhooneefekti süvenemisse. Järvede roll globaalses süsinikuringes 
on jätkuvalt „kuum“ teema, sest see on muutunud ning muutub ka 
edaspidi inimtegevuse (eutrofeerumine ja muutused maakasutuses) ja 
kliimamuutuse tagajärjel.

Suurima orgaanilise süsiniku varu veekogudes moodustab orgaaniline 
aine. Orgaaniline aine tekib ja muundub ühest vormist teise organismides 
toimuvate biokeemiliste reaktsioonide tulemusel ja läbi abiootiliste 
reaktsioonide pärast organismide surma. Veekogudes leiduvad 
orgaanilised ühendid jagatakse vastavalt päritolule autohtoonseteks 
ja allohtoonseteks. Autohtoonne orgaaniline aine on moodustunud 
veekogus endas, kuid allohtoonne on valglalt veekogusse kantud. 
Osakeste suuruse põhjal jagatakse orgaaniline aine samuti kaheks: 
hõljuv orgaaniline aine (HOA) ja lahustunud orgaaniline aine (LOA). 
Kokkuleppeliselt on LOA see orgaanilise aine fraktsioon, mis läheb 
läbi 0,45-μm poori läbimõõduga filtri. Selline osakeste suurus on ka 
rahvusvahelistes standardites orgaanilise aine fraktsioonide eraldamise 
piiriks. Üldistatult kehtib maailma pinnaveekogudes LOA ja HOA 
fraktsioonide vahel suhe 10:1, kuigi see võib kõikuda üsna suurtes 
piirides.

Orgaanilisel ainel on vee ökosüsteemides tähtis roll näiteks pH puhvrina, 
süsinikusubstraadina mikroobstes reaktsioonides ning toiteainete 
kättesaadavuse mõjutajana. Orgaanilise aine rolli mõjutab tema keemiline 
koostis, mille põhjal võib orgaanilise aine üldistatult kaheks jagada: 
humiinained ja mittehumiinained. Mittehumiinainete sisaldus vees 
on üldjuhul madal, sest mikroorganismid tarvitavad need kiiresti ära. 
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Humiinained on organismijäänuste lagunemise käigus tekkinud raskesti 
lagundatavad polümeerid, mis moodustavad boreaalse kliimavöötme 
järvedes kuni 90% LOA-st. Humiinained neelavad eelistatult sinist 
valgust ning muudavad seetõttu vee värvuse kollaseks või pruunikaks. 
Vees leiduvate sinist valgust neelavate lahustunud orgaaniliste ühendite 
kogusumma iseloomustamiseks kasutatakse terminit kollane aine 
(coloured dissolved organic matter, CDOM). Orgaanilise aine dünaamika 
järves sõltub tema sissekandest valgalalt, sadenemisest atmosfäärist ja 
moodustumisest järves ning kadudest väljakande, settimise ja mikroobse 
lagundamise läbi.

Paljudes põhjapoolkera järvedes on LOA sisaldus viimastel aastakümnetel 
tõusnud. Seda nimetatakse pruunistumiseks, sest tagajärjeks on tumedam 
vee värvus. Pruunistumise põhjusteks peetakse happelise sadestumise 
lakkamist ning maakasutuse ja ilmastikuolude muutusi või nende 
tegurite koosmõju. Pruunistumine mõjutab järve ökosüsteemi, sest 
vähenev valgus tumedamas vees piirab fotosünteesi, mis mõjutab järve 
produktiivsust ka järgmistel toiduahela astmetel. Lisaks kahjustab järvi 
rikastumine kergesti lagunevate orgaaniliste ühenditega ehk orgaaniline 
reostus, mis põhjustab vees hapnikupuudust. Hapnikupuudusel on 
kahjulik mõju veeorganismidele ning hapnikuvabad tingimused järve 
põhjakihis suurendavad metaani teket ja vabanemist atmosfääri. Õnneks 
vähendab tõhusam reoveepuhastus kergesti lagunevate orgaaniliste 
ühendite sattumist veekogudesse.

Käesolevas doktoritöös käsitletakse orgaanilise aine seiret järvedes 
ning järvede ja valgala vahelisi seoseid parasvöötmes, mis mõjutavad 
orgaanilise aine kogust, koostist, bilanssi ja ringet järvedes. Uurimistööks 
vajalikud veeproovid koguti Eesti järvedest riikliku seire raames 2015. ja 
2016. aastal. Doktoritöö eesmärgid olid:

1) Hinnata, kas Euroopa Liidu (EL) järveseires kasutatavad orgaanilise 
aine näitajad annavad piisavalt teavet pruunistumise ja orgaanilise 
reostuse trendide kohta (I). Selle eesmärgi täitmiseks koostasime 
ülevaate orgaanilise aine näitajatest, mis on EL liikmesriikides ja 
Norras veepoliitika raamdirektiiviga (VRD) vastavuses olevatesse 
järvede ülevaateseire programmidesse kaasatud. Lisaks analüüsisime 
üleeuroopalises andmebaasis WATERBASE-Lakes sisalduvaid 
andmeid orgaanilise aine sisalduse kohta, et uurida võimalusi ühe 
näitaja väärtuste põhjal teise väärtusi arvutada.
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2) Hinnata paari aasta eest orbiidile lennutatud kaugseiresatelliidi 
Sentinel-2 multispektraalkaamera sobivust orgaanilise aine sisalduse 
määramiseks järvedes (II). Selle eesmärgi täitmiseks seirasime 
Sentinel-2 satelliidipiltide abil kolme orgaanilise aine näitajat 
üheteistkümnes Eesti järves, kasutades varem välja töötatud 
algoritme, ning analüüsisime seoste tugevust kaugseire abil määratud 
ja järvedest kogutud proovidest mõõdetud väärtuste vahel.

3) Hinnata valgala mõju orgaanilise aine sisaldusele ja omadustele 
(koostis ja päritolu) parasvöötme järvedes (III). Selle eesmärgi 
täitmiseks analüüsisime, kuidas LOA kogus ja koostis ning 
autohtoonse ja allohtoonse LOA suhteline osakaal järvedes sõltuvad 
valgala pinnakatte, mullastiku, maakatte ja veerežiimi eripäradest.

4) Hinnata allohtoonse orgaanilise süsiniku bilanssi hemiboreaalse 
kliimavöötme järvedes (IV). Selle eesmärgi täitmiseks kasutasime 
ökosüsteemi mõõtkavas tasakaalumudelit, et arvutada allohtoonse 
orgaanilise süsiniku sissekanne, lagundamine, settimine ja väljakanne 
ning kalibreerisime mudeli kolmeteistkümne Eesti järve andmete 
põhjal. Lisaks analüüsime, millised valgalaülesed ja järvesisesed 
tegurid mõjutavad allohtoonse orgaanilise süsiniku bilanssi ja selle 
komponentide suhtelist osakaalu järvedes.

Doktoritöö tulemused on kokkuvõetult järgmised:

1) VRD ülevaateseire raames kogutud andmete põhjal ei ole võimalik 
hinnata üleeuroopalisi pruunistumise ja orgaanilise reostuse 
trende järvedes (I). VRD kohaselt ei ole orgaanilise aine sisaldus 
kohustuslik füüsikalis-keemiline näitaja. Meie analüüs näitas, et 
uuritud 29 riigist (28 EL liikmesriiki ja Norra) 15-s ei mõõdeta 
järvedes regulaarselt mitte ühtegi orgaanilise aine näitajat. Riikides, 
kus orgaanilise aine sisaldus on ülevaateseire programmidesse 
kaasatud, on selle iseloomustamiseks kasutusel kuus näitajat: 
biokeemiline hapnikutarve (BHT), keemiline hapnikutarve (KHT), 
orgaanilise süsiniku koguhulk (total organic carbon, TOC), lahustunud 
orgaaniline süsinik (dissolved organic carbon, DOC), vee värvus ja 
kollane aine. Enamasti sisaldub seireprogrammis vähemasti kaks 
näitajat, nii on see näiteks Norras, Rootsis, Soomes, Baltimaades, 
Bulgaarias, Rumeenias ja Ungaris. Enamikus Kesk-, Lääne- ja Lõuna-
Euroopa riikides ei seirata orgaanilise aine sisaldust järvedes üldse 
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või kasutatakse selleks ainult ühte näitajat. Riigiti erinevate näitajate 
kasutamine raskendab omakorda üleeuroopaliste järelduste tegemist 
orgaanilise aine sisalduse muutuste kohta järvedes. Meie analüüs 
näitas, et võimalused ühe orgaanilise aine näitaja väärtuste põhjal 
teise väärtuste arvutamiseks on piiratud, sest isegi kui kahe näitaja 
vahel on tugev seos, siis on see ainult ühele piirkonnale eriomane.

2) Kaugseiresatelliit Sentinel-2 abil on võimalik määrata orgaanilise 
aine sisaldust järvedes (II). Suutsime oma uuringus Sentinel-2 
multispektraalkaamera piltidelt usaldusväärselt hinnata kolme 
orgaanilise aine näitajat (DOC, kollane aine ja vee värvus) 
üheteistkümnes erineva suuruse ja vee tumedusega Eesti järves, 
kasutades varasemates järvede kaugseire uuringutes häid tulemusi 
andnud algoritme. Meie analüüs näitas, et satelliidipiltidelt määratud 
ja järvedest kogutud proovidest mõõdetud väärtuste vahel oli 
kõigi kolme näitaja puhul tugev seos. Eelneva põhjal võib väita, 
et Sentinel-2 ja kaugseire meetod üldiselt on sobilik ja paljulubav 
vahend järvede orgaanilise aine seire täiendamiseks.

3) Valgala pinnakattel, mullastikul, maakattel ja veerežiimil on oluline 
mõju orgaanilise aine omadustelele parasvöötme järvedes (III). Meie 
tulemused kinnitasid rabade rolli LOA peamise allikana ning näitasid, 
et suurem valgala ning intensiivne veevahetus tingivad kõrgema LOA 
sisalduse järvedes. Allohtoonse LOA suhteline osakaal suurenes 
koos valgala pindala ja järve pindala suhte ning raba, rabamulla ja 
siirdesoomulla osakaaluga valgalal. Autohtoonne LOA domineeris 
karbonaatse valgalaga järvedes ning selle suhteline osakaal suurenes 
koos soostunud karbonaatmulla, madalsoomulla ning lageda ala 
osakaaluga. Meie analüüs näitas, et valgalal oli tugevam mõju järvede 
LOA koostisele ja päritolule kui tema sisaldusele ning mullastiku 
mõju oli selgemini nähtav kui maakatte mõju. Mullatüübid on 
detailsemad ning võimaldavad seetõttu LOA sissekannet järvedesse 
paremini prognoosida kui maakattetüübid, mis on sageli liiga üldised.

4) Allohtoonse orgaanilise süsiniku ringe järvedes sõltub rohkem 
valgalaülestest teguritest kui järves endas toimuvatest protsessidest 
(IV). Meie analüüs näitas, et valgala iseloomustavatel näitajatel (eeskätt 
valgala pindala ja järve pindala suhe) oli olulisem mõju allohtoonse 
orgaanilise süsiniku bilansile kui järvi iseloomustavatel näitajatel. 
Vastavalt mudeldamise tulemustele oli allohtoonse orgaanilise 
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süsiniku bilanss uuritud kolmeteistkümnes Eesti järves vägagi erinev 
ning sisse- ja väljakanne olid palju suurema osakaaluga komponendid 
kui lagundamine ja settimine. Intensiivse veevahetusega järvedesse 
transporditi suurtes kogustes orgaanilist süsinikku, millest enamus 
kanti järvedest välja. Samas oli umbjärvedes ringlev allohtoonse 
orgaanilise süsiniku kogus väga väike ning eksport olematu, mistõttu 
olid need järved orgaanilise süsiniku jaoks pigem lõpp-punktid. 
Meie tulemuste põhjal võib väita, et järvi peaks uurima kui ühtseid 
järve-valgala süsteeme, et saada parem ülevaade orgaanilise süsiniku 
ringest ning võimalikust mõjust globaalsele süsinikuringele.
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• OM sensor networks and remote sens-
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Organic matter (OM) has numerous geochemical and ecological functions in inland waters and can affect water
quality. Different parameters of aquatic OM are measured with various methods as no single analytical tool can
provide definitive structural or functional information about it. In the present paperwe reviewdifferent OMmet-
rics used in the European Union (EU) lake surveillance monitoring programmes and assess their suitability to
provide sufficient data about the brownification and enrichment with oxygen consuming substances in
European lakes. In the EU Water Framework Directive (WFD), metrics of OM are not mandatory physico-
chemical parameters, but only recommended parameters to characterize water transparency, oxygenation con-
ditions or acidification status. Our analysis shows that, as lake OM is monitored under theWFD in only 14 coun-
tries, no Europe-wide conclusions on the situation regarding brownification and organic enrichment can be
drawn based on these data. Applied parameters in lake surveillancemonitoring programmes are biochemical ox-
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(DOC), water colour (WCol), and yellow substance. Different national OMmetrics used avoid getting a broad pic-
ture of lake OM concentration changes in Europe over the last decades. Furthermore, our results demonstrate
that the possibilities to convert different OMparameters to each other are limited because empirical relationships
between them are region-specific. OM sensors for continuous measurements and remote sensing surveys could
improve the effectiveness of lake OMmonitoring, especially its temporal and spatial representativeness. It would
be highly suggested to include in lake monitoring programmes also methods (e.g. absorbance or fluorescence
spectroscopy) allowing to characterize the composition of OM as it influences strongly the biogeochemical role
of OM in lakes.
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1. Introduction

Organic matter (OM) is a heterogeneous component in water bod-
ies. By origin it can be produced within the water body (i.e., be autoch-
thonous) or carried in from the catchment (i.e., be allochthonous), it can
occur in dissolved (dissolved organic matter, DOM) or particulate (par-
ticulate organic matter, POM) forms, andmay be coloured or colourless.
The main component of total organic matter (TOM) is total organic car-
bon (TOC; Robards et al., 1994). Most of the TOC in water bodies is dis-
solved: the average ratio of dissolved organic carbon (DOC) and
particulate organic carbon (POC) in world surface waters is 10:1, al-
though it may vary in a wide range (Wetzel, 2001).

OM plays an important role in lake ecosystems, but the functions are
strongly influenced by its composition. Non-humic fractions of lowmo-
lecular weight, such as sugars, peptides and amino acids, can readily be
used by heterotrophic bacteria as a carbon substrate and can be recycled
in the foodweb through the microbial loop (Tranvik, 1992). The biode-
gradable portion of DOC ranges from b1% for humic and highmolecular
weight fractions to over 50% for lowmolecularweight or anthropogenic
DOC (Meyer, 1994); for lakes, the global average of biodegradable DOC
(BDOC) is about 14% of the total pool (Søndergaard and Middelboe,
1995). However, high concentrations of oxidizable organicmatter in an-
thropogenic effluents are a major threat to oxygen regime of surface
waters (Shiddamallayya and Pratima, 2008). Humic substances, the
more refractory polymerization products of OM, constitute up to 90%
of DOM in the boreal region (Thurman, 1985). Their presence in water
bodies is observable as a yellowish or brownish coloration affecting
strongly the under-water light field (Bricaud et al., 1981). Humic and
fulvic acids are both a natural background source of acidity and a pH
buffer in low alkalinity waters (Kortelainen, 1993b), and complexation
with metal ions (Haitzer et al., 2002; Baken et al., 2011) may affect
phosphorus mobility (Lavoie and Auclair, 2012).

Brownification– the increasingDOC concentrations in rivers and lakes
– has been described as a dominating trend in the Northern Hemisphere
over the past decades (Evans et al., 2005; Jennings et al., 2010; Filella and
Rodríguez-Murillo, 2014). The observed increases have been linked partly
to recent climate change (e.g. Jennings et al., 2010), but also to changes in
land use (Klavins et al., 2012) and atmospheric deposition chemistry
(Evans et al., 2006; Monteith et al., 2007). Increasing DOC concentrations
in surfacewaters have far reaching consequences for ecosystem structure
and functioning (Karlsson et al., 2009; von Einem and Granéli, 2010;
Mormul et al., 2012; Brothers et al., 2014; Solomon et al., 2015), create a
positive feedback between climate change and greenhouse gas emission
from lakes (Kumar and Sharma, 2014), and have major implications for
drinking water treatment (Rook, 1974; Lavonen et al., 2013).

Over time, numerous parameters andmethods have been developed
addressing the various fractions of OM in aquatic environments (Fig. 1,
Table 1). Different parameters have different specificity and as the frac-
tions of OMmeasured by them partly overlap, the results are correlated
with various strength. In addition, several spectral parameters based on
the absorbance spectroscopy (Hautala et al., 2000; Uyguner and
Bekbolet, 2005; Peuravuori and Pihlaja, 2007 and references therein)
or fluorescence spectroscopy (McKnight et al., 2001; Hudson et al.,
2007; Fellman et al., 2010 and references therein) are used to provide
qualitative information about OM, e.g. to differentiate the sources of
OM or to characterize its chemical composition and molecular weight.

The EUWater FrameworkDirective (WFD; EC, 2000) – the central leg-
islative document regardingwaters in Europe –mentionsOM in threedif-
ferent contexts. Firstly, the elevated content of natural humic matters in
water as a reflection of peaty catchment (“organic geology” in the WFD
vocabulary) is proposed as a type descriptor of both lakes and rivers for
the fixed typology (System A). In a WFD technical document (EC,
2009),water colour (WCol;mg Pt L−1) is suggested as a proxy for organic
geology in northern lake typology with three classes: clear

Fig. 1. Fractions of aquatic organicmatter (OM). Boxes show the fractions of OMand brackets showwhich fractions and approximately how large proportion of them different parameters
measure. DOM – dissolved organic matter; POM – particulate organic matter; TOM – total organic matter; DOC – dissolved organic carbon; POC – particulate organic carbon; TOC – total
organic carbon; CDOM – coloured dissolved organic matter, BOD – biochemical oxygen demand; CODMn – permanganate oxygen demand; CODCr – dichromate oxygen demand.
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(b30 mg Pt L−1), humic (30–90 mg Pt L−1), and polyhumic
(N90 mg Pt L−1) waters. As all type descriptors (for lakes including alti-
tude, depth, size, and catchment geology type) are considered rather sta-
ble, there is no need for monitoring of these parameters once a water
body is designated to a type. Two other occasions of addressing organic
matter in the WFD are in the indicative list of the main pollutants. Here
two groups are distinguished: the hazardous and toxic compounds (e.g.
persistent hydrocarbons and persistent and bioaccumulable organic
toxic substances) not further discussed in the present paper, and “sub-
stances which have an unfavourable influence on the oxygen balance
(and can be measured using parameters such as BOD, COD, etc.)”. WCol
as such is not mentioned in the main document (EC, 2000), however,
guidance documents for WFD implementation (EC, 2003, 2005) recom-
mendWCol as a parameter for transparency and TOC for acidification sta-
tus, whereas DOC, TOC, BOD and COD are considered to indicate the
oxygenation conditions. Typical sampling frequency for oxygenation con-
ditions depends on the morphological characteristics of lake: samples
should be taken daily/monthly or at the end of stratification periods
(latewinter, if the lake is ice covered, or late summer); sampling for trans-
parency and acidification should be made monthly/quarterly (EC, 2003).

There are three types of monitoring embedded in theWFD: surveil-
lance, operational and investigativemonitoring (EC, 2000). Surveillance
monitoring is required to investigate the overall surface water status,
whereas operational and investigative monitoring are only required in
water bodies at risk (Collins et al., 2012). As two main objectives of
the surveillance monitoring, the WFD defines the assessment of long-

term changes in natural conditions, and the assessment of long-term
changes resulting from widespread anthropogenic activity. Given the
strong brownification trends observed in various parts over the North-
ern Hemisphere and the serious implications it may have, and the fact
that there is no global or even Europe-wide comprehensive overview
of OM monitoring, we asked whether the OM metrics included in the
WFD monitoring programmes in the Member States can capture color-
ation changes. Another serious issue – the organic enrichment which is
essentially a pollution by oxygen-consuming substances – is reported to
affect 13% of lakes in the European Union (EU; EEA, 2012). We asked,
whether surveillancemonitoring provides sufficient data for evaluating
the effects of measures applied to reduce this kind of pollution.

To find answers to these questions, we (1) conducted a review ofmet-
rics and methods used for measuring aquatic OM in EU lake surveillance
monitoring programmes by the Member States and (2) analysed the
data on five different OM metrics included in the Europe-wide
WATERBASE-Lakeswater quality database to explore the relationships be-
tween them with the aim of testing their usability for describing the
changes inbrownification andpollutionbyoxygen-consuming substances.

2. Material and methods

2.1. Sources of information on OM metrics monitored in the EU

National lakemonitoringprogrammes of all countries actingunder the
EUWFD (28 Member States and Norway) were examined regarding OM

Table 1
Most common metrics of aquatic organic matter (OM) and principles, advantages, and disadvantages of their determination.

Metric, unit Principle Advantages Disadvantages

Biochemical oxygen
demand (BOD), mg
O2 L−1

The measurement of molecular oxygen utilised during
a specified incubation period (usually 5 or 7 days:
BOD5 or BOD7) for the biochemical degradation of OM
at 20 °C (APHA et al., 1999)

Easy performance
Relatively low cost

Time-consuming, not sufficiently sensitive to
detect small changes
May cause overestimation due to inorganic
compounds
Precision ~15% (APHA et al., 1999)

Chemical oxygen
demand (COD), mg
O L−1

The measurement of a specified oxidant in its oxygen
equivalence consumed for the chemical oxidation of
OM (APHA et al., 1999)

Fast, widely accepted and not expensive
Results more reproducible than for BOD
COD test kits are commercially available:
reduced waste production and smaller
sample volumes

Requires toxic and hazardous reagents
(Robards et al., 1994) May cause
overestimation due to inorganic compounds
Negative interferences by high chloride
concentrations
Precision 7–11% (APHA et al., 1999)1) Dichromate

oxygen demand
(CODCr)

Specified oxidant potassium dichromate (K2Cr2O7) As K2Cr2O7 has a high oxidation efficiency,
CODCr measures roughly the content of total
OM (APHA et al., 1999)

2) Permanganate
oxygen demand
(CODMn)

Specified oxidant potassium permanganate (KMnO4) As KMnO4 is a weaker oxidant, CODMn

measures the content of easily degradable
and relatively recently formed OM in water
(APHA et al., 1999)

Total organic carbon
(TOC), mg L−1

Direct measurement of the total organic carbon,
comprises an oxidation of organic molecules followed
by separation and measurement of the resultant CO2

(Robards et al., 1994)

High sensitivity to detect small changes
Independent of the oxidation state of OM
Does not measure other organically bound
elements (e.g. N, H), unlike BOD and COD
(APHA et al., 1999)
Numerous modern TOC analyzers are
commercially available with precision b

1%–2% (Domini et al., 2007)
TOC cuvette tests are also available, e.g.
Lange TOC cuvette test that conforms to the
European standard method (Kraatz and
Wochnik, 1998)

Loss of volatile organic carbon if inorganic
carbon is removed (Domini et al., 2007)

Dissolved organic
carbon (DOC), mg
L−1

For measuring DOC, the sample is filtered through 0.45
μm pore size filters before processing (EN 1484:1997;
ISO 8245:1999)

Coloured dissolved
organic matter
(CDOM) or yellow
substance, mg L−1

Optical measurement of the sum total of all organic
compounds in water that are both dissolved and
absorb light (Coble, 2013)

Simple, fast and chemical-free
Can be measured using both absorption and
fluorescence (Coble, 2013)
In situ spectral instruments are available for
high frequency measurements
Can be measured through remote sensing
using satellite sensors (e.g. Sentinel-2;
Kutser et al., 2015)

Many natural substances (e.g. chlorophyll)
absorb light at the same range of wavelengths
Measurements by fluorescence are not strictly
equivalent to the results from absorption
measurements, since not all CDOM is
fluorescent (Coble, 2013)

Water colour (WCol),
mg Pt L−1

Determination of the intensity of colour by measuring
the light absorption of a water sample at a wavelength
of maximum absorption (e.g. 436 nm) or comparing
sample absorption coefficient with that of a calibration
solution of potassium hexachloroplatinate and cobalt
chloride at 410 nm (ISO 7887:2011)

Simple, fast and chemical-free
No special sample preparation

Indicates only indirectly the content of CDOM
Iron compounds may be a confounding factor
(Kritzberg and Ekström, 2012)
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measurements. Information about monitoring programmes was mainly
obtained from thewebsites of the responsible institutions for the national
monitoring in each Member State. Some information was also gathered
from EEA's website, EU reports and different articles. Information sources
are listed by countries in Appendix A. For five countries (Czech Republic,
Greece, Luxemburg, Malta and Poland) we could not find whether any
OM metric was included in their surveillance monitoring programmes.
We considered only occasions in which OMmetrics were included in na-
tional WFD compliant lake surveillance monitoring programmes as
physico-chemical parameters, not parameters for lake typology. In cases
where some countries have used different monitoring programmes for
different years, the latest programme was taken into account.

2.2. WATERBASE-Lakes – the European database on lakes

WATERBASE is the generic name given to the EEA's databases on the
status and quality of Europe's rivers, lakes, groundwater bodies and tran-
sitional, coastal andmarinewaters, and on the quantity of Europe's water
resources. The WATERBASE-Lakes was downloaded on 21.08.2016 from
the European Union open data portal (https://data.europa.eu/euodp/
data/dataset/data_waterbase-lakes-4). Amongother, thedatabase includ-
ed annually aggregated data on 7 organic matter metrics from 17 coun-
tries (Table 2). As BOD7 and CODMn were represented by a small
number of observations, these metrics were excluded from the analysis.

The metric values included in the database were checked for distri-
bution type and realistic values of the extremes. No obvious errors
were discovered, all variables had a log-normal distribution and their
logarithmic values were included in the analysis.

To illustrate the possibilities of converting different OMmetrics into
each other, linear regression analysis of the variables was performed
using Dell Statistica, version 13 (Dell Inc., 2015, software.dell.com).

3. Results

3.1. Organic matter metrics included in the lake surveillance monitoring in
EU Member States

Among the 29 countries analysed, some OM parameters are moni-
tored in lakes under theWFD in 14 of them (48%), but as these aremost-
ly smaller countries, it makes up only 42% of the total EU-28 plus
Norway territory (Fig. 2). The measured metrics are BOD, COD, TOC,
DOC, WCol and yellow substance (Table 3).

BOD and COD reflecting oxygenation conditions are measured most
widely, COD in nine and BOD in eight Member States. Mainly the BOD5

is determined, BOD7 is measured only in Lithuania. CODMn is measured

more often than CODCr, both parameters are used in Estonia (CODCr in
small lakes and in Lake Peipsi, CODMn in Lake Võrtsjärv) and Romania.
In Sweden, CODMn is measured only in lakes sampled on a six-year
cycle, but neither in large lakes (Vänern, Vättern and Mälaren) nor in
reference lakes. In Lithuania, COD is not measured every year, e.g. it
was measured in some lakes in 2013, but neither in 2014 nor in 2015.

Although not compulsory by theWFD (EC, 2003, 2005),WCol or yel-
low substance are monitored in eight countries including besides the
Fennoscandian and Baltic countries also Denmark and Ireland. WCol is
determined as the attenuation within the blue spectrum range in com-
parison to hexachloroplatinate scale and expressed in mg Pt L−1. The
wavelength at which absorbance is determined differs by countries
from 380 to 420 nm. Absorbance of filtered water samples at 420 nm
wavelength is used in Swedish national monitoring programme as a
measure of WCol since 1967 (Köhler et al., 2013), whereas absorbance
at 410 nm is used in Norway (Hagman et al., 2015), Latvia, and in
Estonian large lakes (Peipsi and Võrtsjärv). In Estonian small lakes, ab-
sorbance of filtered samples in a 50-mm cuvette at 380 nm is converted
to the concentrations of yellow substance using the equation which has
given the best results for Estonian lakes (Mäekivi and Arst, 1996):

Yellow substance mg L−1
h i

¼ absorbance380 cm−1� �
=0:565Þ � 20 ð1Þ

In Finnish routine water quality monitoring, the concentration of
humic substances is indirectly determined via the “water colour”meth-
od, which is based on the comparison of water samples with standard
cobalt chloride disks (Kallio, 2012).

TOC covering inter alia both the oxygen consuming and the coloured
fractions of OM, is measured in Norway and in 6 Member States. In
Bulgaria, TOC is measured in Danube, Black Sea and West Aegean
River Basin Districts, but not in East Aegean River Basin District. DOC
is measured only in Latvia.

In Fennoscandian and Baltic countries 2 or 3 different OM param-
eters are monitored (Fig. 2). In Romania, Bulgaria and Hungary, the
quality elements are overall very well covered in monitoring
programmes and also 3 different OM parameters are monitored. In
Central, Western and Southern Europe, OM is either not monitored
or assessed only with one parameter (WCol in Denmark and
Ireland, and TOC in Slovenia), except Portugal and Croatia where dif-
ferent oxygen demand methods are utilised, yet TOC is not mea-
sured. In 2015, only COD was measured in Croatia, while in
previous years, BOD was also measured.

Sampling frequency is also very variable in the Member States
(Table 4). Frequency for OMmonitoring is the same as for other physico-
chemical parameters because water samples are generally taken together.
Sampling is mainly done 4 times per year, which is also the minimum
mandatory frequency for physico-chemical quality elements. If sampling
frequency is 4 times per year, samples can be taken quarterly, which is
the recommended minimum frequency for acidification status and trans-
parency, or 4 times during growing season. Samples are taken monthly
in few Member States and usually not from all lakes, although this is the
recommended frequency by theWFD for oxygenation conditions.

3.2. Relationships between OM metrics

Analysis of the OM metrics included in the WATERBASE-Lakes
showed strong collinearity of all metrics with a sufficient number of ob-
servations (Fig. 3). The correlation between annual mean values of TOC
and DOC (r = 0.983) was the strongest, followed by TOC-WCol (r =
0.832), DOC-WCol (r = 0.769), BOD5-TOC (r = 0.634), and BOD5-CODCr

(r = 0.538). Relationships in which one metric explained (R2) N 50% of
the variability in another metric were considered strong enough to sug-
gest using the liner regression equations for mutual conversion of the
values if necessary for extending the time series (Table 5).

Table 2
Number of data entries for the annually aggregated organic matter metrics by countries.
Abbreviations as in Table 1.

Country BOD5 BOD7 CODMn CODCr DOC TOC WCol

Austria 10
Bulgaria 31 30 5
Cyprus 18 18 1
Estonia 8 7
Finland 48
Germany 13 16
Ireland 41 11 165
Italy 4 4
Lithuania 27
Netherlands 24
Norway 17 17
Poland 52
Portugal 16 6 1 4 23
Romania 28 4 27
Sweden 4 313 313
Slovenia 9
United Kingdom 40 65 3
Total 145 27 8 88 107 478 570
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4. Discussion

One glance on the map of Europe showing the spread of different
OMparameters in the surveillancemonitoringprogrammes of EUMem-
ber States and Norway (Fig. 2) convinces that no Europe-wide conclu-
sions on the situation regarding brownification and organic
enrichment can be drawn based on these data. First of all, the 42%
areal coverage of different OM measurements in EU-28 and Norway
leaving outmost of the central and southern Europe is by far insufficient
for that. Furthermore, in countries which measure OM, different
methods and parameters are used to characterize it. Selection of
which OM parameters are measured and which methods are used de-
pends often on research traditions in a specific country.

Most traditional parameters for the estimation of OM content in
water are BOD and CODwhich are supposed tomeasure organic enrich-
ment by oxygen consuming substances. BOD and COD have long time

series in many countries. For example, in Swedish Lake Mälaren, COD
has been measured since 1935 (Johansson et al., 2010). In the thematic
assessment for the EEA Water 2012 Report (ETC/ICM, 2012) 13 EU
Member States indicated organic enrichment as one of the pressures af-
fecting lakes, still we could not find any OMparameters included in sur-
veillance monitoring programmes of eight of these countries, even
those with the highest percentage of affected lakes (94% in Belgium,
46% in Greece and about 30% in Italy, France and Czech Republic).
BOD and COD are based on the oxidation of OM by biological or chem-
ical processes and the measurement of the O2 utilised or the oxidant
consumed. These methods are rough and not very precise. BOD and
COD are generally not suitable for lakes where the content of OM is
very low (e.g. oligotrophic or hard-water lakes). Determination of low
COD values inwater (1–35mg L−1) is possible using amodified dichro-
mate method (Hejzlar and Kopáček, 1990). In case of CODCr another
problem centres around the use of hexavalent chromium which is on

Fig. 2. Organic matter monitoring in the European Union Member States and in Norway. Countries are marked by their 2-digit codes (ISO 3166-2:1998).
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the list of chemicals banned in 2017 under the EU regulation 1907/2006
(EC, 2006).

TOC analysis was developed as an alternative to the BOD and COD
methods (Robards et al., 1994). It is also based on the oxidation of
OM, though combined with precisemeasurements of the CO2 produced
in the oxidation. The determination of TOC may be interfered by high
content of inorganic carbon (IC) in water. This interference can be elim-
inated by removing IC (using indirect method), although in this case
volatile organic carbon (VOC) is also removed. The VOC contribution
to TOC is negligible in many waters and the results obtained by this
method are, in practice, still considered as TOC (Robards et al., 1994).

TOC can be used to estimate the respective BOD or COD values, if a
reproducible empirical relationship is established between TOC values
and either BOD or COD (EEC, 1991; Domini et al., 2007). Strong correla-
tions between CODMn and TOC have been found, for instance, in Finnish
and Swedish lakes (Kortelainen, 1993a; Johansson et al., 2010). Howev-
er, there is no universal relation in order to convert BOD and COD values

to TOC. Careful regression analysis relating BOD or COD with TOC is re-
quired in different regions and lake types. Our analysis of the
WATERBASE lakes showed a rather strong correlation between TOC
and WCol (r = 0.832), however 96% of the data originated from
Sweden and Norway where coloured humic substances form the bulk
of OM in lakes. Although it may be tempting to expand strong empirical
relationships found between OM parameters for some region to other
areas, it should be avoided or, as maximum, applied with caution for
neighbouring areas with similar geological background and land cover.

According to the scenarios of warming climate, more DOC will reach
lakes and streams and freshwaters become browner (Pagano et al.,
2014; Weyhenmeyer et al., 2016). However, the increases of WCol are
often larger than that of OM because WCol is also known to be affected
by the quality of OM and the prevalence of iron (Kritzberg and Ekström,
2012). In addition, there are no Europe-wide exhaustive study on the
brownification phenomenon of surface wasters available, the hitherto
studies suggest that it is limited to the boreal, hemiboreal, and northern
temperate zones. The study by Skjelkvåle et al. (2005) analysing DOC
trends in four regions of Europe (Northern Nordic, Southern Nordic,
East Central Europe,West Central Europe, andUK/Ireland), foundpositive
slopes in all of them,with the Nordic ones andUK/Ireland considered sig-
nificant. Strong positive trends in DOC concentrations have been de-
scribed also in lakes in northern Germany at 53° N (Brothers et al.,
2014) and eastern Poland at 51° N (Lenard and Ejankowski, 2017),
whereas the Malše River in South Bohemia (49° N) (Hejzlar et al., 2003)
is perhaps the southernmost place where such trend has been described
in Europe. To the contrary, at the other side of the Alps, CDOM decrease
in Lake Maggiore over 1991–2008 (Minella et al., 2011).

Given the strong implications that brownification has for the aquatic
ecosystems andwater management, applying spectroscopic analyses or
remote sensing surveys might be an improvement or even an alternative
to national surveillancemonitoring programmes and a solution for better
characterizing the qualitative properties of OMand improving the resolu-
tion of the Europe-wide picture. Spectroscopic analysis is usually simple,

Table 3
Organic mattermetrics included in the lake surveillancemonitoring in the European UnionMember States, theirmeasurement standards (if available) and institutions responsible for the
monitoring. Abbreviations as in Table 1.

Member
State

BOD COD TOC/DOC WCol/yellow substance Responsible institution

Bulgaria BOD5 (BNS
EN 1899-1,2)

COD (ISO 6060) TOC (ISO
1484)

Executive Environment Agency (ИАОС), http://eea.government.bg/

Croatia BOD5 CODMn Croatian Environment Agency (AZO), http://www.azo.hr/
Denmark WCol The Danish Nature Agency, http://naturstyrelsen.dk/
Estonia BOD5

(EVS-EN
1899-2)

CODMn (SFS 3036),
CODCr (EVS-ISO
15705)

Yellow substance (STJ nr. V30),
WCol (EVS-EN ISO 7887 part
C)

Estonian Environment Agency (KAUR), http://www.keskkonnaagentuur.ee/

Finland CODMn (SFS
3036:1981)

TOC
(SFS-EN
1484:1997)

WCol (SFS-EN ISO 7887:1995
part 4)

Finnish Environment Institute (SYKE), http://www.syke.fi/

Hungary BOD COD TOC National Inspectorate for Environment, Nature and Water (OKTVF),
http://orszagoszoldhatosag.gov.hu/

Ireland WCol Environmental Protection Agency (EPA), http://www.epa.ie/
Latvia BOD5 (LVS EN

1899-2:1998)
TOC, DOC WCol (LVS EN ISO 7887:1994

part 3)
Latvian Environment, Geology and Meteorology Agency (LVĢMC),
https://www.meteo.lv/

Lithuania BOD7 CODMn WCol Environmental Protection Agency (AAA),
http://gamta.lt/cms/index?lang=lt

Norwaya TOC
(NS-ISO
8245)

WCol (NS 4787) Norwegian Institute for Water Research (NIVA),
http://www.niva.no/no/index

Portugalb BOD5 COD Portuguese Environment Agency (APA), http://www.apambiente.pt/
Romania BOD5 CODMn, CODCr National Romanian Agency for Environmental Protection (ANPM),

http://www.anpm.ro/
Slovenia TOC (ISO

8245:1998)
Slovenian Environment Agency (ARSO), http://www.arso.gov.si

Sweden CODMn (SS
028118–1)

TOC (SS-EN
1484 v.1)

WCol (SS-EN ISO 7887:2012
part B)

Swedish Environmental Protection Agency (SEPA),
http://www.naturvardsverket.se/; Swedish University of Agricultural
Sciences (SLU), http://www.slu.se/

a Norway is non-EU member but is connected to the EU as a European Free Trade Association country through the Agreement on the European Economic Area. TheWater Framework
Directive was transposed into the Norwegian Regulation on a Framework for Water Management in 2007 (EEA, 2012).

b There are no natural lakes in Portugal mainland, monitoring is done in reservoirs.

Table 4
Sampling frequency for organic matter monitoring in some of the European Union Mem-
ber States.

Member
State

Sampling
frequency

Comments

Croatia 4×/year Quarterly
Estonia 4×/year Small lakes: 4 times in growing season (May, July, August,

September)
7–8×/year Lake Peipsi: monthly in growing season

(April/May–November)
12×/year Lake Võrtsjärv: monthly

Ireland 12×/year Monthly
Latvia 4 or

12×/year
Norway 6×/year May, June, July, August, September and October
Slovenia 4×/year
Sweden 4×/year In reference lakes: quarterly
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fast and chemical-free and allows to comprehensively trace and under-
stand dynamics and transformations of OM in lakes. Major advantages
of spectroscopy are relatively low analytical costs, small sample volume
and no special sample preparation. Fluorescence and absorbance spec-
troscopy are still not suitable as general methods for OM measurements
since it is impossible to find reference material common for all different
natural waters (Peuravuori and Pihlaja, 2007). At the moment, fluores-
cence spectroscopy is not utilised for OM measurements in lake surveil-
lance monitoring in the EU at all and absorbance spectroscopy is
applied only for measuring the concentration of yellow substance.

Lake water quality has traditionally been monitored by in situ data
collection and laboratory analyses, which can be expensive and time
consuming when large areas have to be monitored. Automatic stations
for high frequency measurements and remote sensing could improve
the temporal and spatial representativeness of lake monitoring, al-
though these methods can be also quite expensive. CDOM and DOC
are measured with automatic stations only in 16 lakes around the

world (Meinson et al., 2016). These stations are not part of the national
surveillance monitoring programmes. Remote sensing is also not
utilised for OM measurements in lake surveillance monitoring in the
EU. Only investigative measurements of OM, mainly CDOM, in lakes
with remote sensing have been carried out in several EUMember States,
e.g. Finland (Kallio et al., 2001, 2015; Kutser et al., 2001, 2005a, 2005b),
Sweden (Kutser et al., 2005a, 2015; Kutser, 2012), Estonia (Kutser et al.,
2001; Toming et al., 2016), Germany (Heege and Fischer, 2004), Italy
(Giardino et al., 2007, 2015), and in the Netherlands (Vos et al., 2003;
Laanen, 2007). The interpretation of remote sensing data is generally
based on the use of bio-optical models or empirical algorithms, though
the number of algorithms for CDOM presented in the literature is quite
low (Kallio et al., 2001). Themajor advantage of remotely sensed water
quality is the representation of spatial variations in lakes; on the other
hand, the vertical representation of the water column is limited
(Odermatt et al., 2012). Remote sensing allows synoptic monitoring of
the CDOM in a large number of lakes, enabling thereby to get an inte-
grated view on its distribution and availability in lakes (Kutser et al.,
2005a, 2005b).

5. Conclusions

OMhas a crucial role for aquatic ecosystems andwatermanagement
both due to its coloured high molecular weight fractions affecting light
conditions and nutrient cycles, and low molecular weight fractions the
enrichment by which increases oxygen consumption and contributes
to the formation of bottom anoxia in lakes. As more DOC will reach
lakes and lakes become browner according to future climate scenarios,
and improved wastewater treatment is expected to diminish organic

Fig. 3. Matrix plot of the relationships between organic matter metrics in the WATERBASE-Lakes database. r – Pearson correlation coefficient, ns. – statistically non-significant. The
variables and their distributions are shown on the matrix diagonal. Lines show the linear fit. Number of points depends on the common measurement occasions in the database.
BOD5 – biochemical oxygen demand (5 days) BOD; CODCr – dichromate oxygen demand; WCol – water colour; DOC– dissolved organic carbon; TOC – total organic carbon.

Table 5
Regression equations describing strong (R2 N 0.5) and statistically significant (p b 0.001)
relationships between organic matter metrics in the WATERBASE-Lakes database. Coun-
tries are marked by their 2-digit codes (ISO 3166-2).

Regression equation R2 N Data by countries

LogTOC = 0.523 LogWcol + 0.998 0.691 345 SE 313; NO 17; IE 11; PT 4
LogTOC = 1.076 LogDOC + 0.017 0.966 13 DE 13
LogDOC = 0.898 LogTOC + 0.009 0.966 13 DE 13
LogDOC = 0.589 LogWcol − 0.813 0.591 42 IE 41; PT 1
LogWcol = 1.322 LogTOC + 0.364 0.691 345 SE 313; NO 17; IE 11; PT 4
LogWcol = 1.004 LogDOC + 0.738 0.591 42 IE 41; PT 1
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enrichment with oxygen consuming substances, surveillance monitoring of OM has a double task to measure adequate OM parameters allowing to
disentangle and trace both trends.

Our analysis showed that the presentWFD surveillancemonitoring programmes within EU-28 plus Norway are far from being fit for these tasks.
In about half of the countries and 60% of the total territory, no OMmetric is regularly monitored. In countries which measure OM, a large variety of
different, non-convertible parameters andmetrics are used that complicates getting a Europe-wide picture of changes inOMcontent in lakes over the
last decades.

Although TOC and DOC quantify, correspondingly, the total and dissolved organic matter content, the fractional composition and, hence, the dy-
namics and biogeochemical role of those substances varies over a wide range. Because of this, lake monitoring programmes should include also
methods (e.g. absorbance or fluorescence spectroscopy) allowing to characterize the composition and structure of OM. Coordinated implementation
of automatic high frequency spectroscopicmeasurements of OM in a number of lakes over Europe and broader regional remote sensing surveys could
be an alternative to national monitoring programmes and improve the temporal and spatial representativeness of lake OMmonitoring.
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Appendix A. Information sources on lake surveillance monitoring programmes

Country Sources of information

Austria BMLFUW, 2014
Belgium Flanders: VMM, 2015

Wallonia: Qualité physico-chimique des cours d'eau en Région wallonne (http://aquaphyc.environnement.wallonie.be/login.do#)
Brussels: Bruxelles Environnement, 2015

Bulgaria EEA, 2008
Croatia AZO, 2013

AZO, 2015
Cyprus MOA, 2007
Czech
Republic

Information not available

Denmark Jensen et al., 2015
Estonia Small lakes: Väikejärvede seire (http://seire.keskkonnainfo.ee/index.php?option=com_content&view=article&id=2116&Itemid=429)

Lake Peipsi: Peipsi järve hüdrokeemiline ja hüdrobioloogiline seire
(http://seire.keskkonnainfo.ee/index.php?option=com_content&view=article&id=2111&Itemid=424)
Lake Võrtsjärv: Võrtsjärve hüdrokeemiline ja hüdrobioloogiline seire
(http://seire.keskkonnainfo.ee/index.php?option=com_content&view=article&id=2115&Itemid=428)

Finland Niemi, 2001
Kutser et al., 2005a
Kallio, 2012

France Les programmes de surveillance (http://www.surveillance.eaufrance.fr/parametres/?bassin=FR&cat_eau=SW)
Germany Umweltbundesamt, 2017
Greece Information not available
Hungary Fehér, 2010
Ireland Free et al., 2006
Italy APAT, 2004
Latvia Vides monitoringa programma 2015.-2020. gadam

(https://www.meteo.lv/lapas/noverojumi/vides-monitoringa-pamatnostadnes-un-programma/vides-monitoringa-programma-2015-2020-gadam/vides-
monitoringa-programma-2015-2020-gadam?id=2002&nid=968)

Lithuania Ežerų ir tvenkinių būklė (http://vanduo.gamta.lt/cms/index?rubricId=8ea41f73-9742-4d71-aa10-0a5988713fe5)
Luxembourg Information not available
Malta Information not available
Netherlands Ministerie van Infrastructuur en Milieu, 2014
Norway AquaMonitor (http://www.aquamonitor.no/mjosovervak/)

Hagman et al., 2015
Finstad et al., 2016

Poland Information not available
Portugal Qualidade da Água Superficial (http://snirh.pt/index.php?idMain=1&idItem=1.5&idISubtem=BOLETIM)
Romania Oroian and Odagiu, 2012
Slovenia ARSO, 2011
Slovakia Makovinska, 2012
Spain MAGRAMA, 2016
Sweden Köhler et al., 2013

Fölster et al., 2014
Six-year cycle lakes: SEPA, 2007a
Reference lakes: SEPA, 2007b
Large lakes: SEPA, 2008

United
Kingdom

UKTAG, 2007
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Abstract: The importance of lakes and reservoirs leads to the high need for monitoring lake water
quality both at local and global scales. The aim of the study was to test suitability of Sentinel-2
Multispectral Imager’s (MSI) data for mapping different lake water quality parameters. In situ
data of chlorophyll a (Chl a), water color, colored dissolved organic matter (CDOM) and dissolved
organic carbon (DOC) from nine small and two large lakes were compared with band ratio algorithms
derived from Sentinel-2 Level-1C and atmospherically corrected (Sen2cor) Level-2A images. The
height of the 705 nm peak was used for estimating Chl a. The suitability of the commonly used
green to red band ratio was tested for estimating the CDOM, DOC and water color. Concurrent
reflectance measurements were not available. Therefore, we were not able to validate the performance
of Sen2cor atmospheric correction available in the Sentinel-2 Toolbox. The shape and magnitude of
water reflectance were consistent with our field measurements from previous years. However, the
atmospheric correction reduced the correlation between the band ratio algorithms and water quality
parameters indicating the need in better atmospheric correction. We were able to show that there is
good correlation between band ratio algorithms calculated from Sentinel-2 MSI data and lake water
parameters like Chl a (R2 = 0.83), CDOM (R2 = 0.72) and DOC (R2 = 0.92) concentrations as well as
water color (R2 = 0.52). The in situ dataset was limited in number, but covered a reasonably wide
range of optical water properties. These preliminary results allow us to assume that Sentinel-2 will be
a valuable tool for lake monitoring and research, especially taking into account that the data will be
available routinely for many years, the imagery will be frequent, and free of charge.

Keywords: Sentinel-2; lakes; remote sensing; Sen2cor; chlorophyll a; CDOM; dissolved organic
carbon; water color; water monitoring

1. Introduction

Lakes and reservoirs act as regulators of carbon cycling and climate [1]. They provide water for
multiple human uses from drinking water to recreation and support high levels of biodiversity [2].
There is a high need for monitoring lake water quality at local to global scales. There are about
117 million lakes in the world [3], but only a small fraction of them is included in in situ monitoring
networks and the frequency of in situ monitoring is often limited. Increasing amount of lakes has
been equipped with automated monitoring systems [4,5] that provided data with sufficient frequency.
However, the number of lakes with such systems is still rather small. Satellite remote sensing is the only
feasible way to monitor lakes when we have global questions (like carbon cycle) under investigation,
or when water quality over large regions has to be monitored with reasonable frequency.
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Water quality indicators like chlorophyll a (Chl a), total suspended matter, turbidity, Secchi depth
and colored dissolved organic matter (CDOM) can be measured using remote sensing techniques [6–13].
In our study, we concentrated on the Chl a, CDOM and its related parameters like dissolved organic
carbon (DOC) and water color. The photosynthetic pigment Chl a is a key indicator of phytoplankton
biomass. Thus, the estimation of Chl a concentration is essential for monitoring of water quality [14].
CDOM and DOC are also of great interest playing a significant role in the carbon and energy cycle of
lakes and affecting treatability of drinking water [15,16].

Satellite monitoring of lakes has been hampered by lack of appropriate satellite sensors [17]. Ocean
color sensors, like the Moderate Resolution Imaging Spectroradiometer (MODIS) and the MEdium
Resolution Imagining Spectrometer, (MERIS), had frequent revisit time (1–3 days) and sufficient
radiometric resolution (12-bit) needed for dark objects like waterbodies. However, spatial resolution of
these sensors (300–1000 m) was suitable only for very large lakes while majority of the lakes on Earth
are small [3]. Previous Landsat series (Landsat 1–7) satellites had good spatial resolution (30–79 m) but
limited radiometric resolution (6–8 bits) being usable to certain extent for mapping lake water quality
parameters [8,13,18–20]. Landsat 8 radiometric resolution is 12-bit and it is suitable for remote sensing
of even dark (CDOM-rich) lakes [21]. Still, the revisit time of Landsat 8 is rather long (16 days) limiting
its use in routine monitoring of lake water quality.

The launch of Multispectral Imager’s (MSI) onboard Sentinel-2 in 2015 opened a great new
potential in lake remote sensing. The imagery is with 10 m, 20 m and 60 m spatial resolution, meaning
that even small lakes can be studied. Data are acquired in 13 spectral bands and radiometric resolution
of the sensor is 12-bit [22]. Revisit time of Sentinel-2 will be five days when the second satellite is in
orbit in the beginning of 2017. However, at higher latitudes, like in Estonia, the revisit time will be
almost every second day because of the overlapping orbits.

The MSI was not designed for aquatic remote sensing. Up to now the usefulness of the MSI for
water applications has been demonstrated only for separating water bodies from land [23]. Mapping
water bodies from space using MSI data should allow improving the global inland water map from
current 14.25 m resolution [3] to 10 m. Frequent high spatial resolution imagery will allow also to
move from static inland water maps to dynamic ones, i.e., separate “permanent” inland waters from
temporarily inundated areas. Hedley et al. [24] demonstrated with synthetic dataset that the MSI data
are potentially useful for coral reef mapping and detecting bleaching events. However, coral reefs are
relatively bright objects while lakes in boreal zone are relatively dark making retrieval of water quality
parameters a more demanding task. We have shown earlier [21] that the Sentinel-2 spectral band at
783 nm can detect part of the signal of the 810 nm peak [21]. In the extreme CDOM-rich lakes, this
peak is the only piece of information not affected by CDOM absorption and can be used for estimating
concentration of Chl a. However, this study was mainly performed using hyperspectral field data and
the performance of MSI was demonstrated only at qualitative bases. Therefore, there is currently no
demonstration that the MSI imagery can be used for mapping inland water quality.

Atmospheric correction of inland water imagery is a complicated issue. Some authors [19,20]
have even shown for Landsat imagery that the top of atmosphere imagery provided better result than
atmospherically corrected imagery. The Sentinel-2 toolbox contains Sen2cor atmospheric correction
procedure. It was not designed for waterbodies. However, it will probably be the first choice for many
users due to its availability in the toolbox. We do not have in situ measured reflectance data collected
simultaneously with Sentinel-2 overpass. Therefore, it was not possible to validate the performance of
Sen2cor directly.

The main aim of our study was to test suitability of Sentinel-2 MSI data for mapping different
lake water quality parameters (Chl a, water color, CDOM and DOC) by means of band ratio type
algorithms, which have demonstrated good performance in previous lake remote sensing studies
using other multispectral sensors. We assume that this will be a demonstration of the suitability of the
Sentinel-2 MSI sensor for quantitative lake remote sensing if the algorithms that performed well in the
case of other sensors perform well also in the case of MSI.
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2. Materials and Methods

2.1. Study Sites and in Situ Data

Nine small and two large lakes (Lake Peipsi and Lake Võrtsjärv) were sampled in the frame of the
state monitoring program in Estonia, August 2015. All lakes were sampled once. The locations of the
studied lakes are shown in Figure 1. There were 8 sampling points in Lake Võrtsjärv, 6 in Lake Peipsi
and one in each small lake (altogether 23 sampling points). More detailed information about sampled
lakes is displayed in Table 1.
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Table 1. Study sites and their main characteristics. Avg, average, Max, maximum.

Lake Name x-coordinate y-coordinate Area
(ha)

Avg Depth
(m)

Max
Depth (m)

Catchment
Area (km2)

Secchi Depth
2015 (m)

Trophic
State

Nohipalo Valgõjärv 698140 6427130 7 6.2 12.5 - 4.5 Oligotrophic
Pühajärv 645054 6433972 298.3 4.3 8.5 44 3.0 Eutrophic

Rõuge Suurjärv 674071 6402220 15 11.9 38 25.8 3.1 Eutrophic
Viitna Pikkjärv 614054 6591301 16.4 3 6.2 1.1 3.4 Oligotrophic

Ähijärv 649104 6399416 181.4 3.8 5.5 14.7 2.1 Eutrophic
Karijärv 641931 6464450 82.1 5.7 14.5 11.1 2.3 Eutrophic

Keeri 643615 6467624 127.3 3 4.5 408 1.3 Eutrophic
Käsmu 606437 6606460 48.5 2.2 3.3 16.5 1.4 Mixotrophic
Lohja 595682 6602433 56 2.2 3.7 12.3 0.7 Mixotrophic

Võrtsjärv 620167 6465743 27,000 2.8 6.0 3104 0.8 Eutrophic
Peipsi 69683 6501577 355,500 7.1 15.3 47,800 1.8 Eutrophic

In situ data were collected from 3 August 2015 to 18 August 2015. The mean time difference
between Sentinel-2 and in situ data were approximately 5 days. DOC, CDOM, water color and Chl a
were measured from surface (small lakes) or from integrated water samples (large lakes). No in situ
reflectance measurements were carried out during this field campaign.

For the determination of DOC concentrations (mg¨L´1) in small lakes, water samples were filtered
through Whatman GF/F glass microfiber filters previously washed with 500 mL of ultrapure water
(Milli-Q) and the organic carbon content of the filtrates were measured by a TOC-VCPH analyzer
(Shimadzu, Kyoto, Japan). This method conforms to the European standard method [25]. DOC
concentrations were determined directly as inorganic carbon was eliminated by acidifying samples to
pH 2 or less with 2 M HCl and subsequently purging samples with purified gas to remove the CO2.
The samples were combusted at 680 ˝C to convert DOC components to CO2 which was detected with
a non-dispersed infrared gas analyzer. For determination of DOC concentrations in Lakes Peipsi and
Võrtsjärv, the carbon content of the filtrate was measured according to [26].
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The amount of CDOM was characterized by its concentration (mg¨L´1) calculated from following
equation [27,28]:

CCDOM “
c* f pλq

expp´Spλ ´ λ0qqa*CDOMpλ0q (1)

where a*CDOM(λ0) is the specific absorption coefficient of DOM, which numerical value at λ0 = 380 nm
was 0.565 L¨m´1¨mg´1 [27]; S is the slope parameter equal to 0.017 nm´1 [28]; and c*f(λ) was taken
from spectrometric reading at λ = 380 nm.

Water color is usually routinely analyzed water quality parameter in limnological studies, but
also in water treatment plants, since it can be measured easily and at minimal cost. Water color is
measured from filtered water and it gives us similar information about water quality as DOC and
CDOM, but it is much more robust. Water color (mg¨Pt¨L´1) was determined by spectrophotometric
measurements of absorbance at 410 nm in Lake Peipsi and Võrtsjärv and at 420 nm in small lakes in
our study. Both methods conform to the ISO standard method [29].

For Chl a (µg¨L´1), 0.1–1 L of water was passed through Whatman GF/F glass microfiber filter and
concentrations were measured spectrophotometrically [30] at a wavelength of 665 nm from 96% ethanol
extracts of the filters.

2.2. Sentinel-2 Data

Sentinel-2 Level-1C (L1C) MSI data were downloaded from Sentinels Scientific Data Hub
(https://scihub.copernicus.eu/). Sentinel-2 images were available on 11, 14 and 17 August 2015.
The L1C product is composed of 100 km2 tiles (ortho-images in UTM/WGS84 projection) [22].
Per-pixel radiometric measurements are provided in Top of Atmosphere (TOA) reflectances with all
parameters to transform them into radiances. L1C products are resampled with a constant Ground
Sampling Distance (GSD) of 10, 20 and 60 m depending on the native resolution of the different spectral
bands (Table 2) [22]. The images from WGS84 UTM zone 35 with 20 m resolution were used.

Table 2. Spectral bands, central wavelengths (nm), bandwidths (nm) and corresponding spatial
resolutions (m) of Sentinel-2 MSI sensor. The first seven bands were used in this study.

Band Number Central Wavelength (nm) Bandwidth (nm) Spatial Resolution (m)

1 443 20 60
2 490 65 10
3 560 35 10
4 665 30 10
5 705 15 20
6 740 15 20
7 783 20 20
8a 842 115 10
8b 865 20 20
9 945 20 60
10 1375 30 60
11 1610 90 20
12 2190 180 20

Sentinel-2 Toolbox (S2TBX) version 2.0.4 in Sentinel Application Platform (SNAP) version 2.0.2 on
Windows 7 (64 bit) was used to process the images. Then, 3 ˆ 3 cloud free pixels were extracted from
each sampling point situated in the middle of the lake and the mean values of the pixels were used for
analyses. To get the Level-2A (L2A) Bottom of Atmosphere (BOA) reflectance images (derived from
the associated L1C products) Sen2cor atmospheric correction module was applied.

2.3. Remote Sensing Algorithms

As was mentioned above, our aim was not developing new remote sensing algorithm but to test
the performance of MSI with well-established band ratio algorithms that have performed well in the
case of other sensors. The height of the reflectance peak between 700 and 720 nm has been used for
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estimating the Chl a concentration in lake waters for more than two decades [6,31–34]. Sentinel-2
has band 5 (705 nm) in this spectral region. Therefore, we calculated the height of the peak against
the band 4 (665 nm) and band 6 (740 nm) baselines and tested whether it is in correlation with the
chlorophyll a in the studied lakes.

CDOM absorption is the strongest in the blue part of spectrum and decreases exponentially with
increasing wavelength. Therefore, it would be logical to use blue to red ratios for estimating lake
CDOM content. However, water leaving signal in blue bands is often negligible in the case of lake
waters due to CDOM and relatively high amount of phytoplankton that both absorb light in blue part
of spectrum. In extreme CDOM-rich lakes the water leaving signal may be close to zero even in green
and red parts of spectrum (up to 650 nm) [21]. However, if to exclude the extreme lakes then the green
to red band ratios have demonstrated the best performance in retrieving lake CDOM from remote
sensing [18,35–37]. It must be noted that the study by Zhu et al. [37] tested many algorithms with lake
data from around the world and showed good performance of the green to red ratio globally. Therefore,
we used the band 3 to band 4 ratio for estimating CDOM concentration from Sentinel-2 imagery. DOC
concentration is in good correlation with its colored component CDOM in many lakes [38,39]. Thus,
the same band ratio is used for retrieving lake DOC. In addition, we used the same band ratio for
water color that is very similar parameter to CDOM.

3. Results

3.1. In Situ Data

The concentration of DOC varied from 6.04 to 20.9 mg¨L´1, Chl a from 3.6 to 72.9 µg¨L´1, CDOM
from 1.77 to 15.8 mg¨L´1 and water color from 3 to 30 mg¨Pt¨L´1 in studied lakes (Table 3). The highest
values of Chl a, DOC, CDOM and water color were measured from Lake Lohja and Lake Võrtsjärv and
the lowest from Lake Nohipalo Valgõjärv, Lake Rõuge Suurjärv and Lake Viitna Pikkjärv. DOC were
measured only in one sampling point in Lake Võrtsjärv and in two sampling points in Lake Peipsi.
Data collected on previous years have shown that the concentration of the DOC varies approximately
1–2 mg¨L´1 between sampling points in those lakes [17]. There were no data about CDOM in Lake
Peipsi in August 2015. The values of CDOM in Lake Peipsi have been similar to the values of CDOM
measured from Lake Võrtsjärv in previous years [40].

Table 3. Sampling date and in situ data of dissolved organic carbon (DOC), chlorophyll a (Chl a),
colored dissolved organic matter (CDOM) and water color (Color) in studied lakes.

Lake Date DOC (mg¨L´1) Chl a (µg¨L´1) CDOM (mg¨L´1) Color (mg¨Pt¨L´1)

Nohipalo Valgõjärv 3 August 2015 6.65 3.70 1.77 3.00
Pühajärv 3 August 2015 10.0 11.0 3.54 5.00

Rõuge Suurjärv 4 August 2015 6.04 3.60 2.30 3.50
Viitna Pikkjärv 10 August 2015 6.25 5.60 3.01 5.00

Ähijärv 4 August 2015 9.84 10.0 2.65 3.50
Karijärv 18 August 2015 10.3 4.00 4.07 6.00

Keeri järv 18 August 2015 8.14 29.0 5.13 7.50
Käsmu 12 August 2015 12.8 30.0 6.73 10.0
Lohja 12 August 2015 20.9 50.0 15.8 22.0

Peipsi 92 18 August 2015 - 18.8 - 20.0
Peipsi 2 18 August 2015 - 21.3 - 20.0

Peipsi 79 18 August 2015 - 18.9 - 20.0
Peipsi 11 18 August 2015 11.4 24.6 - 20.0
Peipsi 12 18 August 2015 - 29.9 - 25.0
Peipsi 38 18 August 2015 11.8 27.0 - 25.0

Võrtsjärv 10 18 August 2015 14.0 47.2 4.74 25.0
Võrtsjärv Sula Kuru 18 August 2015 - 62.3 5.13 30.0

Võrtsjärv Ohne 18 August 2015 - 52.8 4.53 25.0
Võrtsjärv Tamme 18 August 2015 - 44.3 4.35 25.0

Võrtsjärv Tarvastu 18 August 2015 - 72.9 4.42 25.0
Võrtsjärv Karikolga 18 August 2015 - 34.3 4.18 25.0

Võrtsjärv Joesuu 18 August 2015 - 30.9 4.21 25.0
Võrtsjärv Tanassilma 18 August 2015 - 37.1 4.21 25.0



88

Remote Sens. 2016, 8, 640 6 of 14

3.2. Atmospheric Correction and Reflectance Spectra

Sen2cor atmospheric correction procedure was used to remove atmospheric contribution from the
MSI imagery. This procedure is not designed for aquatic environments. However, due to its availability
in the Sentinel-2 Toolbox it will most probably be the first choice atmospheric correction procedure
many people will use.

We do not have in situ reflectance measurements from the lakes under investigation carried
out simultaneously with the Sentinel-2 overpass. Therefore, we cannot validate the performance of
atmospheric correction directly. However, we have field reflectance data from Lakes Võrtsjärv and
Peipsi collected in 2011–2013. These reflectance spectra were recalculated into Sentinel-2 bandwidths
and compared with the Sen2cor corrected reflectances. This comparison is a good preliminary test
of any atmospheric correction procedure as quite often the atmospheric correction procedures that
perform well in the case of clear oceanic waters overcorrect the data in coastal and inland waters
producing negative reflectances in blue part of spectrum. Sometimes the reflectance values are also
negative at higher wavelengths. This did not happen in the case of Sen2cor and Sentinel-2 data, as seen
in Figure 2. The atmospheric correction worked better in the case of Võrtsjärv where the Sentinel-2
reflectances resemble the in situ results well (Figure 2a). There are larger differences between Sentinel-2
and in situ measured reflectances in the case of Lake Peipsi data (Figure 2b).
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Figure 2. Field reflectance spectra collected 2011–2013 and recalculated into Sentinel-2 bands
(grey lines) and Sentinel-2 reflectance spectra (black lines) obtained with Sen2cor atmospheric
correction procedure for: Lake Võrtsjarv (a); and Lake Peipsi (b).

Top of atmosphere (TOA) and bottom of atmosphere (BOA) reflectance spectra for selected lakes
are shown in Figures 3 and 4. The difference in optical properties of the studied lakes is clearly seen
also in the reflectance spectra. For example, Viitna Pikkjärv has relatively clear water with low Chl a
concentration. Its reflectance is the lowest and there is no peak at 705 nm typical to phytoplankton-rich
waters. Lake Peipsi has relatively dark (CDOM-rich) waters while Lake Võrtsjärv is known by high
amount of resuspended sediments due to its shallow water depth. The differences are clearly seen
in Figure 4 where Lake Peipsi reflectance is much lower due to the higher absorption and smaller
backscattering coefficient of its waters.
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Figure 3. Reflectance spectra of three small lakes: (a) top of atmosphere (TOA) reflectance; and (b)
bottom of atmosphere (BOA) reflectance after correction with Sen2cor.
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Figure 4. Reflectance spectra of large Lakes Peipsi and Võrtsjärv: (a) top of atmosphere reflectance
(TOA); and (b) bottom of atmosphere (BOA) reflectance after correction with Sen2cor.

3.3. Results of the Remote Sensing Algorithms vs. in Situ Data

An algorithm describing the height of the 705 nm peak against the baseline of two neighboring
spectral bands was used for chlorophyll retrieval (Figure 5).

There are several band ratio algorithms developed for estimating lake CDOM concentrations and
closely related water color and DOC concentrations [18,35–37]. Most of them are based on the green to
red ratio as water leaving signal is often very low in blue part of spectrum and atmospheric correction
issues are usually the largest in the blue bands as well. Zhu et al. [37] have analyzed the performance
of different CDOM-retrieval algorithms and found the green to red band ratio working well over wide
variety of lakes in different part of the world. Therefore, we used also the MSI band 3 to band 4 ratio
to retrieve CDOM, color and DOC concentrations (Figures 6–8). Surprisingly, the correlation was the
strongest with the DOC rather than the CDOM and water color that have direct effect on the water
reflectance spectra. One of the possible explanations may be slightly different sets of lakes that were
used in the analysis (see Table 3) as for some lakes from where we have DOC results CDOM was not
measured and vice versa.
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Figure 5. Correlation between the height of the 705 nm peak calculated from the Sentinel-2 data and
chlorophyll a (Chl a) measured from water samples: (a) band ratio calculated from the top of atmosphere
reflectance (L1C); and (b) band ratio calculated from the bottom of atmosphere reflectance (L2A).
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Figure 6. Correlation between the ratio of bands 3 and 4 calculated from the Sentinel-2 data and
colored dissolved organic matter (CDOM) concentrations measured from water samples: (a) band ratio
calculated from the top of atmosphere reflectance (L1C); and (b) band ratio calculated from the bottom
of atmosphere reflectance (L2A).Remote Sens. 2016, 8, 640; doi:10.3390/rs8080640 9 of 14 
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Figure 7. Correlation between the ratio of bands 3 and 4 calculated from the Sentinel-2 data and water
color (Color) estimated from water samples: (a) band ratio calculated from the top of atmosphere
reflectance (L1C); and (b) band ratio calculated from the bottom of atmosphere reflectance (L2A).
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Figure 8. Correlation between the ratio of bands 3 and 4 calculated from the Sentinel-2 data and
concentration of dissolved organic carbon (DOC) measured from water samples: (a) band ratio
calculated from the top of atmosphere reflectance (L1C); and (b) band ratio calculated from the
bottom of atmosphere reflectance (L2A).
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4. Discussion

The small (10 m) pixel size of the Sentinel-2 MSI sensor is a great advantage in lake remote sensing
as even very small lakes can be observed. However, several critical for lake remote sensing bands (5–7)
are available with 20 m resolution. To make use of the full spectral resolution between 443 and 783 nm,
we resampled MSI spectral bands 1–7 to a common 20 m pixel size. In order to reduce the random
noise we used an average of 3 ˆ 3 pixels around the in-situ sampling points instead of the single pixel
value. We studied lakes as small as 7 ha, but much smaller lakes can be studied with 20 m pixel size.
This opens great potential for monitoring of water quality on regional to national scale or determining
the role of lakes in the global carbon cycle where the small lakes are of greater importance due to their
large number [3] and higher carbon sequestration [1].

The Sentinel-2 data used were collected on 11, 14, and 17 August 2015 while the in situ sampling
was carried out during the period between August 3 and August 18. Studies in boreal lakes [20,41]
have shown that a few days difference between the image acquisition and in situ data collection does
not affect retrieval accuracy of water parameters significantly, especially in the case of relatively stable
parameters like CDOM, DOC and water color. Kutser [20] found that ˘3 days was as good as exact
match-up, a week time difference reduced the correlation, but a month time difference was too much
even for estimating a relatively stable parameter like CDOM. On the other hand Cardille et al. [41]
found that even much longer time differences are still acceptable.

Water parameters can change over a short period mainly in two cases: heavy rain bringing
dissolved and particulate material into the lakes or during phytoplankton blooms. Especially
cyanobacterial blooms may be spatially very heterogeneous and biomass may vary two to three orders
of magnitude within a few hundred meters. It has even been shown that 30 m pixel is not sufficient
to describe the spatial variability of biomass in cyanobacterial blooms [42]. Weather conditions were
stable between the image acquisition and in situ sampling and no cyanobacterial blooms were reported.
One may assume that the time difference between the in situ sampling and image acquisition reduces
the correlation between satellite products and the actual in situ values. This may have been the case
also in our study, but the correlation coefficients were still very high indicating that the time difference
was not a major problem.

Atmospheric correction of coastal and inland water imagery is a challenge. There are advancements
also in atmospheric correction methods for optically complex waters [43,44]. Some of these procedures
will become freely available and/or will be included in SNAP in the not so distant future. However,
Sen2cor, freely available in the SNAP software, will probably be the first choice for many users to
test. We were not able to validate the performance of Sen2cor in lake remote sensing directly as
we did not have field reflectance data measured simultaneously with Sentinel-2 image acquisition.
Consequently, we were able to assess the performance of the Sen2cor in two indirect ways—by
comparing the reflectance spectra with our field data from the same lakes collected in previous years
and by comparing the water parameter retrievals from corrected and uncorrected data. Based on the
comparison of reflectance spectra we can see that the atmospheric correction worked better in the case
of more turbid (higher signal) Lake Võrtsjärv. Lake Peipsi is more CDOM-rich with low reflectance in
general and nearly negligible reflectance in blue part of spectrum. Sen2cor produced too high values
in blue part of spectrum. This may be due to glint or atmospheric correction errors that are more
pronounced in the case of low water leaving signal. The errors in blue part of spectrum are typical to
all atmospheric correction procedures.

Reflectance spectra obtained for small lakes were also realistic. Therefore, we expected to see
good performance of the remote sensing algorithms when atmospherically corrected data was used.
Nevertheless, the results obtained with TOA reflectance were better than with BOA reflectance in the
case of all studied parameters. In the case of chlorophyll a the difference was minor, but for other
parameters it was relatively large. This indicates poor performance of Sen2cor in correcting lake pixels.
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The location of the reflectance peak in the 700–720 nm region shifts towards longer wavelength
with increasing concentration of phytoplankton. The Sentinel-2 MSI 705 nm band is almost perfectly
located to capture this peak. Our results showed that the amplitude of the 705 nm peak against
the 665–740 nm baseline was in very good correlation with Chl a concentration in the studied lakes
(R2 = 0.83). In the case of Chl a estimation the atmospherically corrected data produced similar results
with the TOA reflectance. This can be explained by the wavelengths used in the chlorophyll retrieval
algorithm (longer wavelengths are less affected by atmospheric correction errors) and the type of
algorithm that calculates the height of the 705 nm peak against a baseline. The performance of this
kind of algorithms depends more on spectral shape rather than absolute values.

The commonly used [18,35–37] green to red band ratio was in good correlation with lake CDOM
(R2 = 0.72) and water color (R2 = 0.52). Consequently, these lake parameters can be mapped from
space using Sentinel-2 data. Surprisingly, the correlation with DOC was even higher (R2 = 0.92)
than with CDOM. If in many lakes the correlation between DOC and its colored component is very
strong [38,45,46] then in Estonian lakes the relationship is varying seasonally [47,48]. Moreover, it has
been shown [49] that iron bound to carbon molecules absorbs light in a similar way like CDOM and
variable carbon to iron ratio makes remote sensing mapping of lake DOC more complicated. One of
the possible reasons of this result is slightly different set of lakes used as for some lakes from where we
have DOC data CDOM was unavailable and vice versa. Another possible explanation is that the ratio
of colored to uncolored DOC as well as carbon to iron ratio in the studied lakes somehow compensated
each other’s optical effects and the green to red band ratio allows to predict lake DOC with higher
confidence than CDOM.

The Chl a retrieval algorithm performed similarly well in the case of TOA and BOA reflectance
spectra. However, the green to red ratio, used for retrieving CDOM, DOC and water color,
performed much better in the case of TOA reflectance rather than from atmospherically corrected data.
Atmospheric effects in the measured signal are the highest in blue end of spectrum and decrease nearly
exponentially with increasing wavelength. The red and NIR bands are relatively little affected by the
atmospheric effects. The green band, on the other hand, is affected by atmosphere much more. It is easy
to understand that a minor error in atmospheric correction may be as large as the whole water leaving
signal if more than 90% of the signal measured at the satellite altitude is atmospheric contribution.
Therefore, the over- or undercorrection of the data is larger in the green band than in red and NIR
bands and consequently minor errors in the atmospheric correction affect the CDOM/DOC retrieval
algorithms much more than the Chl a retrieval algorithm based on the peak of the 705 nm band.
This may be the reason why TOA reflectance gave better results than the BOA reflectance although
the qualitative inspection of BOA reflectances showed that the water reflectances were reasonable for
many lakes.

In the absence of better sensors for inland water remote sensing scientists have
used land remote sensing satellites like Landsat or EO-1 (Advanced Land Imager and
Hyperion) [8,9,13,18–20,35–37,41,47,50,51]. EO-1 was an experimental satellite and did not have
global coverage. Landsat series satellites revisit time is 16 days. Meaning that monitoring of inland
water quality was not possible as many processes (like algal blooms) may last shorter period than
the 16 days and remain undetected with Landsat even in the lucky case where consecutive images
are acquired in cloud free days. The situation will change dramatically when both Sentinel-2A and
Sentinel-2B will be in orbit. Five days revisit time on the Equator and more frequent sampling at higher
latitudes will make Sentinel-2 a real monitoring tool for inland and coastal waters where 300 m spatial
resolution of OLCI (launched on Sentinel-3) is not sufficient. Moreover, combining the two Sentinel-2
with Landsat 8 will allow increasing the frequency of measurements even further. This is especially
true for parameters like CDOM and DOC that can be estimated using green and red spectral bands
that are rather similar on both sensors. Most probably this will also apply for total suspended solids
(TSS). We did not have TSS data to test this with Sentinel-2, but usually TSS is the easiest parameter to
estimate from satellites and for Landsat it was demonstrated already a quarter of the century ago [8].
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Where significant advancement in lake and inland water remote sensing are foreseen after the launch
of Sentinel-2 is remote sensing of Chl a. Landsat series satellites do not have spectral bands in the
700–720 nm spectral range. It has been demonstrated in many studies [6,10,11,21,31–34,42] that this
peak is the best indicator of phytoplankton biomass and can be calculated from TOA data [33,34].
We found also that there is very good correlation between the peak height at 705 nm and chlorophyll
concentration in the lakes and the relationship is relatively insensitive to atmospheric correction issues
as the correlation was good both for TOA and BOA data.

The only problems in quantitative monitoring of phytoplankton biomass may occur when surface
scum is formed during cyanobacterial blooms. First of all the thickness of the scum is usually unknown
and its optical properties on the surface (seen by remote sensing sensors) may be quite different from
the interior due to photobleaching and/or degradation of biomass. Moreover, we have shown in
the case of cyanobacterial bloom in the Baltic Sea [52] that the 10 m spatial resolution of MSI is not
sufficient in many circumstances as the stripes of scum at the surface may be too narrow. In such cases
the reflectance of surface scum is identical to dense subsurface bloom and high NIR reflectance typical
to floating biomass is not formed.

5. Conclusions

We did not have simultaneous field radiometry data to validate the performance of Sen2cor
atmospheric correction directly. Comparison of the BOA reflectance with older field data showed
that results are realistic in the case of more turbid lakes and not so good in the case of darker lakes.
Comparing the results of water quality parameter retrieval from TOA and BOA imagery shows that
the Sen2cor atmospheric correction did not perform well as the results are better for uncorrected data.

The results show that Sentinel-2 MSI data has great potential for inland water remote sensing as
we were able to map Chl a, CDOM and DOC concentrations as well as water color in lakes by means
of commonly used band ratio type algorithms.

This study is the first attempt to test capabilities of Sentinel 2 MSI sensor in inland water remote
sensing. The results may be considered as preliminary because the in situ database was limited and no
reflectance data was collected to validate the performance of atmospheric correction. Nevertheless, the
results are very encouraging for inland water monitoring and research.
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A B S T R A C T

Dissolved organic matter (DOM) is a critical component in freshwater ecosystem functioning. The main sources
of DOM in lakes are allochthonous inputs from the catchment and autochthonous in-lake production. This study
focused on the role of catchment characteristics on the qualitative and quantitative properties of DOM in small
temperate lakes along a gradient of alkalinity. We examined DOM properties based on the optical absorbance
and fluorescence measurements of water from 34 Estonian lakes. The content and composition of DOM were
highly diverse in the lakes studied, e.g. the dissolved organic carbon (DOC) concentrations varied from 3.2 to
53.0 mg L−1. Land cover, soil, and catchment hydrology and geology had substantial effects on DOM in lakes.
Stock of soil organic carbon (SOC) in the catchment and water exchange rate (a descriptor of catchment hy-
drology, reciprocal of water residence time) had major positive effects on DOC concentrations. The aromaticity
and molecular weight of DOM, i.e. the relative abundance of humic substances, and the dominance of al-
lochthonous DOM increased with the drainage ratio (catchment area/lake area) and the percentages of bogs, and
Dystric and Fibric Histosols (peat soils in transitional mires and bogs, respectively) in the catchments.
Dominance of non-humic over humic substances and autochthonous over allochthonous DOM in lakes corre-
sponded to calcareous catchments and higher percentages of Gleyic Rendzinas (thin soils on calcareous rock),
Sapric Histosols (peat soils in mires) and open spaces (areas with little vegetation). Our results showed that soil
variables had in general a greater effect than land cover and were more informative for describing the role of
catchment characteristics on DOM in lakes. Patterns in DOM quantity and quality found in our study were
similar to patterns found in other temperate lakes; therefore, our results have important implications for un-
derstanding catchment-lake interactions across the temperate region.

1. Introduction

Dissolved organic matter (DOM) is the largest pool of biologically
available organic carbon in aquatic environments and a critical com-
ponent in freshwater ecosystem functioning (Hessen and Tranvik,
1998). DOM influences directly and indirectly a wide variety of phy-
sical (optical and thermal properties, e.g. Morris et al., 1995; Fee et al.,
1996), chemical (transport and fate of metals and organic pollutants,
e.g. Haitzer et al., 1998; Yamashita and Jaffé, 2008), and biological
(plankton ecology, e.g. Steinberg, 2003) processes. On the other hand,
the structure, composition, and relative abundance of DOM are con-
trolled by many of these processes. The biogeochemistry of DOM is
closely linked to the global carbon cycle as DOM contributes to
greenhouse gas emissions from inland waters (Bastviken et al., 2011;
Raymond et al., 2013) and acts as an energy source and cellular
building material for heterotrophic microorganisms (Tranvik, 1988; del

Giorgio and Williams, 2005). The bioavailability of DOM (the fraction
of DOM pool available for rapid microbial degradation) is influenced by
its composition, e.g. molecular weight and aromaticity (Tulonen et al.,
1992; Wickland et al., 2007).

In freshwater lakes, the dynamics of DOM are driven by al-
lochthonous inputs from the surrounding catchment and atmosphere,
autochthonous in-lake production and losses through sedimentation,
degradation and outflow. The allochthonous DOM from the catchment
originates mainly from the decay of terrestrial plant material and sub-
sequent leaching of partial decomposition products. These processes are
influenced by the amount of precipitation (e.g. Schindler et al., 1992),
water residence time (e.g. Schindler et al., 1997), catchment area (e.g.
Kortelainen, 1993), vegetation, land use, soil cover, and geology (e.g. Li
et al., 2015). High levels of DOM in unpolluted lakes originate pre-
dominantly from the catchment (Thurman, 1985). Water bodies with
high DOM concentrations are typical of regions rich in swamps or bogs
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and with peat soils, thus it is generally believed that DOM in surface
waters is derived from peats. However, a high proportion of agricultural
land in the catchment can result in high levels of DOM as well
(Mattsson et al., 2005) and also forests are important contributors to
DOM export (Hongve, 1999), while coniferous and mixed forests pro-
vide a greater DOM input to lakes than deciduous forests (Cronan and
Aiken, 1985). Catchment characteristics are often linked to anthro-
pogenic pressure because changes in land use influence strongly DOM
in lakes, e.g. clear-cutting may significantly increase the export of DOM
(Nieminen, 2004). Autochthonous DOM is produced within the lake
itself and connected to the lake trophic status (Williamson et al., 1999).

A high content of organic matter has an impact on surface water
quality causing, for example, oxygen depletion (Robards et al., 1994)
and light limitation (von Einem and Granéli, 2010). Organic enrich-
ment due to pollution by oxygen-consuming substances is reported to
affect 13% of lakes in the European Union (EU; EEA, 2012). The most
important European policy document on water quality, the EU Water
Framework Directive (WFD; EC, 2000), aims at improving the ecolo-
gical status of all European surface waters and thus obligates mon-
itoring, planning and control of water quality. However, about half of
the EU countries do not measure lake OM in their surveillance mon-
itoring programmes (Sepp et al., 2018). WFD stipulates inter alia esti-
mation of land use patterns to provide information about the type and
magnitude of the significant anthropogenic pressures on surface water
bodies (EC, 2000).

DOM transported into and out of lakes is important for the bio-
geochemistry of inland waters. Examining the biogeochemical response
of DOM in lakes provides insight into how different ecosystems may
respond to future changes in climate and land use. However, only a
small proportion of lakes can be included in monitoring programmes
each year. Therefore, models are needed to provide estimates of DOM
quality and loading to lakes based on land use and catchment hy-
drology. This study focuses on the role of catchment characteristics, i.e.
catchment hydrology and percentages of land cover and soil types, on
DOM in small temperate lakes along a gradient of alkalinity, the latter
used as a proxy for catchment geology. We used GIS to describe the
catchment characteristics of entire drainage basins, whereas absor-
bance and fluorescence properties of DOM yielded information about
the molecular weight, aromaticity, relative measures of humic and
fulvic acids, and origin of DOM. Specific objectives of this study were
to: (1) estimate how the DOM quantity (measured as dissolved organic
carbon (DOC) concentration) and quality in freshwater lakes are in-
fluenced by catchment characteristics; (2) assess the relative im-
portance of allochthonous and autochthonous DOM sources. This study
is part of a larger effort to understand the functioning of lake food webs
and carbon metabolism across gradients of catchment alkalinity and
climate.

2. Material and methods

2.1. Study sites

34 small lakes located all over Estonia were sampled under the
national monitoring programme in 2015 and 2016 (Fig. 1). Limnolo-
gical types of the lakes indicated in Table 1 are in accordance with the
Estonian Environmental Register (register.keskkonnainfo.ee/).

The percentages of land cover types within the lake catchments
were calculated using Estonian Base Map from Estonian Land Board
(www.maaamet.ee/). Applied land cover types were bog (ombro-
trophic), mire (minerotrophic), forest (forest, young forest, shrub),
open space (area with little or no vegetation), agricultural area (arable
land, pasture), grassland (natural grassland), and other (other land
cover types together). Land cover types are in accordance with the
Estonian Base Map (Estonian Land Board, 2018). Land cover varied
greatly among the studied catchments, some being dominated by bogs
or largely forested and some dominated by agricultural areas and

grasslands (Table 1).
We differentiated 15 soil types in the studied catchments (Table 2)

in accordance with the World Reference Base for Soil Resources (WRB;
FAO, 2014). Some soil groups were combined together and taken into
account as one type. The percentages of soil types within the catch-
ments (Table 3) were calculated using Estonian Soil Map (mapping
scale 1:10,000) from Estonian Land Board. GIS analysis was performed
using MapInfo Professional, version 12.5 (Bitney Powes, 2014, www.
pitneybowes.com). The soil organic carbon (SOC) stocks (Mg ha−1) for
the catchments were calculated based on the areal distribution of var-
ious soil types and their mean SOC stock obtained from Kõlli et al.
(2009). The mean SOC content of Estonian soils is higher than in most
European countries, is similar to that in Finnish soils whereas only
Ireland and Sweden have higher SOC averages (Aksoy et al., 2016).
Peat soils (Histosols) found mainly in colder, wetter regions in western
and northern Europe were present in all of the catchments studied and
dominated over mineral soils in 1/3 of them.

Three variables – the drainage ratio (CA/LA; catchment area/lake
area), the water exchange rate (WE, the reciprocal of water residence
time; times per year) (Table 1; data from the Estonian Environmental
Register), and the mean lake alkalinity (Table 5) – were considered in
the analysis as hydrogeological characteristics. We used alkalinity as a
proxy for catchment geology considering values≤1meq L−1 typical for
lakes with organic or siliceous catchment and>1meq L−1 for lakes
with mixed or calcareous catchment (EC, 2009).

2.2. Water sampling, chemical and spectroscopic analyses

Surface water samples were collected under the Estonian small lake
monitoring programme in May, July, August and September either in
2015 or 2016, while 11 lakes (Endla, Kooru, Nohipalo Mustjärv,
Nohipalo Valgõjärv, Pühajärv, Rõuge Suurjärv, Suurlaht, Tänavjärv,
Uljaste, Viitna Pikkjärv and Ähijärv) were sampled in both years.
Alkalinity (as HCO3

−, meq L−1) was determined from unfiltered sam-
ples by titration with 0.05M HCl using a potentiometric titrator
TitroLine 6000 (SI Analytics, Germany). All samples were filtered
within 24 h through Whatman GF/F glass microfiber filters previously
washed with 500mL of ultrapure water (Milli-Q). DOC concentrations
(mg L−1) of the filtrates were determined by TOC-VCPH analyzer
(Shimadzu, Japan). This method conforms to the European standard
method (EN 1484, 1997).

In addition, absorbance and fluorescence of the water samples were
measured to obtain different spectral parameters (Table 4), hereafter
named DOM parameters. Absorbance spectra of filtered samples at
wavelengths ranging from 200 to 800 nm were measured in a 1-cm
quartz cuvette at 1 nm intervals using a UV–Vis spectrophotometer UV-
1700 (Shimadzu, Japan). Absorbance ratios A250/A365, A254/A436,
A365/A465 and A465/A665 were calculated from absorbance intensities
(A, m−1) at particular wavelengths. The specific ultraviolet absorbance
(SUVA254 and SUVA285, L mg−1 m−1) values were calculated by di-
viding, respectively, A254 or A285 by DOC concentration and the specific
colour absorbance (SCOA436, L mg−1 m−1) by dividing A436 by DOC.
Fluorescence was measured from filtered samples using a fluorescence
spectrophotometer F-2500 (Hitachi, Japan). The fluorescence intensity
was measured at excitation wavelengths (λex) ranging from 220 to
380 nm and at emission wavelengths (λem) ranging from 220 to
520 nm, fluorescence reading intervals were 5 nm for excitation and
1 nm for emission. We calculated the fluorescence index (FI) using the
ratio of intensities at λem 450 and 500 nm at an λex of 370 nm, and the
freshness index (β: α) as the ratio of intensities at λem 380 nm and the
λem maximum between 420 and 435 at an λex of 310 nm.

2.3. Statistical analysis

Spearman’s Rank Order correlation was used to find the relation-
ships between DOC and DOM parameters, and catchment
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characteristics; p < 0.05 was accepted as significant. All measured
values of DOC concentrations and DOM parameters were used in the
analysis. Correlations were considered moderate if coefficients of the
Spearman correlation (r) were ≥0.4–0.7. Correlation analysis was
performed using R, version 3.4.2 (The R Foundation for Statistical
Computing, 2017, https://www.r-project.org/), package pspearman,
function spearman.test.

Variables of catchment characteristics (percentages of land cover
and soil types in the catchments, CA/LA, WE, alkalinity, and SOC
stocks) were included in multiple linear regression models predicting
values of DOC and DOM parameters. Parameters, whose values were
predicted by models, were A250/A365 (reflecting the average molecular
weight of DOM), SUVA254 (reflecting the aromaticity of DOM) and FI
(reflecting the origin of DOM). These parameters were chosen for the
models as they had the strongest correlations with catchment char-
acteristics and were not strongly correlated to each other. All measured
values of DOC concentrations, A250/A365, SUVA254, and FI were used in
the analysis. Models were built using a mixed stepwise algorithm,
which selects a model by Akaike information criterion (AIC). In addi-
tion, p < 0.05 was used as the condition for including a variable in the
model. Models were checked for multicollinearity, only models with all
variance inflation factors (VIF) < 5 were selected. Final models were
checked for spatial autocorrelation. In order to examine the patterns of
spatial autocorrelation the residuals of the models were plotted against
the X and Y coordinates (planar rectangular coordinate system L-EST)
of studied lakes using correlograms. Residuals were evenly distributed
for all models, i.e. there were no apparent spatial autocorrelation in the
models. Final models were also checked for homoscedasticity, all of the
models conformed to this assumption. Linear regression analysis was
performed using function lm in R, function step was used for model
selection and package spatial, function correlogram was used for
checking the spatial autocorrelation of the final models. Scatterplots
describing the relationships between DOM parameters and variables of

catchment characteristics used in the final models are shown on Figs.
A.1 and A.2.

3. Results

3.1. DOC concentrations and spectroscopic properties of DOM

DOC concentrations ranged from 3.2 to 53.0 mg L−1, being lowest
in alkalitrophic and oligotrophic lakes and highest in dystrophic and
acidotrophic lakes (Table 5). The values of DOM parameters did not
vary remarkably in any of the lakes during the study period. The mean
A250/A365 values (range 3.8–10.5) and A254/A436 values (range
8.7–31.9) were lowest in dystrophic Lake Ohepalu and highest in ha-
lotrophic Lake Suurlaht. The mean A365/A465 values ranged from 3.2 to
6.0. The mean A465/A665 values were<5 in 19 lakes, 5–6 in 7 lakes
and ≥6 in the rest of the lakes. The majority of mean SUVA254 values
varied between 1.4 and 3.7 Lmg−1 m−1 and were< 3 Lmg−1 m−1 in
20 lakes. The values were higher (> 4 Lmg−1 m−1) in lakes Ohepalu
and Nohipalo Mustjärv (acidotrophic lake). The mean SUVA285 values
varied between≥1 and<2.0 Lmg−1 m−1 in 19 lakes. In the rest of the
lakes, the values ranged from 2.0 to 3.2 Lmg−1 m−1, and in Lake
Suurlaht, the value was< 1 Lmg−1 m−1. The majority of the mean
SCOA436 values varied between 0.05 and 0.2 Lmg−1 m−1, being higher
only in lakes Nohipalo Mustjärv and Ohepalu (0.3 and 0.5 Lmg−1 m−1,
respectively). The mean freshness index (β: α) values were lowest (0.4)
in lakes Nohipalo Mustjärv and Ohepalu, highest in Lake Suurlaht (0.9)
and varied between 0.6 and 0.8 in the rest of the lakes. The mean FI
values ranged from 1.2 to 1.6 and were ≤1.4 in 11 lakes.

3.2. DOM relationships with catchment hydrology, geology, and land cover
types

Water exchange (WE) had the strongest positive correlation with

Fig. 1. Locations of studied lakes. Numbers marking the lakes are the same as in Table 1.
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DOC (r= 0.50, Fig. 2). Among land cover types, the percentage of bogs
had the strongest correlations with DOM parameters: positive correla-
tions with SUVA254 (r= 0.51), SUVA285 (r= 0.52) and SCOA436

(r= 0.53), and negative correlation with A250/A365 (r=−0.47), β: α
(r=−0.67) and FI (r=−0.60). Land cover type “other” had moderate
positive correlation with A250/A365 (r= 0.41) and A254/A436

(r= 0.40), alkalinity with A254/A436 (r= 0.40) and A365/A465

(r= 0.43), and both had moderate positive correlation (r≥ 0.4) with
FI. CA/LA correlated positively with A465/A665 (r= 0.41), SUVA254 and

SUVA285 (r= 0.54) and SCOA436 (r= 0.42), and negatively with β: α
(r=−0.45). Correlations of mire, forest, agricultural area, and open
space with DOC, and correlations of WE, mire, forest, agricultural area,
and open space with DOM parameters were weak or non-significant.

A combination of land cover variables and hydrogeological char-
acteristics explained 21.2%, 47.3%, 26.5% and 54.6% of the variance in
the values of DOC, A250/A365, SUVA254 and FI, respectively (Table 6).
Among land cover types, forests, mires and grasslands did not con-
tribute significantly to the abovementioned DOM models. An

Table 1
Limnological types, drainage ratios (catchment area/lake area; CA/LA) and water exchange rates (times per year; WE) of studied lakes, catchment geology types and
percentages of land cover types in the catchments (%).

No Lake Limnological Type WE CA/LA Catchment Geology Bog Mire Forest Open space Agricult. area Grass-land Other

1 Aheru Hard-water eutrophic 1.5 21.3 Calcareous 1.7 6.7 73.3 1.6 6.6 7.0 3.4
2 Elistvere Macrophytic 11.3 67.1 Calcareous 0.3 1.1 35.3 1.0 53.4 4.5 4.2
3 Endla Macrophytic 31 25.7 Mixed 20.5 2.9 46.6 2.1 20.6 3.0 4.6
4 Jõemõisa Macrophytic 29 299.1 Calcareous 0.7 3.1 67.3 1.3 20.6 4.7 2.3
5 Jõksi Hard-water eutrophic 2.6 77.9 Calcareous 4.2 1.8 43.7 2.1 37.5 7.7 3.0
6 Kaarepere Pikkjärv Macrophytic 4.4 41.7 Calcareous 0 0.1 43.6 1.9 48.2 3.4 2.8
7 Kaiavere Hard-water eutrophic 3.0 35.1 Calcareous 0.3 1.2 35.6 0.9 52.3 4.9 4.5
8 Kaiu Hard-water mixotrophic 13.5 159.3 Calcareous 0.7 3.1 67.3 1.3 20.6 4.7 2.3
9 Karijärv Hard-water eutrophic 0.59 18.6 Calcareous 0.1 2.3 38.9 2.3 44.5 8.8 3.2
10 Keeri Hard-water eutrophic 30 294.6 Calcareous 0.2 3.4 44.9 2.1 35.9 7.9 5.6
11 Klooga Macrophytic 0.68 4.7 Mixed 12.1 19.2 24.0 18.8 15.3 1.6 9.1
12 Kooru Halotrophic 37 41.9 Calcareous 0 8.1 74.4 6.4 6.4 2.9 1.9
13 Kuremaa Hard-water eutrophic 0.26 2.6 Calcareous 1.2 0.1 40.8 1.0 47.6 5.5 3.8
14 Käsmu Soft-water mixotrophic 4.4 34.4 Siliceous 0 0.1 86.4 0.7 4.4 7.0 1.4
15 Lohja Soft-water mixotrophic 2.4 18.7 Siliceous 2.7 0.4 78.1 3.4 10.3 3.7 1.6
16 Lõõdla Hard-water eutrophic 0.48 6.2 Calcareous 0 4.5 38.0 2.4 37.2 13.2 4.3
17 Maardu Hard-water mixotrophic 1.0 6.6 Siliceous 0 0 29.8 16.3 29.2 14.2 10.6
18 Nohipalo Mustjärv Acidotrophic 2.9 42.4 Organic 44.0 0.5 54.8 0.1 0 0.5 0.2
19 Nohipalo Valgõjärv Oligotrophic 0 13.1 Siliceous 0 2.2 97.6 0 0 0 0.2
20 Ohepalu Dystrophic 3.7 10.5 Organic 28.2 4.1 22.6 2.0 35.7 6.1 1.6
21 Pühajärv Hard-water eutrophic 0.95 12.2 Calcareous 0.1 6.4 56.7 3.3 18.8 7.2 7.5
22 Raigastvere Hard-water eutrophic 2.8 40.3 Calcareous 0 0.6 37.8 1.3 52.6 4.3 3.5
23 Rõuge Suurjärv Hard-water eutrophic 4.0 173.0 Calcareous 0.2 3.4 59.7 4.7 17.5 10.3 4.1
24 Saadjärv Hard-water eutrophic 0.13 3.9 Calcareous 0 0.5 33.6 0.6 54.4 3.9 7.1
25 Soitsjärv Macrophytic 1.5 31.0 Calcareous 0 3.6 22.7 0.6 65.6 3.9 3.5
26 Suurlaht Halotrophic 5.0 8.5 Calcareous 0 0 58.6 23.2 7.8 7.6 2.8
27 Tamula Hard-water eutrophic 0.39 2.1 Calcareous 0 1.2 52.4 6.3 16.2 5.0 19.0
28 Tänavjärv Semidystrophic 0.54 6.2 Organic 85.6 1.2 12.5 0.9 0 0 0
29 Tündre Hard-water eutrophic 0.5 3.0 Calcareous 6.3 2.8 80.1 1.0 6.6 2.6 0.7
30 Uljaste Semidystrophic 0.2 10.2 Organic 46.9 0.4 30.1 2.0 18.2 0.1 2.3
31 Vagula Hard-water eutrophic 4.9 6.2 Calcareous 1.5 1.9 55.2 2.7 27.8 6.8 3.9
32 Viitna Pikkjärv Oligotrophic 0.5 79.2 Siliceous 0 0.4 96.7 2.9 0 0 0
33 Ähijärv Hard-water eutrophic 0.5 3.0 Calcareous 1.2 4.1 74.4 1.6 13.2 4.5 1.0
34 Äntu Sinijärv Alkalitrophic 7.0 7.1 Calcareous 0 0 98.5 0.3 0 0 1.2

Average 6.1 72.1 7.6 2.7 53.3 3.5 24.3 4.9 3.7

Table 2
Soil types in the studied catchments and their stocks of soil organic carbon (SOC). SOC stock values of soil types are from Kõlli et al. (2009) and additional
explanations are from FAO (2014).

Abbreviation Soil type Additional explanation Mean SOC stock (Mg ha−1)

RZ Rendzinas (Leptosols and Calcaric
Cambisols)

Very thin soils on calcareous rock 74.9

BS Brown soils (Mollic Cambisols and Luvisols) Fertile soils with brownish coloration, used intensively for agriculture 97.9
AB Albeluvisols (Retisols) Fertile soils suitable for a wide range of agricultural uses 67.1
AB-ha Haplic Albeluvisols Acid soils with low nutrient levels occurring mainly under forest 70.0
PZ Podzols Acid soils on siliceous rock and under coniferous forest 45.7
RZ-gl Gleyic Rendzinas Very thin soils on calcareous rock (with gleyic properties) 122.5
CM-gl LV-gl Gleyic Cambisols & Gleyic Luvisols Fertile soils used for agriculture, temporarily wet (groundwater influence) 125.2
AB-st GL-sd Stagnic Albeluvisols & Spodic Gleysols Permanently or temporarily wet soils (groundwater influence) 90.5
AB-gl GL-um Gleyic Albeluvisols & Umbric Gleysols Permanently or temporarily wet soils (groundwater influence) 90.5
PZ-gl Gleyic Podzols Acid soils on siliceous rock and under coniferous forest (with gleyic properties) 114.5
HS-sa Sapric Histosols Peat soils occurring mainly in mires 333.2
HS-dy Dystric Histosols Peat soils in transitional mires, not suitable for agriculture 210.0
HS-fi Fibric Histosols Peat soils in bogs, not suitable for agriculture 139.4
RG-er Eroded Regosols Very weakly developed soils in unconsolidated materials, extensive in eroding lands 37.6
RG-co Colluvic Regosols Very weakly developed soils in unconsolidated materials, extensive in accumulation

zones
105.3
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examination of the sums of squares associated to each variable in the
multiple regression models allows to determine the relative influence of
different catchment characteristics on DOC, A250/A365, SUVA254 and FI
(Fig. 3). Land cover variables and hydrogeological characteristics had a
similar importance in predicting DOC values, explaining 10.8% and
10.4% of the variability, respectively. For DOM parameters, land cover

variables were more important, explaining 36.9%, 21.7% and 47.4% of
the variance in the values of A250/A365, SUVA254 and FI, respectively.
For DOC and FI, the most important land cover variable was the per-
centage of bogs, explaining even 37.1% of the variance in the FI values.
For A250/A365 and SUVA254, the most important land cover variable
was the percentage of open spaces.

Table 3
Percentages of soil types (%) and stocks of soil organic carbon (SOC, Mg ha−1) in the catchments of studied lakes. Abbreviations of soil types as in Table 2.

Lake AB AB-st GL-sd AB-ha AB-gl GL-um PZ PZ-gl HS-fi HS-dy HS-sa BS CM-gl LV-gl RZ RZ-gl RG-er RG-co SOC

Aheru 14.7 1.9 10.0 1.8 9.9 1.7 2.0 2.6 31.9 1.7 4.8 0.7 0 5.5 8.3 161.5
Elistvere 16.6 4.5 1.9 1.0 0 0 0.7 0.5 24.4 20.5 26.8 0.6 0 0.2 1.7 157.3
Endla 2.8 0.2 3.7 1.0 1.3 0.5 6.5 3.3 17.5 32.9 13.2 14.2 1.9 0 0.1 143.8
Jõemõisa 14.3 15.6 5.6 6.4 5.4 5.1 1.4 2.0 19.5 2.7 20 0 0 0.2 0.3 142.5
Jõksi 32.2 6.1 11.9 1.2 0.5 1.1 3.2 6.3 9.4 3.6 5.4 0.9 0 5.9 11.0 113.2
Kaarepere Pikkjärv 10.4 0.5 0.2 0 0 0 0 0.4 19.6 27.2 39.4 0.7 0 0.1 1.3 151.7
Kaiavere 22.0 6.7 2.4 1.0 0 0 0.7 0.7 25.3 14.4 24.0 0.7 0 0 0.8 156.9
Kaiu 7.0 17.9 5.2 7.4 6.8 7.4 2.0 2.3 20.2 1.9 19.5 0 0 0.3 0.4 146.5
Karijärv 21.1 0.9 5.7 2.0 0.4 0.2 0.2 1.0 19.0 13.8 8.3 1.2 0 8.6 17.3 133.3
Keeri 18.6 2.1 7.0 1.1 1.4 0.2 0.3 0.6 18.8 14.6 11.6 3.4 0 7.3 11.1 133.5
Klooga 0 0 0.6 0.3 3.1 2.5 11.8 5.2 7.9 1.1 11.3 18.0 29.5 0 0 127.3
Kooru 0 0 1.2 0.2 1.4 0.3 0 0 7.5 2.9 24.0 24.1 36.0 0 0 123.3
Kuremaa 28.8 9.2 1.7 0.1 0 0 2.6 1.7 30.1 7.4 16.4 0.6 0 0 0.5 166.1
Käsmu 0.7 0 7.6 15.5 22.6 12.6 0.1 4.9 10.6 3.2 12.4 8.6 1.2 0 0.1 116.8
Lohja 0.2 0.2 5.9 7.0 8.8 35.5 2.6 11.6 5.5 0.2 20.2 1.2 0.1 0 0 128.8
Lõõdla 9.4 1.8 6.9 0.9 0.3 0 0 0 14.1 16.0 8.6 3.1 0 15.6 22.4 120.0
Maardu 0 0.7 0 2.7 0 1.4 0.5 0.5 16.8 18.0 46.2 3.0 6.4 0 0 150.0
Nohipalo Mustjärv 4.2 1.3 1.5 4.5 23.1 11.2 40.2 11.2 2.3 0 0.3 0 0 0 0 120.3
Nohipalo Valgõjärv 3.8 13.8 2.7 7.6 29.2 23.0 0 18.4 1.5 0 0 0 0 0 0 107.1
Ohepalu 0.9 1.2 6.6 0.1 0.4 0.1 32.5 6.6 1.1 20.6 17.0 10.6 0.9 0 0 120.8
Pühajärv 22.9 2.6 5.7 0.3 1.4 0 0.2 0.4 21.9 9.5 5.3 1.0 0 14.3 13.4 134.3
Raigastvere 9.7 0.7 1.0 0.2 0 0.1 0 0.3 18.2 31.0 34.4 0.6 0 0.2 3.3 147.1
Rõuge Suurjärv 18.3 2.6 11.1 1.6 0.5 0.1 0.1 1.5 12.6 12.2 6.7 1.1 0 10.7 19.9 116.1
Saadjärv 13.4 5.6 0.7 1.2 0 0 0 0.1 22.5 24.1 31.0 0.1 0 0.5 0.7 154.3
Soitsjärv 12.8 3.2 0.5 0.3 0 0 0 0.1 29.3 27.6 24.6 0.3 0 0.3 1.0 169.0
Suurlaht 0 0 0 0.1 0 0 0 0 2.7 6.9 27.0 7.0 51.4 0 0 120.6
Tamula 5.7 0.2 12.5 2.4 23.1 6.0 0 4.3 22.2 5.6 3.6 0.5 0 4.2 8.4 137.7
Tänavjärv 0 0 0 0 5.5 10.7 78.2 5.6 0 0 0 0 0 0 0 135.5
Tündre 12.1 8.2 6.2 1.8 13.0 6.4 8.0 6.2 26.5 0.5 5.5 0 0 1.4 4.2 159.7
Uljaste 6.0 1.9 17.4 1.5 10.6 2.3 44.0 7.7 1.9 0 3.5 2.7 0 0 0 117.4
Vagula 21.9 7.9 14.9 3.2 6.9 2.2 1.0 2.6 11.4 5.0 7.6 0.4 0 4.9 7.5 112.9
Viitna Pikkjärv 0 0 7.5 1.5 79.2 1.3 0 9.3 0.1 0 0 0 0 0 0 65.5
Ähijärv 9.2 1.2 20.2 1.5 16.9 1.3 0.9 4.3 23.8 9.0 2.8 0.1 0 2.0 4.8 141.6
Äntu Sinijärv 0 0 16.2 2.5 0 0 0 0 4.6 19.2 3.1 54.4 0 0 0 92.5

Average 10.0 3.5 6.0 2.4 8.0 3.9 7.1 3.6 14.7 10.4 14.2 4.7 3.7 2.4 4.1 133.1

Table 4
Description of applied spectral parameters.

Parameter (unit) Correlative characteristics Additional explanation References

A250/A365 Molecular weight, aromaticity Increases with decreasing molecular weight and aromaticity Barreto et al., 2003
Peuravuori and Pihlaja, 1997
Obernosterer and Herndl, 2000

A254/A436 Molecular weight Increases with decreasing molecular weight
Indicates the intensity of UV-absorbing functional groups
compared to the coloured ones

Uyguner and Bekbolet, 2005

A365/A465 Molecular weight of humic acids Increases with decreasing molecular weight of humic acids Uyguner and Bekbolet, 2005
A465/A665 Humification, aromaticity < 5.0: humic acids

6.0–8.5: fulvic acids
Increases with decreasing aromaticity

Chen et al., 2002
Peuravuori and Pihlaja, 2007

SUVA254 (Lmg−1 m−1) Aromaticity, molecular weight,
hydrophobicity and hydrophilicity

> 4: macromolecular aromatic hydrophobic compounds
< 3: low-molecular weight hydrophilic compounds poor in
aromatics

Uyguner and Bekbolet, 2005
Peuravuori and Pihlaja, 2007

SUVA285 (Lmg−1 m−1) Fulvic acids ≤1.0: domination of aliphatic compounds from primary
production
≥2.0: relatively high share of fulvic acids

Rostan and Cellot, 1995
Barreto et al., 2003

SCOA436 (Lmg−1 m−1) Quinone and ketone functional groups Increases with increasing contribution of quinonic and ketonic
structures

Abbt-Braun and Frimmel, 1999
Barreto et al., 2003

Fluorescence index (FI) Origin of dissolved organic matter (DOM) 1.3–1.4: terrestrially derived DOM
Higher values: microbially derived DOM

McKnight et al., 2001

Freshness index (β: α) Autochthonous origin of DOM Ratio of β fluorophore (characteristic of autochthonous
production) and α fluorophore (humic substances)
Increases with increasing contribution of internally produced DOM

Huguet et al., 2009, Köhler
et al., 2013
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3.3. DOM relationships with soil types

SOC stocks and the percentages of Gleyic Cambisols & Gleyic
Luvisols and Fibric Histosols had the strongest positive correlations

with DOC (r= 0.53, 0.48 and 0.40, respectively), and Haplic
Albeluvisols the strongest negative correlation (r=−0.47; Fig. 4).
Dystric Histosols and Fibric Histosols had moderate correlations with
DOM parameters: positive with SCOA436 (r= 0.53 and 0.51, respec-
tively), and negative with A250/A365 (r=−0.70 and −0.44, respec-
tively), A254/A436 (r=−0.69, only Dystric Histosols), β: α (r=−0.40
and −0.66, respectively) and FI (r=−0.58 and −0.59, respectively).
Podzols and Gleyic Podzols had moderate negative correlations
(r≤−0.4) with A250/A365, A254/A436 and FI. We found moderate po-
sitive correlations (r≥ 0.4) of (1) Albeluvisols and Fibric Histosols with
SUVA254 and SUVA285; (2) Gleyic Cambisols & Gleyic Luvisols and
Sapric Histosols with A250/A365, A254/A436 and A365/A465; (3) SOC

Table 5
Mean values and range of DOC (mg L−1), mean values of alkalinity (HCO3

−, meq L−1), absorbance ratios (A250/A365, A254/A436, A365/A465, A465/A665), and SUVA254,
SUVA285 and SCOA436 (L mg−1 m−1), and freshness index (β: α) and fluorescence index (FI) in studied lakes.

Lake HCO3
− DOC Avg DOC Range A250/A365 A254/A436 A365/A465 A465/A665 SUVA254 SUVA285 SCOA436 β: α FI

Aheru 2.6 20.0 18.3–23.5 6.5 23.5 5.9 6.8 3.4 2.2 0.1 0.6 1.4
Elistvere 3.9 18.1 15.5–20.2 6.5 22.2 5.4 5.5 3.2 2.1 0.1 0.6 1.5
Endla 3.9 24.3 19.3–33.0 5.8 19.5 5.4 6.7 3.5 2.4 0.2 0.6 1.4
Jõemõisa 2.6 20.8 20.1–21.3 6.4 22.3 5.5 6.0 3.3 2.2 0.2 0.6 1.4
Jõksi 3.5 11.5 10.4–12.2 5.0 15.0 4.6 5.7 3.7 2.6 0.2 0.6 1.4
Kaarepere Pikkjärv 4.5 21.7 19.3–27.7 6.4 23.1 6.0 11.1 3.4 2.3 0.2 0.6 1.5
Kaiavere 3.9 17.7 14.3–21.6 6.4 22.4 5.9 8.2 3.3 2.2 0.2 0.6 1.5
Kaiu 2.8 21.3 20.3–21.7 6.3 21.4 5.4 6.3 3.3 2.2 0.2 0.6 1.4
Karijärv 4.6 10.6 10.3–11.0 8.0 25.9 5.1 3.1 2.4 1.5 0.1 0.8 1.5
Keeri 5.2 9.2 7.7–11.6 6.2 19.4 4.6 3.6 2.7 1.8 0.1 0.7 1.5
Klooga 1.6 13.5 12.4–14.6 8.0 20.8 3.6 2.5 1.8 1.1 0.1 0.8 1.5
Kooru 2.5 15.2 12.5–17.8 9.4 30.7 5.1 4.2 1.8 1.1 0.1 0.7 1.5
Kuremaa 3.2 14.1 13.4–15.2 7.9 27.7 5.7 4.7 2.8 1.7 0.1 0.7 1.5
Käsmu 0.5 12.6 12.0–12.9 6.8 21.2 4.8 3.0 2.6 1.7 0.1 0.7 1.5
Lohja 1.0 20.7 19.2–21.7 5.7 18.6 5.0 5.4 3.4 2.3 0.2 0.6 1.4
Lõõdla 3.0 8.0 7.3–8.7 8.3 23.4 4.3 2.2 1.9 1.1 0.1 0.8 1.6
Maardu 1.0 11.9 10.2–15.4 8.2 20.5 3.3 1.7 1.8 1.1 0.1 0.8 1.6
Nohipalo Mustjärv 0 49.7 45.0–53.0 4.5 13.7 4.4 6.4 4.4 3.1 0.3 0.4 1.3
Nohipalo Valgõjärv 0.1 5.9 5.1–6.7 5.4 12.8 3.2 2.6 1.5 1.0 0.1 0.8 1.5
Ohepalu 0.1 39.2 33.7–43.3 3.8 8.7 3.3 5.1 4.2 3.2 0.5 0.4 1.2
Pühajärv 2.9 9.4 8.6–10.3 7.9 25.0 4.7 3.3 2.4 1.5 0.1 0.7 1.5
Raigastvere 4.3 16.6 15.0–18.8 6.8 24.7 5.8 6.1 3.2 2.1 0.1 0.7 1.5
Rõuge Suurjärv 4.4 6.7 4.7–8.9 6.2 19.1 4.8 5.7 2.7 1.8 0.1 0.7 1.5
Saadjärv 2.6 9.4 9.2–9.8 9.3 28.4 4.6 3.1 2.1 1.3 0.1 0.8 1.5
Soitsjärv 2.4 16.5 16.0–16.8 8.2 28.4 5.5 4.8 2.4 1.5 0.1 0.7 1.5
Suurlaht 2.1 17.6 16.2–19.6 10.5 31.9 4.6 3.4 1.4 0.9 0.05 0.9 1.5
Tamula 3.6 8.5 8.2–9.0 8.1 25.4 4.4 3.3 2.4 1.5 0.1 0.8 1.5
Tänavjärv 0.2 12.8 10.2–14.3 6.0 16.5 3.8 2.7 1.7 1.2 0.1 0.6 1.4
Tündre 1.5 17.1 16.2–18.2 5.8 19.0 5.1 5.9 3.5 2.4 0.2 0.6 1.4
Uljaste 0.2 8.7 7.7–10.7 5.4 15.4 4.2 4.4 2.8 1.9 0.2 0.6 1.4
Vagula 3.5 9.2 8.1–10.5 6.2 19.9 5.1 5.2 3.0 2.0 0.2 0.6 1.5
Viitna Pikkjärv 0.1 5.7 5.2–6.3 5.3 13.3 3.7 2.8 1.7 1.1 0.1 0.8 1.5
Ähijärv 2.7 9.5 8.9–9.9 8.8 28.6 4.9 4.4 2.0 1.2 0.1 0.8 1.5
Äntu Sinijärv 5.2 4.6 3.2–5.4 6.8 17.9 3.7 2.8 1.8 1.3 0.1 0.7 1.5

Fig. 2. Coefficients of Spearman correlation (r) between DOM parameters and
the percentages of land cover types in the catchments, lake alkalinity (HCO3

−),
drainage ratio (CA/LA), and water exchange (WE). Empty cells denote statis-
tically non-significant correlations (p > 0.05). β: α – freshness index, FI –
fluorescence index.

Table 6
Multiple linear regression models predicting the values of DOC (mg L−1), A250/
A365, SUVA254 and fluorescence index (FI). Estimates of coefficients are given
for selected variables: the percentages of land cover types in the catchments,
alkalinity (HCO3

−), drainage ratio (CA/LA) and water exchange (WE).
Variables were included in the model if p < 0.05 and variance inflation factors
(VIF) < 5. The corresponding R2 values are shown and n=180 for all models.

Variable DOC A250/A365 SUVA254 FI
Coefficient Coefficient Coefficient Coefficient

Bog 0.1272 −0.0158 0.0081 −0.0014
Agricultural area 0.1341 0.0117
Open space 0.1435 −0.0451 0.0030
Other 0.0029
HCO3

− −1.9906 0.3064 0.0172
CA/LA −0.0084 0.0028 −0.0002
WE 0.2891 0.0226
Intercept 13.826 5.9663 2.3262 1.4180

R2 0.212 0.473 0.265 0.546
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stocks with A254/A436 and A365/A465; (4) Sapric Histosols and Brown
soils with FI, and (5) Brown soils also with A254/A436. Correlations of
Rendzinas, Gleyic Rendzinas, Stagnic Albeluvisols & Spodic Gleysols,
Gleyic Albeluvisols & Umbric Gleysols and Eroded Regosols with DOC
and DOM parameters were weak or non-significant.

A combination of soil variables and hydrogeological characteristics
explained 37.2% of DOC, 66.7% of A250/A365, 43.0% of SUVA254 and
59.3% of FI variance (Table 7), whereas alkalinity, Brown soils and
Sapric Histosols did not contribute significantly to the predictions of
DOC and DOM parameters. Soil variables were more important than the
hydrogeological characteristics explaining 32.9% of DOC, 57.6% of
A250/A365, 30.2% of SUVA254, and 54.2% of FI variability (Fig. 5). For
SUVA254, WE explained 12.9% of the variability; for DOC, A250/A365,
SUVA254 and FI, hydrogeological characteristics explained much
smaller proportions of the variability. For DOC, the most important soil
variables were the percentage of Haplic Albeluvisols and SOC stock,
explaining 12.8% and 12.7% of the variability, respectively. For A250/
A365 and SUVA254, the most important soil variable was the percentage
of Gleyic Rendzinas, and for FI, the percentage of Fibric Histosols.

4. Discussion

4.1. DOC concentrations and properties of DOM

The range of DOC concentrations measured by us in 34 Estonian
lakes (Table 5) was comparable with that reported for lakes in Finland
(Kortelainen, 1993), Sweden (von Einem and Granéli, 2010) and Latvia
(Klavins et al., 2012), but slightly higher than those found in Irish
(Aherne et al., 2002; Burton and Aherne, 2012) and Norwegian lakes
(Hagman et al., 2015; Finstad et al., 2016).

According to DOM properties, the studied lakes could be divided
into two groups by their limnological types. The first group comprising
clear and dark water lakes with low nutrients (oligotrophic, semi-
dystrophic, acidotrophic and dystrophic lakes) had greater contribu-
tions of humic substances with higher molecular weight, indicated by
the low values of A250/A365, A254/A436 and A365/A465 (Tables 4 and 5).
Low values of FI (≤1.4) and β: α (< 0.7) in these lakes (except oli-
gotrophic ones) and two mixotrophic lakes showed predominantly
terrestrial sources of DOM and a low autochthonous component. Humic
substances with higher aromaticity had the highest relative contribu-
tion in dark water lakes (Nohipalo Mustjärv and Ohepalu) reflected by
SUVA254 values> 4 Lmg−1 m−1. A250/A365 values close to 4 in these
lakes were characteristic of strongly coloured waters and higher
SCOA436 values compared to other studied lakes showed greater con-
tribution of quinonic and ketonic structures.

The second group including most of the light-coloured eutrophic
lakes (hard-water eutrophic, macrophytic and halotrophic lakes) had a
relatively high share of low-molecular weight organic compounds from
primary production, indicated by high values of A250/A365, A254/A436

and A365/A465. Low SUVA254 values (< 3 Lmg−1 m−1) in these lakes
reflected also a rather low aromaticity of DOM, and high values of FI
(> 1.5) a greater contribution of internally produced DOM.

Humic acids had a greater contribution than fulvic acids in dys-
trophic, semidystrophic, mixotrophic and oligotrophic lakes, as evi-
denced by A465/A665 values < 5 or near to it. Fulvic acids had a re-
latively high share only in 7 hard-water eutrophic, macrophytic or
acidotrophic lakes, as indicated by A465/A665 values of 6–8.5 and
SUVA285 values ≥2.

Fig. 3. Variance partitioning in the multiple linear regression models of DOC, A250/A365, SUVA254 and FI, showing the percentage of the variability explained by each
land cover type and hydrogeological characteristic and the residuals unexplained by the models. Abbreviations as in Table 6.
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4.2. The effect of catchment characteristics on DOC concentrations

The qualitative and quantitative properties of DOM in our study
depended substantially on land cover and soil types in the catchments,
and catchment hydrology and geology, showing that DOM originated
predominantly from the catchment in many of the studied lakes. In
general, soil variables were much more important than land cover
variables and hydrogeological characteristics (WE, CA/LA and alkali-
nity) in determining DOC concentrations (Figs. 3 and 5). We have not
found studies examining variables of catchment soil cover in relation to
DOM in lakes, which makes us believe that our study is the first to find
connections between organic carbon in catchment soils and lake water.

Soil organic carbon (SOC) stock in the catchment showed the
strongest positive correlation with DOC concentrations in lakes (Figs. 2
and 4) and explained the greatest proportion of DOC variation among
land cover and soil variables. Billett et al. (2006) also found a strong
positive correlation between downstream changes of DOC in a Scottish
stream and catchment SOC pool that was related to the percentage of
peat soils (Histosols) in the catchment; however, the relationship be-
tween SOC and stream DOC weakened downstream as other processes
(e.g. lower SOC inputs from minerals soils and in-stream processing of
DOC) became more important.

SOC stocks are soil-type specific and depend mainly on soil carbo-
nate and clay content, moisture regime, and method of soil manage-
ment (Kõlli et al., 2009). Our results showed that agricultural soils with
highest SOC stock among mineral soils in Estonia (Gleyic Cambisols &
Gleyic Luvisols) had a strong positive effect on DOC concentrations in
lakes and forest soils with low SOC content (mainly Haplic Albeluvisols)
a negative effect. However, SOC storage does not directly equate to
DOC leaching as SOC retaining capacity of soil types is different, e.g.
Podzols, unlike Histosols, have a significant capacity to retain DOC
within the soil profile by physicochemical adsorption (Lundström et al.,
2000).

DOC concentrations in lakes increased, in addition, with the per-
centages of bogs and peat soils dominating in bogs (Fibric Histosols).
The effect of bogs (peatlands) on DOC in lakes has been observed, for
example, in Finnish lakes (Kortelainen, 1993; Rantakari et al., 2004;
Mattsson et al., 2005; Arvola et al., 2016) and the role of peatlands as a
major source of DOC has been confirmed for boreal catchments in
general (e.g. Dillon and Molot, 1997).

Hydrogeological characteristics showed different effect on DOC
concentrations in lakes. DOC increased with the water exchange (WE)
and catchment area (drainage ratio; CA/LA) and DOC values were
lower in lakes with calcareous catchment (light-coloured eutrophic
lakes). Similar relationships with CA/LA have been observed in Finnish
lakes (Kortelainen, 1993) and with WE in Finnish lakes (Vuorenmaa,
2006) and Swedish lakes (Köhler et al., 2013). Higher WE restricts in-
lake DOC removal processes (e.g. sedimentation, microbial decom-
position and photo-oxidation) and causes an increase in DOC con-
centrations (Schindler et al., 1992, 1997).

4.3. The effect of catchment characteristics on the properties of DOM

Catchment characteristics had a stronger effect on DOM properties
than on its concentration as seen from linear models that explained
more variance in A250/A365, SUVA254 and FI values than in DOC con-
centrations (Figs. 3 and 5). Catchment characteristics explained more
than half of the variability in A250/A365 (66.7%) and FI (59.3%) while
somewhat less in SUVA254 (43.0%). Soil variables were more important
than land cover variables in determining the properties of DOM in
lakes. Soil variables together with hydrogeological characteristics ex-
plained a much greater proportion of the variability in average mole-
cular weight, aromaticity and origin of DOM than land cover variables
with hydrogeological characteristics.

The aromaticity and molecular weight, relative contribution of
fulvic acids, quinonic and ketonic structures, and terrestrial origin of

Fig. 4. Coefficients of the Spearman correlation between DOM parameters and
the percentages of soil types in the catchments. Empty cells denote statistically
non-significant correlations (p > 0.05). Abbreviations of soil types as in
Table 2, β: α – freshness index, FI – fluorescence index.

Table 7
Multiple linear regression models predicting the values of DOC (mg L−1), A250/
A365, SUVA254 and fluorescence index (FI). Estimates of coefficients are given
for selected variables: the percentages of soil types in the catchments, soil or-
ganic carbon (SOC) stocks, drainage ratio (CA/LA) and water exchange (WE).
Variables were included in the model if p < 0.05 and variance inflation factors
(VIF) < 5. The corresponding R2 values are shown and n=180 for all models.

Variable DOC A250/A365 SUVA254 FI
Coefficient Coefficient Coefficient Coefficient

Albeluvisols (AB) 0.0611 −0.0031
Stagnic Albeluvisols &

Spodic Gleysols (AB-st
GL-sd)

−0.9193 0.0879 −0.0636

Haplic Albeluvisols (AB-ha) −0.5504 0.0452
Gleyic Albeluvisols &

Umbric Gleysols (AB-gl
GL-um)

0.0521

Podzols (PZ) 0.0177 −0.0007
Gleyic Podzols (PZ-gl) −0.3948 0.0847
Fibric Histosols (HS-fi) 0.0143 −0.0030
Dystric Histosols (HS-dy) 1.5493 −0.3411 0.0806 −0.0096
Gleyic Cambisols & Gleyic

Luvisols (CM-gl LV-gl)
0.0315 −0.0021

Rendzinas (RZ) −0.0016
Gleyic Rendzinas (RZ-gl) 0.0692 −0.0208
Eroded Regosols (RG-er) 0.0512
Colluvic Regosols (RG-co) −0.3339
SOC 0.2142
CA/LA 0.0546 −0.0089
WE 0.0327 −0.0018
Intercept −12.222 7.0960 1.1606 1.6056

R2 0.372 0.667 0.430 0.593
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DOM increased with CA/LA and the percentages of bogs and Dystric
Histosols and Fibric Histosols (peat soils dominating in transitional
mires and bogs, respectively) in the catchments (Figs. 2 and 4, Tables 6
and 7). This showed that the export of allochthonous DOM to the stu-
died lakes was greater from larger catchments and confirmed the role of
peatlands as a major source of DOM. Dependence of DOM aromaticity
and molecular weight on catchment peatland cover has been found also
in Finnish (Arvola et al., 2016) and Swedish catchments (Olefeldt et al.,
2013). As described by Vogt et al. (2004), Histosols produce and release
DOM with high quinone content and that explained the positive effect
of Dystric and Fibric Histosols on the contribution of quinonic and
ketonic structures.

According to the correlation analysis, Podzols and Gleyic Podzols
(soils formed underneath coniferous forests) had a similar relationship
with the molecular weight and origin of DOM as Dystric and Fibric
Histosols; however, linear models did not confirm it. Billett et al. (2006)
found a relationship between the percentage of Podzols in the catch-
ment and stream DOC in Scotland, suggesting that the DOM in stream
water originated at least partially from Podzols. Forests, especially
coniferous forests, have been found to be an important sources of humic
substances to lakes (Hongve, 1999). Our results did not confirm the
effect of forests as a land cover type, maybe since it did not differentiate
between deciduous, mixed and coniferous forests; and forests grow on
many different soils types in Estonia (Kõlli et al., 2009). Moreover,
DOM export from forested catchments is tightly linked to the catchment
hydrology and local precipitation (Diodato et al., 2016) and forests in
different catchments can have a different effect.

Aromaticity of DOM increased also with higher WE and with the
percentages of agricultural areas and Albeluvisols (fertile agricultural
soils). Similar relationship between WE and DOM aromaticity was
found in Lake Mälaren, one of the largest lakes in Sweden (Köhler et al.,
2013), and in other Swedish lakes (Kellerman et al., 2014), where the
share of terrestrially derived DOM decreased with lower WE. Agri-
cultural land was found to be an important source of DOM export in

Finnish catchments (Mattsson et al., 2005). Other fertile agricultural
soils (Gleyic Cambisols & Gleyic Luvisols and Brown soils) showed
different effect on DOM properties. Molecular weight of DOM decreased
with the percentage of Gleyic Cambisols & Gleyic Luvisols and Brown
soils. Also the contribution of autochthonous DOM increased with the
percentage of Brown soils, but our results did not confirm the same for
Gleyic Cambisols & Gleyic Luvisols. Relationships between DOM in
water bodies and organic carbon in soils are more complex and not so
strong in the catchments where mineral soils are spatially more im-
portant than peat soils (Billett et al., 2006).

Contribution of low-molecular weight and autochthonous DOM in-
creased also with the percentage of Sapric Histosols (peat soils dom-
inating typically in mires). Research conducted in Norwegian lakes
showed similarly very poor relationships between percentage of mires
in the catchments and humic substances in lakes (Hongve, 1999). One
explanation for the opposite effect of Sapric Histosols on DOM prop-
erties compared to other peat soils could be different land use – Fibric
and Dystric Histosols are not used for agriculture in Estonia, yet Sapric
Histosols are (Kõlli et al., 2009). Our results showed that Sapric His-
tosols had a similar effect on DOM properties than some agricultural
soils (e.g., Brown soils). In addition, Sapric Histosols are part of het-
erogeneous catchments in our study sites, even if being the dominating
soil type, and runoff from these soils can interact with mineral soils.
This most likely causes the decrease in DOM aromaticity and molecular
weight because of the substantial and selective absorption of hydro-
phobic DOM while passing through mineral soils (Kaiser and Zech,
1998). If bogs and Fibric Histosols dominate in the catchment in our
study sites, the catchment soil cover is quite homogeneous with low
percentage of mineral soils and runoff probably does not interact with
mineral soils before reaching the lake.

Dominance of non-humic over humic substances and autochthonous
over allochthonous DOM in lakes corresponded most strongly to cal-
careous catchments, higher percentages of Gleyic Rendzinas (thin soils
on calcareous rock), and higher percentages of land cover types “open

Fig. 5. Variance partitioning in the multiple linear regression models of DOC, A250/A365, SUVA254 and FI, showing the percentage of the variability explained by each
soil type and hydrogeological characteristic and the residuals unexplained by the models. Abbreviations as in Table 7.
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space” (areas with little or no vegetation) and “other” (other land cover
types together). In Estonia, Gleyic Rendzinas are common on land cover
other than forest, arable land or grassland (Kõlli et al., 2009), i.e. land
cover types “open space” and “other” used in our study both belong to
this category. All the studied lakes with calcareous catchment are light-
coloured eutrophic lakes and our results indicated a greater contribu-
tion of internally produced DOM in these types of lakes. The role of
catchment characteristics in determining DOM properties was not so
clear in eutrophic lakes because the contribution of autochthonous
DOM is determined by the trophic status of a lake (Williamson et al.,
1999). Increased nutrient loads from the catchment may increase the
in-lake production of DOM and the relative importance of auto-
chthonous over allochthonous DOM (Tranvik et al., 2009). In these
lakes, catchment characteristics have an indirect effect on DOM prop-
erties.

5. Conclusions

The results of our study showed that catchment characteristics had a
stronger effect on DOM properties than on DOC concentrations, ex-
plaining up to 66.7% of the variability in spectral parameters. In nu-
trient-poor clear and dark water lakes DOM was represented pre-
dominantly by humic substances originated from the catchment,
whereas in light-coloured eutrophic lakes internally produced non-
humic substances had a greater contribution. Catchment characteristics
(land cover, soil, and catchment hydrology and geology) had sub-
stantial effects on DOM, especially in acidotrophic, dystrophic, semi-
dystrophic and mixotrophic lakes. We can conclude that larger catch-
ments and intensive water exchange resulted in higher levels of DOM in
lakes and soil variables had in general a greater effect than land cover.
Soil types provide more detailed information about organic carbon in
the catchment and therefore are better predictors of DOM loading than
general land cover types. Our study confirmed the role of peatlands as a
major source of DOM to lakes; however agricultural lands with
Albeluvisols and coniferous forests with Podzols and Gleyic Podzols
were also important DOM sources. In eutrophic lakes with relatively
high share of autochthonous DOM, catchment characteristics had an
indirect and less clear impact on DOM. Patterns in DOM quantity and
quality found in our study were similar to patterns found in temperate
lakes in general. Our study sites do not represent all temperate catch-
ments, especially regarding hydrological conditions (e.g. Estonian mean
annual precipitation is lower than in several Western European coun-
tries) and soil variables (e.g. the mean SOC content of Estonian soils is
higher than in most European countries). However, our results could
still be expanded with some caution to other catchments and have
important implications for understanding catchment-lake interactions
across the temperate region.
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ABSTRACT

We assessed the allochthonous organic carbon

(OC) budgets for thirteen hemiboreal lakes using a

simple equilibrium model coupled with a Bayesian

framework for estimating parameter distribution

and uncertainty. Model inputs consisted of hydro-

logical, bathymetric and chemical data that are

easily measurable at the lake and basin scale.

Among the model outputs were mean OC loads (5–

123 g m-2 y-1), exports (1.10-3–108 g m-2 y-1),

mineralization (3–12 g m-2 y-1), and sedimenta-

tion (2–6 g m-2 y-1). ‘‘Active’’ lake-catchment

systems received and emitted the largest amounts

of allochthonous OC, whereas lakes depending

mostly on atmospheric inputs exhibited much

more modest OC fluxes. Simulated organic carbon

retention varied accordingly from 12% in some

drainage lakes to 99% in seepage lakes. Lake al-

lochthonous OC loads and exports were strongly

correlated to drainage ratio (catchment area/lake

area, R2: 0.89 and 0.92, respectively) and to forest

ratio (catchment forested area/lake area, R2: 0.86

and 0.89), but not to wetland ratio. The simplicity

of the model makes it easily transposable to a large

variety of lakes. For a better insight into carbon

processing, we suggest to follow a more integrative

approach accounting for interactions between lake

hydrology and catchment land cover.
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HIGHLIGHTS

� Hydrologically active lakes process the most

organic carbon.

� Catchment variables are better predictors of

carbon fluxes than in-lake variables.

� Lakes should be studied as ‘‘lake-catchment’’

complexes.

INTRODUCTION

Lakes constitute ‘‘hot spots’’ of carbon processing

as they contribute more to Earth’s carbon budget

than their modest global surface area would sug-

gest. It has been shown that carbon emissions

from lakes to the atmosphere are within the same

order of magnitude as global terrestrial net

ecosystem production, and inland waters bury

organic carbon (OC) in sediments at a rate that

exceeds OC sequestration on the ocean floor

(Tranvik and others 2009; Mendonça and others

2017). Recent estimates attribute one-fifth of total

carbon burial over the Holocene to the north-

temperate and boreal regions, which contain the

highest density of lakes globally (Heathcote and

others 2015). For many northern lakes, al-

lochthonous, that is, externally derived OC inputs

are a key driver of the carbon cycle, even more

than autochthonous (internally derived) OC. Al-

though autochthonous OC is produced in the

water column by phytoplankton and other pho-

tosynthetic organisms and consists mainly of non-

humic, labile substances, allochthonous OC orig-

inates from catchment soil and vascular plant

detritus that are refractory to decomposition

(Toming and others 2013). Consequently, even in

very productive systems, labile autochthonous OC

is degraded shortly after it is produced and thus

makes a small contribution to the OC pool com-

pared to the refractory allochthonous component

(Toming and others 2013). Additionally, as al-

lochthonous OC pool is rich in humic substances,

it accounts for up to 94% of light extinction in the

water column (Fee and others 1996) and is thus

often the main inhibiting factor for primary pro-

duction in those systems (Nõges and others 2011;

Godwin and others 2014). Furthermore, al-

lochthonous OC inputs sustain in-lake microbial

respiration and may be responsible for the domi-

nance of heterotrophic metabolic processes over

autotrophic ones (Cremona and others 2016),

leading to lake CO2 supersaturation (Raymond

and others 2013; Laas and others 2016).

However, despite its pivotal role in lacustrine

functioning, few full budgets of allochthonous OC

have been assessed to date (Hanson and others

2015). Relationships between lake OC concentra-

tions and catchment land cover components (for

example, percentage of wetlands) are well docu-

mented, and several empirical models have been

proposed (Kortelainen 1993; Gergel and others

1999; Valinia and others 2014; Rantala and others

2016), but they do not constitute budgets stricto

sensu. Inferring OC export from dissolved OC

(DOC) concentrations can be misleading as OC

transport is also dependent on discharge (Tranvik

and Jansson 2002), meaning that a well-designed

allochthonous OC budget needs to be based on a

full water budget, which is seldom the case in the

literature (Hanson and others 2011, 2015). An-

other reason for the scarcity of allochthonous OC

models is that, unlike the statistically well-de-

scribed OC pools in lakes, the fluxes offer a bigger

challenge to estimate because of the multiplicity of

pathways and timescales involved. The different

contributors to allochthonous OC budgets—inputs

from tributaries (Dillon and Molot 1997; Toming

and others 2013), groundwater (Schindler and

Krabbenhoft 1998; Jones and others 2005), litter-

fall (Preston and others 2008), wet deposition and

wetlands (Cardille and others 2007), and losses

from burial processes (Algesten and others 2004;

Ferland and others 2014), mineralization (Vachon

and others 2017) and outflow—have been mostly

studied separately with few attempts to unify them

into a model. Furthermore, the relative importance

of catchment-scale factors (allochthonous OC in-

puts) versus in-lake factors (mineralization, sedi-

mentation) remains unknown to date. Indeed, the

allochthonous loads and partitioning among sour-

ces has been listed as one of ‘‘10 unanswered

questions about lake OC budgets’’ (Hanson and

others 2015). The present study aims to close this

knowledge gap by providing a full hydrological and

biogeochemical budget for allochthonous organic

carbon in lakes and identifying the relative contri-

bution of catchment-scale and in-lake factors. We

used a simple, ecosystem-scale equilibrium model

to quantify loads, transformations, storage and ex-

port of OC and calibrated it based on thirteen

European natural lakes located in the northern

temperate zone. By fitting the model within a

Bayesian framework, we quantified uncertainties

in the fluxes. Indeed, a numerical exploration of

these processes and their uncertainties through

modeling is important for quantifying accurately

F. Cremona and others
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long-term allochthonous OC fluxes in lakes. With

the calibrated model, we addressed two questions

about catchment control over lake OC budgets:

what catchment-scale factors are important for

predicting components in the allochthonous OC

budgets, and how do they compare to in-lake fac-

tors for that purpose?

METHODS

Study Lakes

The thirteen study lakes are situated in Estonia

(Northeastern Europe) belonging to the hemiboreal

vegetation biome. The lakes’ surface areas range

across four orders of magnitude, from 0.07 km2 for

Nohipalo Valgõjärv to 269 km2 for Võrtsjärv (Ta-

ble 1), which is the second largest lake in the

country. Only Võrtsjärv and Aheru have large

stream tributaries. Nohipalo Valgõjärv and Tä-

navjärv are seepage lakes. Ground waters, small

streams and ditches with catchment areas smaller

than 10 km2 feed the remaining lakes. The major-

ity of the lakes are naturally eutrophic (Chl a = 2–

51 lg L-1), shallow water bodies (mean depth 1.5–

8 m) with catchments composed of mixed forest,

marsh and bogs. Some lakes (Võrtsjärv, Maardu,

Lõõdla, Kuremaa) have been subjected to strong

anthropogenic influence, especially through agri-

cultural activities (crops, pastures) in the catch-

ment. In most cases, natural areas represent more

than 50% of catchment land use (Table 2). Resi-

dence times are relatively short (0.3–2 year) for the

lakes that have outflows.

The Mechanistic Model

We employed the OC equilibrium model by Han-

son and others (2014) for assessing the OC budget

of lakes. The mechanistic part of the model was

constructed in the R environment (R Development

Core Team 2017). We briefly share here the mod-

el’s main features that are described more thor-

oughly in Hanson and others (2014). The model is

a steady-state solution to a simple differential

equation:

dDOCallo

dt
¼ Load�Mineralization

� Sedimentation� Export ð1Þ

where DOCallo (g) is the long-term average size of

the allochthonous dissolved organic carbon (DOC)

pool. We assumed that most of the DOC in our

study lakes is of allochthonous origin. In steady-

state conditions, the lake DOC budget is balanced:

Load ¼ ExportþMineralizationþ Sedimentation

ð2Þ

Table 1. Limnological Characteristics of Study Lakes

Name LA

(km2)

P (km) Z

(m)

Zmax

(m)

RT

(y)

Trophic state T

(�C)
DOC

(mg L-1)

Chl a

(mg L-1)

Secchi

(m)

Võrtsjärv (VJ) 269 130.48 2.8 6 1 Eutrophic 8.7 13.5 51 0.9

Nohipalo Must-

järv (NM)

0.22 2.324 3.9 8.9 0.33 Dystrophic 11.1 49.7 8.2 0.45

Nohipalo Valgõ-

järv (NV)

0.07 1.096 6.2 12.5 1001 Oligotrophic 10.9 5.9 26.5 4.45

Tänavjärv (TJ) 1.39 5.98 1.8 2.5 1001 Semi-dystrophic 10.5 12.8 31.1 0.55

Klooga järv (KJ) 1.32 8.362 1.9 3.6 1 Eutrophic 11.2 13.5 3.3 3.6

Lohja järv (LJ) 0.56 3.46 2.2 3.7 0.5 Mixotrophic 10.4 20.7 28.6 0.7

Maardu järv (MJ) 1.6 5.876 1.5 3.7 1 Eutrophic 10.6 11.9 12.5 3.7

Saare järv (SJ) 0.27 2.78 4.2 5.6 0.63 Eutrophic 10.5 17.3 16.8 1.6

Aheru järv (AJ) 2.325 10.128 3.7 7.4 0.67 Eutrophic 11.7 20 30 1.2

Kuremaa järv

(KU)

3.984 11.245 5.9 13.8 2 Eutrophic 10.5 14.1 5.8 2.7

Lõõdla järv (LD) 0.987 9.184 3.9 8 2 Eutrophic 11.2 8 11.9 2.5

Saadjärv (SD) 7.235 19 8 25 2 Mesotrophic/

Eutrophic

10.4 9.4 2.1 5.1

Tündre järv (TÜ) 0.716 6.063 4.9 10.6 2 Eutrophic 12.1 17.1 8.7 1.6

1Because these two lakes have no visible outflow, RT was set by default to 100 years to neutralize its influence into the model calculation. Column headers: LA lake area, CA
catchment area, P perimeter, Z mean depth, Zmax maximum depth, RT water residence time, T temperature, DOC dissolved organic carbon concentration and Secchi is Secchi
depth.
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Mineralization ¼ DOCAllo � RDOC ð3Þ

where RDOC (y-1) is the temperature dependent

mineralization rate of DOCallo:

RDOC ¼ RDOC20 � hðT�20Þ ð4Þ

with RDOC20 being the DOCallo mineralization rate

at 20�C (set at 0.001 with a uniform prior distri-

bution) and h representing the unitless tempera-

ture-scaling factor of 1.07 (Hanson and others

2014). Coarse assessments of the fate of OC in lakes

indicate two-thirds of mineralization and one-third

of sedimentation (Tranvik and others 2009, cited

by Hanson and others 2014):

Sedimentation ¼ Mineralization� 0:5 ð5Þ

Export ¼ DOCAllo �OutDOC ð6Þ

where OutDOC (y-1) is the hydrologic outflow

factor obtained as the outflow volume divided by

lake mean depth (Z):

OutDOC ¼ Qout=Z ð7Þ

By replacing members in Equation (2) by Equa-

tions (3), (5), and (6), allochthonous DOC load and

pool can be expressed as:

Load ¼ DOCAllo �OutDOC þ DOCAllo � RDOC

� 1:5 ð8Þ

DOCAllo ¼
Load

OutDOCþ RDOC� 1:5
ð9Þ

Loads (g y-1) were divided into five different fluxes

of allochthonous OC: aerial (leaves, pollen, etc.,

from the lake’s shore), adjacent wetlands,

groundwater (GW), streams (SW), and precipita-

tion (P):

Load ¼ LoadAerial þ LoadWetland þ LoadGW

þ LoadSW þ LoadP ð10Þ

Aerial OC load was calculated as:

LoadAerial ¼ PC� AOC � perimeter½ � þ ½ð1� PCÞ
� 0:2� AOC � perimeter]

ð11Þ

with PC being the proportion of shore with canopy,

AOC (g m-1 y-1) the aerial loading factor and

‘‘perimeter’’ (m) the lake perimeter (Preston and

others 2008). We selected a mean AOC = 1 g m-1 y-1

(Hanson and others 2014) which was then set to

vary as a ‘‘stochastic node’’ (see Uncertainty

Assessment section). The proportion of shore with

canopy was determined visually, using satellite

photos of lakes that we obtained from Estonian

Land Board (www.geoportaal.maaamet.ee).

We calculated the OC load from wetlands as:

LoadWetland ¼ PW�WOC � perimeter ð12Þ

with PW being the proportion of wetlands (deter-

mined with the same visual method than PC) along

the lake’s shores and WOC (g m-1 y-1) the wetland

loading factor which was set by default as 1 g m-1

y-1.

Table 2. Catchment Characteristics, Hydrological Budget and Shore Composition of the Study Lakes

CA

(km2)

FA

(km2)

WA

(km2)

CA/

LA

FA/

LA

WA/

LA

Qin (m

y-1)

Qout (m

y-1)

Evap (m

y-1)

GWP SWP PP PC PW

VJ 3380 1568.3 321.1 12.56 5.8 1.2 4.39 3.59 0.62 0.01 0.83 0.16 0.05 0.05

NM 9.7 6.9 2.8 44 31.4 12.7 12.32 11.64 0.67 0.94 0 0.05 0.29 0.71

NV 0.17 0.17 0 2.5 2.5 0.0 0.68 0 0.68 0.02 0 0.98 1 0.18

TJ 4.7 0.6 4.1 3.38 0.4 2.9 0.72 0 0.72 0.03 0 0.97 0.34 0.39

KJ 5.8 1.4 1.8 4.39 1.1 1.4 2.66 1.94 0.72 0.74 0 0.26 0.31 0.48

LJ 12.3 9.6 0.4 21 17.1 0.7 5.10 4.46 0.63 0.86 0 0.14 1 0

MJ 13.4 4.0 0.4 8.37 2.5 0.3 2.73 2 0.73 0.74 0 0.26 0 0.95

SJ 8.5 4.4 0.3 31 16.4 1.0 7.27 6.69 0.58 0.91 0 0.09 0.62 0.1

AJ 52.4 38.4 5.4 22 16.5 2.3 5.79 5.13 0.66 0.63 0.25 0.12 0.39 0.24

KU 25.4 9.9 3.8 6.37 2.5 0.9 1.35 0.80 0.55 0.52 0 0.48 0.9 0.08

LD 5.6 1.1 1.0 5.67 1.1 1.0 2.21 1.51 0.70 0.7 0 0.3 0.75 0.02

SD 31.9 10.7 0.3 4.4 1.5 0 4.49 3.91 0.58 0.85 0 0.15 0.8 0.03

TÜ 7.1 5.7 0.6 9.91 7.9 0.9 3.23 2.49 0.74 0.78 0 0.22 0.91 0.05

Complete lake names are the same as in Table 1. Acronyms are as follow: CA catchment area, FA forested area in catchment, WA wetland area in catchment, all hydrologic
inflows (Qin), outflows (Qout), Evap evaporation; GWP proportion of groundwater, SWP stream water from tributaries and PP precipitation in total inflow; PC proportion of
shoreline as canopy and PW wetland.
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The groundwater-borne OC inflow was calcu-

lated as:

LoadGW ¼ GWOC � QGW ð13Þ

with GWOC being the concentration of DOC in

groundwater and QGW the volume of groundwater

inflow (m3 y-1). In this study, GWOC does not

represent only deep ground water inflows but also

surface runoff from small streams and ditches.

Chemical monitoring data for 220 groundwater

sites in Estonia gave a mean DOC concentration of

0.6 mg L-1 and maximum value of 2.2 mg L-1

(Estonian Environmental Agency www.keskkonna

agentuur.ee/en; Sepp and others 2018, for empiri-

cal relationship between color and DOC). Consid-

ering that the organic carbon content in Estonian

soils is one of the highest in Europe (Jones and

others 2005), surface groundwater load might thus

contribute disproportionately to the total DOC load

of Estonian lakes. The high uncertainty associated

with the GWOC input convinced us to conduct a

sensitivity analysis across one order of magnitude,

from 2 to 20 mg L-1 using the standard deviation

range of model posterior distributions to determine

the most likely GWOC. We selected a GWOC value

of 10 mg L-1, which had resulted in the lowest

standard deviation (Supplementary Figure 1). The

OC carbon load from stream water was calculated

as:

LoadSW ¼ SWOC � QSW ð14Þ

with SWOC (mg L-1) being the concentration of

DOC in large surface water tributaries and QSW (m3

y-1) the tributary flow. The last OC input was that

of precipitation:

LoadP ¼ POC � QP ð15Þ

where POC (g m-3) and QP (m3 y-1) stand,

respectively, for DOC concentration in rainwater

and annual direct precipitation input to the lake.

We obtained mean POC values for Saare järv

(2.59 mg L-1) and Võrtsjärv (5.36 mg L-1) from

the Estonian Environment Agency. The Saare järv

POC value was employed for budget calculation of

this lake only, whereas the Võrtsjärv POC value was

used for the other water bodies as well, since it had

a higher number of observations and was collected

over a longer time period (Cremona and others

2014a). The list of model parameters and acronyms

is available in Supplementary Table 1.

Model Input Data

Morphometric characteristics for the studied lakes

were collected from the Estonian Environmental

Register (http://register.keskkonnainfo.ee/), and

limnological and hydrological variables were mea-

sured as part of the routine National Lake Moni-

toring program in Estonia. Water samples for DOC

were collected four times per year and filtered

through Whatman GF/F glass microfibre filters that

had been previously washed with 500 ml of ultra-

pure water (Milli-Q). DOC was then measured

using a TOC-VCPH analyzer (Shimadzu, Japan), in

conformity with the European standard method

(EN 1484: 1997). We obtained atmospheric long-

term data (precipitation, air temperature) for

modeling from the Estonian Environmental Agen-

cy (http://www.keskkonnaagentuur.ee/).

Uncertainty Assessment

Parameter uncertainties were assessed within a

Bayesian framework, and the error assessment part of

the model was designed using the BUGS (Bayesian

Analysis Using Gibbs Sampling) language (Plummer

and others 2006; Lunn and others 2009) which is

practical for constructing Bayesian analysis of com-

plex statistical models using Markov Chain Monte

Carlo (MCMC) methods. The advantage of Bayesian

framework is that prior distribution and variance can

be assigned to less informative parameters of the

model instead of a single value. The model employs

Equation (9) to calculate DOC concentration and OC

mineralization, sedimentation and outflow. During

the automated calibration, the calculated DOC con-

centration is thencompared to themeasuredvalue, so

that themodel adjusts ‘‘stochastic nodes’’ (see below)

and the calculated DOC matches measured DOC.

Because the errors are propagated into the model,

output values of Bayesian models are usually pro-

vided with an uncertainty range (Cremona and oth-

ers 2014b). The statistical part of themodelwas linked

to the mechanistic part using the rjags package in the

R environment. A conceptual diagram of how the

modelwasdesigned in theBUGS language is available

in Figure 1. Shortly, the data were divided into four

categories: observational data that were collected

through in situ measurements; rates and constants

thatwere obtained from the literature; ‘‘deterministic

nodes’’ that were output values from model calcula-

tion. The fourth category, ‘‘stochastic nodes’’ in-

cluded model processes that we evaluated and

adjusted for uncertainty analysis (h, GWOC, RDOC20,

Drainage Ratio as a Strong Predictor of Allochthonous Carbon Budget
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AOC, WOC, RT, Z). Stochastic nodes were assigned a

uniform prior distribution that the model would

numerically explore for calculating posterior values

(Supplementary Table 2). We discarded the first

thousand runs as burn-in and thinned the iterations

to retain a thousand samples from the posterior dis-

tribution (Hanson and others 2014). Model outputs

were related to limnological parameters such as lake

maximum depth, catchment area (CA), drainage ra-

tio (CA/LA), forest and wetland ratios (FA/LA and

WA/LA, respectively, defined as the surface of forest

or wetland in the catchment relative to the lake sur-

face area), Chl a, Secchi depth using Spearman’s

pairwise correlations and by linear regression analy-

sis. To test model output performance and to extend

the validity of the relationships between drainage

ratio andmodeled allochthonous OC budget, we also

ran the model with inputs of Wisconsin lakes from

Hanson and others (2014).

RESULTS

Hydrology, Canopy and Wetlands as OC
Sources

Non-stream and groundwater runoff (GWP) was

the most important hydrological input for 9 out of

13 lakes (Table 2) accounting on average for 61%

of the total allochthonous OC inputs and ranging

from 0.6% in Võrtsjärv to 96% in Saare (Figure 2).

Rainwater was the second most important water

input, especially for seepage lakes Nohipalo Val-

gõjärv (98%) and Tänavjärv (97%). In allochtho-

nous OC units, precipitation accounted for 17% of

OC inputs on average. Riverine inputs from tribu-

taries were only present for Võrtsjärv (83%) and

Aheru (25%). High DOC concentrations in Võrts-

järv tributaries skewed the dominance further to-

ward stream inputs. The contribution of aerial OC

was less than 20% in all lakes but Nohipalo Val-

gõjärv. Wetland inputs were even smaller and

reached 10% only for Nohipalo Valgõjärv and Tä-

navjärv. Hydrological activity, as defined by the

absolute values of in- and out-fluxes (Qin, Qout),

ranged from 0 to 12 m y-1, with Nohipalo Mustjärv

being the most active lake-catchment system, and

its neighbor lake Nohipalo Valgõjärv the least ac-

tive one. Nohipalo Mustjärv received 18 times

more water than Nohipalo Valgõjärv, and this

water was in the form of OC-rich groundwater

versus OC-poor rainwater for Valgõjärv. In Nohi-

palo Valgõjärv, in the absence of noticeable

groundwater or stream inflows, the dense canopy

contributed disproportionately to the OC inputs,

whereas in Lake Tänavjärv, a similar role was

Figure 1. Conceptual representation of the model that was employed in the present study.
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occupied by precipitation. The hydrological fluxes

of the other lakes were less extreme—2–7 m y-1.

Mean OC mineralization rates (RDOC) were nearly

identical (1.13–1.14 9 10-3 d-1) and with a low

uncertainty (± 0.2) among lakes owing to the

small differences in long-term average tempera-

tures in lakes (Supplementary Table 3). Wetland

input rates (WOC) were also very similar (1061–

1083 g m-1 y-1), although the uncertainty values

(± 487–499 g m-1 y-1) were much higher. Lake

residence time (RT) and average depth (Z) were

modeled accurately (R2: 0.99) and with low

uncertainties in both cases.

Organic Carbon Budget

According to model simulations, the OC budget,

which is the difference between whole-lake OC

inputs and outputs, differed markedly across the

study lakes, with the mean loads varying between

5 g m-2 y-1 for Tänavjärv to 123 g m-2 y-1 for

Nohipalo Mustjärv (Figure 3). Modeled exports

varied accordingly, from 1.10-3 g m-2 y-1 for No-

hipalo Valgõjärv to 108 g m-2 y-1 for Nohipalo

Mustjärv. The two main hydrological processes,

loads and exports, dominated the carbon budget,

whereas respiration and sedimentation were small

proportions of the budgets, except in closed lakes

such as Nohipalo Valgõjärv and Tänavjärv. Conse-

quently, OC budgets were more dependent on how

lake-catchment systems (rather than lakes alone)

were active in mobilizing and processing OC. A first

category of ‘‘active’’ lake-catchment systems

(Võrtsjärv, Nohipalo Mustjärv, Lohja, Saare,

Aheru, Saadjärv) produced, received and released

large amounts (� 50 g m-2 y-1) of OC. A second

category comprised less active systems (Klooga,

Maardu, Kuremaa, Lõõdla, Tündre), which were

receiving 5-25 g m-2 y-1. In the third category, the

least active lake-catchment systems (Nohipalo

Valgõjärv, Tänavjärv) mobilized several orders of

magnitude less OC than the active ones. When the

OC budget was scaled up to the surface area of

lakes, the magnitude of the modeled fluxes was by

far the greatest in Võrtsjärv owing to its much

larger surface area compared to the other lakes

(Figure 3). OC load, export, sedimentation and

respiration for Võrtsjärv were greater than those

fluxes in all other lakes combined. The simulated

OC budget metrics summarized as the retention

index (RI = (input - output)/input, %) ranged

between 12 and 99%, with Nohipalo Mustjärv and

Valgõjärv being at the opposite ends of the con-

tinuum, respectively (Figure 4). As noted above for

OC budgets, hydrologically active systems were the

least efficient for retaining OC, whereas seepage

lakes retained nearly all their allochthonous OC.

Predictors of OC Fates

Spearman’s pairwise correlation analysis revealed

that simulated loads and export were both posi-

tively correlated with several catchment param-

eters (Table 3). The connection between drainage

ratio (CA/LA), forest ratio (FA/LA) on one side

and carbon budget on the other side was stronger

and more significant than all other relationships.

There was no correlation between the proportion

Figure 2. Proportions of OC inputs in the total load for the study lakes based on the mechanistic part of the model.
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of forests (FP) and wetlands (WP) and simulated

carbon budget, suggesting that catchment-lake

linkages (that is, with CA/LA and FA/LA) are

more informative than the sole proportion of land

uses. Interestingly, while wetland ratio (WA/LA)

was not correlated to carbon budget, it was sig-

nificantly correlated to Secchi depth. Forest ratio

thus appeared as a good predictor of modeled

allochthonous OC amount, whereas wetland ra-

tio was more efficient as a proxy of the colored

fraction of OC. When plotted in a linear regres-

sion, the coefficient of determination for the

loads, export vs CA/LA and FA/LA relationship

were very high (r2 = 0.86–0.92, p < 0.0001,

Figure 5A, B, D, E). The RI was also strongly

negatively correlated with CA/LA (r2 = 0.86,

p < 0.0001), although in that case the relation-

ship was not linear. Lakes with drainage ratios

lower than 10 released most of their OC but lakes

with greater ratios kept retaining increasingly

higher proportions of OC (Figure 5C, F).

Figure 3. Organic carbon budgets (mean ± SD) of the study lakes according to the model outputs (upper panel) and their

scaling up to lake surface area (bottom panel). Please note the log-scaled y axis in the bottom panel.

Figure 4. Retention index (RI, %) for the study lakes as

calculated by model output.
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Model Applicability

Using Hanson and others (2014) dataset, we no-

ticed that there was no relationship between OC

loads and CA/LA (p = 0.38) although there was a

positive one between OC export and CA/LA

(y = 1.2723278 + 0.5869x, p < 0.01, r2 = 0.78,

n = 7). When we combined datasets from Estonia

Table 3. Spearman Pairwise Correlation Coefficient Values of Limnological Parameters and OC Loads,
Export and Sedimentation

Loads Export Chl a Zmax CA CA/LA Secchi WP FP FA/LA

Loads 1

Export 0.96*** 1

Chl a Ns Ns 1

Zmax Ns Ns Ns 1

CA 0.61* 0.58* Ns Ns 1

CA/LA 0.87*** 0.85*** Ns Ns Ns 1

Secchi Ns Ns Ns Ns Ns - 0.57* 1

WP Ns Ns Ns Ns Ns Ns Ns 1

FP Ns Ns Ns Ns Ns Ns Ns Ns 1

FA/LA 0.81*** 0.76** Ns Ns Ns 0.87*** Ns Ns 0.76** 1

WA/LA Ns Ns Ns Ns Ns Ns - 0.73** 0.83*** Ns Ns

Acronyms: lake maximum depth (Zmax), CA catchment area, WP wetland proportion on lake catchment, FP forest proportion, FA forested surface area, WA wetland surface
area. Forest and wetland ratios are, respectively, FA/LA and WA/LA. The significance (q) is indicated as *(p < 0.05), **(p < 0.01), ***(p < 0.001), ns (not significant,
p > 0.05).

Figure 5. Organic carbon loads (A, D), exports (B, E), and retention index (C, F) plotted against catchment to lake area,

and forest ratio. Vertical bars represent mean values ± SD. SEa, standard error of the intercept; SEb, standard error of the

slope.
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and Wisconsin together, we obtained highly sig-

nificant linear relationships (p < 0.0001) although

it explained less variance for simulated loads

(y = 6.5462197 + 2.1695398x, r2 = 0.71, n = 20)

than for simulated export (y = - 4.147965 +

2.0243552x, r2 = 0.79, n = 20). After following

Kortelainen (1993) example and removing Alle-

quash Lake from the analysis (because only up-

stream basin had been measured for this lake), the

coefficient of determination increased by 10% for

loads (y = 5.9434566 + 2.4109726x, r2 = 0.82,

n = 19) and 9% for export (y = - 4.626217 +

2.2159159x, r2 = 0.87, n = 19, supplementary

Figure 2).

DISCUSSION

Allochthonous OC Budgets

Our modeling findings that more hydrologically

active systems were also the largest OC sources to

downstream ecosystems are generally in agreement

with the literature on the topic. Schindler and

others (1997) demonstrated that strong links ex-

isted between water inputs and DOC fluxes in

Ontario lakes and that drought was responsible for

a decrease in both outputs and in-lake concentra-

tions. Similarly, Dillon and Molot (1997) observed

a relationship between OC retention and hydro-

logical inputs. Tranvik and Jansson (2002) noted

that modifications of hydrological regime linked to

global climate changes would likely affect global

lake DOC budget.

The simulated loss of OC by respiration and

sediment burial in Estonian lakes was comparable,

although slightly higher than the values calculated

by Algesten and others (2004) for Swedish lakes.

This difference can be explained by cooler tem-

perature averages as most of Algesten and others

(2004) study lakes were situated well beyond the

62th North Parallel. Our study lakes lay at least

three degrees of latitude lower. The OC burial

values that we simulated for Võrtsjärv were also

comparable to the ones we had modeled in a pre-

vious study (Cremona and others 2014a). How-

ever, our results showed that OC removal by

respiration and sedimentation were quantitatively

minor processes compared to hydrological outflow

in the most hydrologically active lakes. On the

other hand, in the less active lake-catchment sys-

tems the relatively high error value of OC budget

processes signifies that respiration and sedimenta-

tion of allochthonous OC were comparable to

hydrological outflows. In other words, in the

hydrologically passive lake-catchment systems,

metabolic rates are increasingly contributing to the

whole-lake OC budget. Mineralization and sedi-

mentation rates are notoriously difficult to measure

accurately. A review of the literature by Hanson

and others (2011) concluded that rates could vary

20-fold depending on the methodology. Never-

theless, in our study the modeled range remained

relatively narrow (mean 3–12 g m-2 y-1 for respi-

ration, 1.6–6 g m-2 y-1 for sedimentation) despite

having broad differences across lakes in OC inputs

and water residence times.

Whole-lake budget calculations based on multi-

annual monitoring revealed that hydrology was

dominant in processing OC in productive lakes

(Cremona and others 2014a; Nõges and others

2016). Similarly, systems with shorter water resi-

dence time and stronger outflows were expected to

export more OC downstream (Weyhenmeyer and

others 2012). The broad differences in the ability of

lakes to process allochthonous OC were exempli-

fied in our study by the gap in the retention index,

which varied eightfold. Based on modeled OC in-

put metrics, input type and water residence time,

we can classify the studied lakes-catchment sys-

tems under the five types described by Hanson and

othersand others (2015), notwithstanding net pri-

mary production which was not addressed in this

research:

� high input, short residence time (type A):

Nohipalo Mustjärv, Saare, Aheru

� low input (atmospheric), long residence time

(type B): Nohipalo Valgõjärv, Tänavjärv

� low to moderate input (groundwater), short to

moderate residence time (types C, D): Klooga,

Lohja, Maardu, Kuremaa, Lõõdla, Saadjärv,

Tündre

� moderate to high input (fluvial), short residence

time (type E): Võrtsjärv.

Sources of Allochthonous OC

In this study, groundwater was the main OC source

owing to the relatively short water residence time

(< 1–2 years) in most of the lakes, suggesting that

groundwater and non-stream runoff sources,

which have generally been overlooked in OC re-

search should receive a more concerted effort. The

groundwater OC concentrations that achieved the

lowest error values (Supplementary Figure 1) were

relatively high (10 mg L-1). These findings about

Estonian lakes are in agreement with previous

studies that demonstrated that in lakes without

large, permanent tributaries, groundwater passing

through organic-rich soils was often the dominant

F. Cremona and others



123

OC input (Schindler and Krabbenhoft 1998; Jones

and others 2005). Ideally, in situ measurements of

groundwater concentrations would help validating

this model assumption, although they are, unfor-

tunately, very scarce to date.

According to our model, aerial OC load was

substantial only in seepage lakes or in those with

heavily forested shores. OC loads from adjacent

wetland were even lower than aerial loads, because

most of the lakes had a low proportion of shoreline

wetlands. These findings contrast with those from

Cardille and others (2007) and Hanson and others

(2014) who modeled up to 60% of the OC influx

by aerial and wetland inputs. This discrepancy is

caused by hydrological differences between Esto-

nian and Wisconsin lakes. In this study, ground-

water was the main water and OC source for most

of the lakes, whereas in Wisconsin it was direct

precipitation. As OC concentrations are higher in

groundwater than in rain or snow, the contribution

of canopy and wetlands will proportionally appear

lower in groundwater-dominated lakes than in

precipitation-dominated lakes although the abso-

lute load values might be similar. Our findings

using Hanson and others (2014) set of Wisconsin

lakes suggest that the model described in the

methods section is applicable for lakes that possess

full-basin documentation and that drainage ratio is

a useful tool for predicting easily their modeled

carbon budget. We can assume that the strong

relationship between drainage ratio and carbon

budget is valid for lakes situated in mostly natural

basins where lake OC is commonly of allochtho-

nous origin and thus OC inputs scale up with

catchment size relative to lake size. The Wisconsin

lakes of Hanson and others (2014) and the Esto-

nian lakes from this study correspond to these cri-

teria but systems located at low latitudes, tropical

lakes, for example, would fit only if they are not

macrophyte-dominated and thus rely on al-

lochthonous OC.

Uncertainties Related to Model
Parametrization

The main strength of the Bayesian method (that is,

the use of priors instead of single values as inputs

for some parameters) can also be its major pitfall.

Indeed, the subjectivity of pre-selected distribu-

tions used as priors can lead the model user to se-

lect involuntarily for the outcomes he estimates as

the most ‘‘credible’’ (Lele and Dennis 2009). In the

present study, the selection of parameters that were

based on published measurements or local sam-

pling ensured that the model outputs were not

artificially constrained at least. Another potential

uncertainty that is related to the model

parametrization lies in the source of the input data.

For the hydrological part of the model, we em-

ployed mostly long-term precipitation and evapo-

ration averages from closest meteorological stations

from which local conditions in the study lakes

might slightly differ. As the hydrological compo-

nent in our model is constraining the biogeo-

chemical component, it is thus theoretically

possible to obtain markedly different OC budgets

for the same lake because of variability in hydro-

logical inputs. Fortunately, these uncertainties are

mitigated by the small size of Estonian territory and

flat topography, meaning that its climate remains

relatively homogeneous. Finally, although the

long-term mean hydrological values that were en-

tered into the model do not represent the full

magnitude of hydrological conditions, they were

nevertheless useful for establishing a broad cate-

gorization of OC budgets.

Ideally, an improved validation of our model

simulations would be possible with in situ mea-

surements of allochthonous OC in- and outflows.

For a number of practical reasons, including the

paucity of groundwater, runoff, aerial, and wetland

load estimates, it is still impossible to do so. Mea-

suring long-term OC fluxes in the different inputs

constitutes a challenge for a single lake (Cremona

and others 2014a), even more so for a dozen of

them. However, the reliability of the model is im-

proved by four factors: firstly, the use of priors in

the Bayesian framework ensuring that a large

range of input values was tested by the model;

secondly, the automatic calibrating approach of

comparing simulated and observed DOC concen-

trations; thirdly, the display of an array of possible

results in the model outputs instead of a single

value; fourthly, the use of mostly local measure-

ments in the model parametrization. Although

these factors do not replace in situ values of OC

fluxes, they help mitigating the uncertainty of the

simulation outputs and making them better than

an exploratory analysis.

CONCLUSION

Outcomes of this modeling study corroborate the

findings that allochthonous OC cycling is strongly

dependent on processes taking place in catchment-

lake systems as a whole rather than in lakes solely,

as illustrated by the importance of drainage ratio

compared to in-lake variables for predicting OC

budget. On a broader scale, we have shown the

much larger contribution of hydrologically active

Drainage Ratio as a Strong Predictor of Allochthonous Carbon Budget



124

and connected lake-catchment systems to al-

lochthonous OC cycling compared to seepage lakes.

While the former were venting large amounts of

OC-rich groundwater, the latter were mostly dead-

ends of small quantities of shoreline and rainwater

OC because of their isolation in the hydrological

network of their region. Our results also showed

that the groundwater component, which is gener-

ally the hardest to assess was also the most

important contributor to the OC budget and, for

this reason, should at least benefit from a sensitivity

analysis. In the generally sparsely populated basins

of northern natural lakes, the largest external

causes of OC budget (and retention index) alter-

ation in lakes at the regional scale would thus be

climate-related alterations of hydrological inputs

and changes in land use.
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