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Abstract To address the link between the composition and decomposition of freshwater dissolved
organic matter (DOM), we manipulated the DOM from three boreal lakes using preincubations with UV
light to cleave large aromatic molecules and polyvinylpyrrolidone (PVP) to remove colored phenolic
compounds. Subsequently, we monitored the dissolved organic carbon (DOC) loss over 4months of
microbial degradation in the dark to assess how compositional changes in DOM affected different aspects of
the reactivity continuum, including the distribution of the apparent decay coefficients. We observed
profound effects on decomposition kinetics, with pronounced shifts in the relative share of rapidly and more
slowly decomposing fractions of the DOM. In the UV-exposed treatment initial apparent decay coefficient k0
was almost threefold higher than in the control. Significantly higher relative DOC loss in the UV-exposed
treatment was sustained for 2months of incubation, after which decay coefficients converged with those in
the control. The PVP removed compounds with absorbance and fluorescence characteristics representative
of aromatic compounds, which led to slower decomposition, compared to that in the control. Our results
demonstrate the reactivity continuum underlying the decomposition of DOM in freshwaters and highlight
the importance of intrinsic properties of DOM in determining its decomposition kinetics.

1. Introduction

During the transport through inland waters, terrestrially derived dissolved organic matter (DOM) undergoes
substantial transformations, resulting in globally significant fluxes of carbon to the atmosphere as well as a
sizeable sediment carbon sink [Cole et al., 2007; Tranvik et al., 2009]. Microbial decomposition is a major driver
of the in-lake transformations of DOM, since bacteria use DOM as an energy source [Tranvik, 1992] and carry
out the enzymatic breakdown of DOM constituents [Arnosti, 2003]. Lake water DOM is a highly diverse
mixture of chemical compounds [Benner, 2003; Kellerman et al., 2014], yet the consequences of this chemical
diversity for the reactivity of DOM have rarely been addressed.

In inland waters, the composition of bulk DOM can change through the transformations and/or selective loss
of compounds upon microbial mineralization [Kothawala et al., 2012], photochemical reactions [Molot and
Dillon, 1997; Helms et al., 2014], and flocculation with subsequent sedimentation [von Wachenfeldt et al.,
2009]. Photochemical reactions and flocculation commonly occur in freshwater systems and strongly target
colored DOM compounds [Vähätalo, 2009; vonWachenfeldt et al., 2009]. Photochemical reactions are induced
by sunlight and, along with the complete photomineralization of colored DOM, include formation of
biodegradable compounds from recalcitrant aromatic predecessors [Moran and Zepp, 1997].

Recent evidence supports the notion that intrinsic properties of DOM strongly control its decomposition in
freshwaters, with different fractions degrading at different rates [Guillemette and del Giorgio, 2011].
Similarly, a comparison across a large number of lakes revealed that colored, aromatic organic matter is
selectively lost with increasing water residence time [Weyhenmeyer et al., 2012; Kellerman et al., 2015], sug-
gesting that it decomposes faster than bulk DOM. Yet the emergence of overall kinetics of DOM decomposi-
tion from the heterogeneity of DOM is poorly understood. Specifically, we lack a comprehensive
understanding of how changes in DOM quality translate into changes in decomposition rates.

The highly heterogeneous nature of DOM poses a challenge for realistic description of its decomposition.
In particular, kinetic modeling requires an adequate conceptual framework that acknowledges the

MOSTOVAYA ET AL. ORGANIC CARBON DECOMPOSITION KINETICS 1733

PUBLICATIONS
Journal of Geophysical Research: Biogeosciences

RESEARCH ARTICLE
10.1002/2016JG003359

Key Points:
• DOM decomposition was enhanced
by prior phototransformation but
tended to decelerate after removal of
phenolics with polyvinylpyrrolidone

• A reactivity continuum model
successfully described the effects of
compositional shifts on DOM
decomposition kinetics

• Intrinsic properties of DOM are
important determinants of DOM
decomposition kinetics

Supporting Information:
• Supporting Information S1

Correspondence to:
A. Mostovaya,
alina.mostovaya@ebc.uu.se

Citation:
Mostovaya, A., B. Koehler, F. Guillemette,
A.-K. Brunberg, and L. J. Tranvik (2016),
Effects of compositional changes on
reactivity continuum and decomposition
kinetics of lake dissolved organic matter,
J. Geophys. Res. Biogeosci., 121,
1733–1746, doi:10.1002/2016JG003359.

Received 29 JAN 2016
Accepted 7 JUN 2016
Accepted article online 11 JUN 2016
Published online 2 JUL 2016

©2016. American Geophysical Union.
All Rights Reserved.

http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-8961
http://dx.doi.org/10.1002/2016JG003359
http://dx.doi.org/10.1002/2016JG003359
http://dx.doi.org/10.1002/2016JG003359
http://dx.doi.org/10.1002/2016JG003359
http://dx.doi.org/10.1002/2016JG003359


presence of many reactive types within bulk DOM. Although the concept of a reactivity continuum of
organic matter already exists since several decades [Carpenter, 1981; Middelburg, 1989; Boudreau and
Ruddick, 1991; Bosatta and Ågren, 1995], decomposition of DOM is still commonly modeled as a discrete
(multi) exponential decay of one or a few reactivity pools. Representation of the bulk DOM as a continuum
of reactive species ranging from fast to slowly decomposing provides a basis for a more realistic model of
decomposition, commonly called reactivity continuum model (RC model). The RC model assumes an
infinite number of reactive components within DOM, reflecting the heterogeneous nature of the
constituent compounds, and characterizes decomposition kinetics in terms of a probability distribution
of decay coefficients.

Despite its conceptual merits, the RC model came into focus in soil and aquatic biogeochemistry only
recently [Vähätalo et al., 2010; Sierra et al., 2011; Koehler et al., 2012; Manzoni et al., 2012; Koehler and
Tranvik, 2015], and very few studies have hitherto applied it to achieve a realistic description of freshwater
DOM decomposition. So far, the RC model was compared to alternative models in terms of performance
using the data from a bioassay [Vähätalo et al., 2010] and applied to dissolved organic carbon (DOC) mass
loss data in anticipation that the model with more realistic assumptions would generate more robust conclu-
sions [Koehler et al., 2012; Guillemette et al., 2013; Hulatt et al., 2014]. The results of these earlier studies are
promising and demonstrate that the RC model can provide deeper insights on DOM decomposition kinetics
and its regulating factors.

In the present study we address the link between composition and decomposition of lake water DOM by
tracking how alterations in specific DOM fractions change the distribution of the reactivity continuum
within bulk DOM and influence the kinetics of DOM decomposition. To this end, we manipulated water
from three boreal lakes using preincubations with UV light to simulate photochemical transformations
and polyvinylpyrrolidone (PVP) to remove colored phenolic compounds. Thereafter, we assessed the
contribution of compounds lost or transformed after the respective treatment to the reactivity conti-
nuum of bulk DOM. We incubated the treated waters for 4months to evaluate the kinetics of the mass
loss of DOC and applied the RC model to analyze the effects of initial compositional shifts (evaluated
using optical parameters) on the distribution of DOC decay coefficients. Since both UV and PVP were
expected to remove colored recalcitrant compounds, we anticipated enhanced decomposition in both
treatments. The UV treatment was expected to demonstrate a more pronounced response, since in addi-
tion to removal of recalcitrant compounds we expected UV light to cleave large aromatic molecules into
smaller more bioreactive fragments.

2. Materials and Methods
2.1. Study Lakes

Three Swedish brown-water lakes (Table 1), Lumpen (59°58′N, 17°17′E), Ramsjön (59°50′N, 17°13′E), and
Övre Långsjön (59°52′N, 18°01′E) were sampled in October 2013. Mean annual temperature in this area
is 4–6°C, and mean annual precipitation is 600–700mm (1961–1990, Swedish Meteorological and
Hydrological Institute; http://www.smhi.se/klimatdata). All three catchments are underlain by calcar-
eous moraine and granitic bedrock and covered by boreal forest, with a substantial share (~20%) of
peat in the case of Lake Lumpen (Swedish Meteorological and Hydrological Institute; http://vatten-
webb.smhi.se).

Table 1. Water Characteristics of the Study Lakes: Dissolved Organic Carbon (DOC) Concentration, Total Colored
Dissolved Organic Matter (CDOM) Absorption Integrated for 250–500 nm, Specific UV Absorbance at 254 nm (SUVA254),
Total Phosphorus Concentration (Total P), Total Nitrogen Concentration (Total N), and pH

Lake DOC (mg C L�1)
CDOM Absorption

(nmm�1)
SUVA254

(Lmg C�1m�1)
Total P

(μg P L�1)
Total N

(mgN L�1) pH

Lumpen 23.7 16482 4.1 31a 1.1a 7.4
Ramsjön 22.1 13743 3.7 46b 1.2b 7.5
Övre Långsjön 21.2 10985 3.3 48a 1.3a 7.2

aData obtained from Swedish national monitoring (SLU, 2015; http://www.slu.se/en/departments/aquatic-
sciences-assessment/).

bData obtained from Eva Lindström (Uppsala University, personal communication, 2013).
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2.2. Water Collection and Preparation

Lake water was collected from the lake surface (0–0.5m depth), 5–10m away from the shore. In the labora-
tory, water samples were filtered through glass fiber filters (Whatman GF/B, GE Healthcare, Buckinghamshire,
UK; pore size≈ 1μm) to remove particulate organic matter and further through 0.2μm membrane filters
(Supor 200 PES, Pall Corporation, Port Washington, New York, USA) using a peristaltic pump. A fraction of
unprocessed lake water was set aside, filtered through a 64μm plankton net to eliminate large particles,
and later used as an inoculum, including bacteria as well as bacterivorous organisms. Both the 0.2μm filtered
water and inoculum were kept at 4°C in the dark for 3weeks that were required to complete experimental
manipulations before the start of incubations.

All the glassware used in the experiment was acid washed (10% HCl), rinsed with pure water (Milli-Q®
Advantage A10 Water Purification System, Merck Millipore, Darmstadt, Germany) and muffled for 4 h
at 550°C.

2.3. Experimental Design

To investigate how decomposition kinetics is influenced by shifts in DOM composition, the lake water
DOM was artificially manipulated. Three brown-water lakes with high DOC served as true experimental
replicates, and three treatments were performed within each lake through the following manipulations:
UV exposure to cleave large aromatic molecules [Helms et al., 2008; Stubbins et al., 2010], application of
PVP to remove phenolic compounds [Carpenter et al., 1976; Freeman et al., 2004], and a combination of
these two (UV-PVP). Nonmanipulated lake water was used as a control. Each treatment (control, PVP, UV,
and UV-PVP) was duplicated within each lake to account for variability in treatment effects, DOC
concentration, and decomposition rates, and the average was used in the subsequent statistical analysis
and RC modeling. The changes in DOM composition due to the treatments were assessed with UV-visible
absorbance and fluorescence spectroscopy.

2.4. Experimental Treatments
2.4.1. UV Irradiation
Prior to the UV exposure, 0.2μm-filtered water was heat sealed in 40μm thick autoclavable polypropylene
bags, prerinsed with 10% HCl and MilliQ water. The bags were immersed in water-filled containers and
exposed to simulated UV light (QUV UVA-340 fluorescent lamps, Q-lab Corporation, Westlake, Ohio, USA).
The lamp provided an irradiance of 35Wm�2 between 300 and 400 nm, with the highest peak at 345 nm
(supporting information Figure S1), and the exposure lasted for 144 h. The irradiance was measured using
a concave grating spectrometer for UV-visible applications with 1 nm resolution (BLACK-Comet BLK-C,
StellarNet, Tampa, Florida) equipped with a fiber optic cable (F600-UVVis-SR, StellarNet) and a cosine receptor
for UV-visible near-infrared irradiance (CR2, StellarNet).
2.4.2. PVP and UV-PVP Treatment
Water-insoluble polyvinylpyrrolidone for binding phenols (PVP; Polyclar® AT, SERVA Electrophoresis
GmbH, Heidelberg, Germany) was applied to partly remove phenolic components of colored DOM from
lake water. The PVP was first cleared of possible traces of low molecular weight water-soluble substances
(<0.2% according to manufacturer), as described by Carpenter et al. [1976]. Blanks were first prepared
by adding PVP to Milli-Q water acidified to pH 2 with 1M HCl (purum p.a., Fluka) in the amount of
1 g L�1. To remove the traces of DOC that were detected in the blanks (1–1.5mg C L�1), the PVP was
soaked in methanol (LC-MS CHROMASOLV®, Fluka) for 24 h, repeatedly rinsed with Milli-Q water, and
dried at 110°C. New PVP blanks were low in DOC (0.2–0.3mg C L�1) and similar to Milli-Q blanks (0.1–
0.2mg C L�1).

Before the addition of PVP, lake water was brought to pH 2 with 1M HCl. Aiming to remove around 30%
of DOC, PVP was added in the amount of 0.7–1 g L�1 (0.03–0.04 g PVPmg�1 C) and mixed with lake
water on an orbital shaker for 10min. The PVP was filtered out through a glass fiber filter (Whatman
GF/F, pore size ≈ 0.7 μm) and lake water pH was adjusted back to values close to original (±0.2 units)
with 1M NaOH (puriss, Merck). To make an additional UV-PVP experimental treatment, a similar
procedure was repeated on lake water previously exposed to UV, with PVP added in the amounts of
0.5–0.7 g L�1 (0.02–0.03 g PVPmg�1 C).
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2.5. Bioassay

In all treatments, water was amended with an inoculum from the respective lake, corresponding to 5% of the
volume, filtered through a 64μm net as described above. To achieve carbon-limited conditions, inorganic
nutrients were added to final concentrations of 480μgN L�1 as KNO3 and 100μg P L�1 as Na2HPO4. For
the incubations, the water was transferred into precombusted 40mL vials with PTFE-lined silicone septa
and sealed headspace free. To minimize gas exchange, the vials were kept submersed in water in the dark
at 20°C. The incubations lasted for 120 days. DOC concentration was measured at 18 time points (20 time
points for the control treatment), and at each time point two vials per treatment were sacrificed for the
analysis. For every treatment Milli-Q blanks were included in the analysis to ensure the absence of DOC
contamination from the vials or the treatment per se (Milli-Q water for blanks in UV, PVP, and UV-PVP
treatments was subjected to the same manipulations as lake water). The blanks were analyzed in the
beginning and end of the experiment, and no DOC contamination was detected.

2.6. Dissolved Organic Carbon

The dissolved organic carbon (DOC) concentration was measured on a Sievers 900 TOC (total organic carbon)
analyzer (General Electric Analytical Instruments, Manchester, UK), with the precision of<1% relative standard
deviation and accuracy of ±2% or ±0.5μg L�1 TOC [General Electric Analytical Instruments, 2005].

2.7. UV-Visible Absorbance Spectroscopy

Absorbance spectra of the incubated water were measured across the range of 200–600 nm at 1 nm resolu-
tion with a Lambda 40 UV-visible spectrophotometer (Perkin Elmer Waltham, Massachusetts, USA). The ana-
lysis was performed on filtered water (Whatman GF/F) in a 1 cm quartz cuvette, using Milli-Q water for blank
subtraction. Napierian absorption coefficients (m�1) were calculated using the formula

a ¼ Aln10l�1 (1)

where A is absorbance (dimensionless) and l is optical path length (m) [Kirk, 1994]. Total colored dissolved
organic matter (CDOM) absorption (nmm�1) was calculated using the trapezoid rule for approximating inte-
grals for a in the range of 250 to 500 nm [Moran et al., 2000]. Specific UV absorbance (SUVA254; LmgC�1m�1)
was calculated by dividing the absorbance at 254 nm (A254) by DOC concentration (mgC L�1) and optical
path length [Weishaar et al., 2003]. A slope ratio (SR) indicative of molecular weight was calculated as the ratio
between the linear slopes of 275–295 nm and 350–400 nm [Helms et al., 2008]. Higher SUVA254 was
interpreted as an indicator of higher aromaticity of DOM [Weishaar et al., 2003], and the SR was used as a
parameter inversely related to molecular weight of CDOM [Helms et al., 2008].

2.8. Fluorescence Spectroscopy

Excitation emission matrices (EEMs) were acquired on filtered water samples (0.7μm Whatman GF/F) in a
1 cm quartz cuvette using a SPEX Fluoromax-4 spectrofluorometer (Horiba Jobin Yvon, Edison, New Jersey,
USA) at excitation 260×450 nmwith 5 nm increments and emission range 300–600 nmwith 2 nm increments.
The EEMs were daily blank-subtracted (Milli-Q water), corrected for instrument-specific biases [Cory et al.,
2010] and inner filter effects [Kothawala et al., 2013], and normalized to the Raman area of pure water
[Lawaetz and Stedmon, 2009]. We did not observe any temporal drift in lamp intensity over the study period.
We calculated the humification index (HIX) [Zsolnay et al., 1999], the fluorescence index (FI) [McKnight et al.,
2001; Cory et al., 2010], and the freshness index (β/α) [Parlanti et al., 2000] using the “FDOMcorr” toolbox for
Matlab [Murphy et al., 2010]. Based on Fellman et al. [2010], we interpreted decreasing HIX as an indicator of
declining humic content. Higher FI values were considered indicative of increasing microbially derived DOM,
and higher β/α was used as an indicator of larger contribution of recently produced DOM [Fellman et al.,
2010]. Fluorescent components were identified with parallel factor analysis (PARAFAC) of the corrected
EEMs using the toolbox and procedure described in Murphy et al. [2013]. Here due to the limited number
of lakes in this study, we applied a PARAFAC model based on a detailed seasonal characterization of
FDOM composition in other boreal lakes of Sweden, which was performed at the same time and using the
same instrument as the one used here. The PARAFAC model was validated using a split-half validation
routine, core consistency diagnostic, and visual inspection of the residuals to insure that no systematic signal
was present (see supporting information Figure S3).
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The PARAFAC analysis identified six valid fluorescent components: C1 and C5 (visible humic-like components;
ex/em: 335/458 and 270–410/474 nm, respectively), C2 (UV humic-like component; ex/em: 390/462 nm), C3
(microbial humic-like component; ex/em: 305/400 nm), C4 (soil fulvic acid-associated component; ex/em:
340/534 nm), and C6 (tryptophan-like component; ex/em: 285/340 nm) (supporting information Figure S3).
All components match the ones identified in previous studies and listed in the online spectral library
OpenFluor [www.openfluor.org; Murphy et al., 2014], except for C4 which closely resembles but does not
completely match the red shifted fluorescence component found in other boreal aquatic systems [Lapierre
and del Giorgio, 2014]. For statistical analysis of the treatment effects, the intensities of all components were
normalized to total DOC concentration. All spectral corrections and the PARAFAC analysis were conducted
using MATLAB 2013b (Mathworks, Natick, MA, USA).

2.9. Reactivity Continuum Modeling of DOM Decomposition

We averaged the DOC measurements from duplicate vials and fitted a gamma RC model to the resulting
mean time series of DOC mass loss [Boudreau and Ruddick, 1991; Koehler et al., 2012]. The RC model assumes
a continuous distribution of reactive types within bulk organic matter and is set up as an integral of exponen-
tial decay functions weighted by an initial probability distribution:

G tð Þ ¼ ∫
∞

0
g k; 0ð Þe�ktdk (2)

where G(t) is the total concentration of organic matter (e.g., mgC L�1), g(k,0) is the initial reactivity distribu-
tion of the decomposing organic matter, and k is a decay coefficient (e.g., day�1) [Boudreau and Ruddick,
1991]. With a gamma distribution as initial reactivity distribution, integration of equation (2) results in a
two-parametric fitting function:

DOCt

DOC0
¼ a

aþ t

� �v

(3)

where a is a rate parameter reflecting the average lifetime of the more reactive compounds (days) and v is a
unitless parameter related to the shape of the distribution near k=0 [Boudreau and Ruddick, 1991]. At every
time point, the apparent decay coefficient kt (day

�1) is calculated based on the ratio between a and v:

kt ¼ v
aþ t

(4)

[Boudreau et al., 2008]. Accordingly, v/a gives the initial apparent first-order decay coefficient k0 (expected
value of the initial probability distribution of reactivity), and a range of kt simulates a continuous decrease
of k over time. High v and low a indicate higher degradability of organic matter, while low v and high a
suggest the prevalence of refractory compounds [Arndt et al., 2013].

When the gamma RC model is fitted to time series data that do not fulfill the assumption that the mass loss
can be described by an integral of exponential decay functions, the parameter estimates become artificially
inflated, causing the estimates of k0 to be biased low [Koehler and Tranvik, 2015]. Therefore, we first
conducted a statistically founded model selection, where we fitted a linear, single-pool exponential and
the RC model to each time series, and calculated Akaike weights [Wagenmakers and Farrell, 2004]. Model
fitting and associated analyses were performed in R3.0.3 [R Development Core Team, 2014]. Additionally, to
further visualize the output of the RC model, we calculated the relative abundance of three arbitrary DOC
reactivity classes, each based on a specified range in k [Koehler et al., 2012].

2.10. Statistical Analysis

Statistical analysis of treatment effects was carried out using linear mixed effect models. In the models com-
paring initial DOC concentrations, optical parameters, and RC model parameters, treatment was set as a fixed
effect and lake was set as a random effect. When we analyzed treatment effects on relative DOC loss
(expressed as a proportion of DOC lost per day, i.e., DOCt/DOC0) on the mean time series of measurements
from duplicate vials, the model contained treatment and time as fixed effects, and lake nested in time as ran-
dom effect. When it improved the relative goodness of the model fit based on the Akaike Information
Criterion (AIC), the models were extended to correct for the time-dependent correlation between measure-
ments. Distributional assumptions were checked using diagnostic residual plots, and log transformations
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were applied when distributional assumptions were not fulfilled [Crawley, 2013]. Significance of the fixed
effects was assessed based on analysis of variance [Crawley, 2013], and P values were multiplicity adjusted
using a single-step method [Hothorn et al., 2008]. Analyses were conducted in R3.0.3 [R Development Core
Team, 2014] using the packages nlme and multcomp.

3. Results
3.1. Treatment Effects on Initial Water Characteristics

All three lakes had similar initial DOC concentrations (21–24mgCL�1) with a large share of colored aromatic
compounds, as indicated by CDOM absorption and SUVA254 (Table 1). The manipulations performed before
the start of the incubations (PVP, UV, and UV-PVP) resulted in substantial losses in DOC concentration (23–40%,
Figure 1a), CDOM absorption (39–75%, Figure 1b), and SUVA254 (15–44%, Figure 1c) in the manipulated treat-
ments compared to the control (P< 0.001 for each tested variable; also see supporting information
Figure S2 for comparing the overall absorption spectra). The UV and PVP treatments brought about
comparable loss of DOC and CDOM absorption, while the combined UV-PVP manipulation was followed
by the highest DOC loss (Figures 1a and 1b). The spectral slope ratio (SR) increased in the UV and
UV-PVP treatments (Figure 1d, P< 0.001), indicating losses in the high molecular weight fraction of
DOC [Helms et al., 2008]. In the PVP treatment the increase in SR was less pronounced (P= 0.047).

All DOMmanipulations resulted in a loss in humic-like fluorescence; however, the affected regions differed
between treatments. The UV and combined UV-PVP manipulations resulted in a significant decline in
humic-like fluorescence linked to the components C1, C2, C3, and C4 (P< 0.001 in each case, Figures 2a–
2d). In the PVP treatment, the loss of fluorescence mainly corresponded to the common region of peak
A [Coble, 1996] and associated components C2 and C4 (P< 0.001) (Figure 3). The loss of components C1
and C3 was specific to UV exposure (Figures 2a, 2c, and 3). Components C5 and C6 did not show a signifi-
cant shift in the mean intensities, but variability in intensities was larger in the control and PVP treatment
(Figures 2e and 2f).

The fluorescence index (FI) and freshness index (β/α) increased as DOMwasmanipulated with PVP (i.e., also in
the combined UV-PVP treatment) (P< 0.001; Figures 2g and 2h), suggesting a shift toward fresher,
autochthonous-like compounds [Fellman et al., 2010]. UV exposure alone resulted in a lower FI than in the
control (P< 0.001; Figure 2g). The humification index (HIX) declined in response to all treatments, indicating
removal of aromatic material (P< 0.001), with higher losses in the UV than in the PVP treatment (Figure 2i).

Figure 1. Treatment effects on (a) initial dissolved organic carbon (DOC) concentration, (b) total colored dissolved
organic matter (CDOM) absorption integrated for 250–500 nm, (c) specific UV absorbance at 254 nm (SUVA254), and
(d) spectral slope ratio (SR) between the slopes of 275–295 nm and 350–400 nm. For box plots, the median is shown
inside the box, and an interquartile range is encompassed by the boundaries of the box; whiskers indicate the variance of
the mean and include data points no more than 1.5 times the interquartile range from the box; circles indicate data
points outside this range (outliers).
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3.2. Treatment Effects on DOC Decomposition Kinetics

Overall absolute DOC loss was slightly higher in the UV treatment (3.18± 0.09mgCL�1) than in the control
(2.54± 0.25mgCL�1, P< 0.01). In the PVP treatment absolute DOC loss (1.56± 0.03mgCL�1) was lower than
in the control (P< 0.001), while absolute DOC loss in the UV-PVP treatment (2.11± 0.07mgC L�1) did not differ

Figure 3. Loss of DOM fluorescence after experimental manipulations (example from Lake Övre Långsjön). Initial fluorescence
in the (a) control is compared to fluorescence after the (b) PVP, (c) UV, and (d) UV-PVP treatments. (e–g) Lost fluorescence
(difference between the control and a respective treatment). Arrows indicate the position of the common fluorescent peaks A
and C. Fluorescence intensities are in Raman units.

Figure 2. Changes in the DOC-normalized intensity of fluorescent components (a) C1, (b) C2, (c) C3, (d) C4, (e) C5, and (f) C6,
and (g) changes in the fluorescence index (FI), (h) freshness index (β/α), and (i) humification index (HIX) in response to
experimental manipulations. For explanation of the box plots, see the legend in Figure 1.

Journal of Geophysical Research: Biogeosciences 10.1002/2016JG003359

MOSTOVAYA ET AL. ORGANIC CARBON DECOMPOSITION KINETICS 1739



from the control. The relative DOC loss
over time (DOCt/DOC0) was higher in
the UV treatment than in the control
(P< 0.001), while the relative DOC loss
did not differ between PVP or UV-PVP
and the control.

The assumption of the RC model that
mass loss could be described by an
integral of exponential decay functions
was fulfilled for 10 out of 12 time series
based on Akaike weights (3.9 × 108

more likely than the single exponential
model and 7.1 × 105 more likely than a
linear model). For Lake Lumpen, DOC
decomposition in the control treatment
was better described with a linear
model (1.4 × 105 more likely than RC
and 1.2 × 103 more likely than single
exponential), and in the PVP treatment
a single exponential model provided a
better fit (2 times more likely than RC
and 5 times more likely than linear)
(Figure 4). Therefore, to test treatment
effects on the parameters of the RC
model, we used the time series from
lakes Ramsjön and Övre Långsjön (i.e.,
data from Lake Lumpen are displayed
in Figures 4a, 5a, and 6a but were not
used in the statistical analysis of the
treatment effects).

The RC model parameters a and v did not differ significantly between the treatments. However, the
initial apparent decay coefficient k0 was more than twice as high in the UV treatment compared to
the control (P< 0.001; Table 2). In UV-affected treatments, the initial probability distribution of reactivity
showed a larger predominance of higher k (Figures 5b and 5c), indicating that more DOC had higher
initial decay coefficients than in the control. In the treatments where phenolic compounds were
partially removed with PVP, the initial probability distribution of reactivity shifted toward less reactive
pools (Lake Övre Långsjön, Figure 5c), although in Lake Ramsjön this shift was weakly pronounced
(Figure 5b). In the UV-PVP treatment, the initial probability distribution was shifted toward more rapidly
decomposing compounds compared to the control (Figures 5b and 5c), but less so compared to the UV
treatment (Figures 5a–5c), suggesting a loss of some of the most reactive compounds of DOC caused by
binding to PVP.

Evaluation of the relative abundance of three arbitrary DOC reactivity classes showed the pronounced shift of
a larger fraction of the DOC toward the most reactive class in response to UV treatment (P< 0.001; Table 2).
PVP treatment had an opposite effect, which in the combined UV-PVP treatment partly offsets the shift
toward higher reactivity caused by UV (Table 2).

Tracing the decrease in reactivity over time showed that the PVP treatment resulted in decay coefficients
kt being lower than in control in the first 25 days of the experiment (Figure 6b) or throughout the whole
experiment (Figure 6c). In the treatments exposed to UV (UV and UV-PVP) kt decreased rapidly in the first
20–40 days, reflecting the initial presence of more reactive compounds that were rapidly consumed
(Figures 6b and 6c). After 55 days all treatments converged to similar apparent decay coefficients kt
(i.e., P> 0.05; Figures 6b and 6c).

Figure 4. Time series of relative DOC loss in four experimental treatments
of (a) lakes Lumpen, (b) Ramsjön, and (c) Övre Långsjön over 120 days of
dark incubations. The reactivity continuum model is fitted into 10 out of
12 data series (see section 3.2). Error bars correspond to differences
between the measurements from duplicate vials. Treatments correspond
to control (red circles and lines), PVP (green triangles and lines), UV
(orange squares and lines), and UV-PVP (blue diamonds and lines).
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4. Discussion
4.1. Effects of Compositional
Changes on the Reactivity
Continuum of Lake DOM

We demonstrate profound effects of
manipulations of DOM composition on
decomposition kinetics, with pro-
nounced shifts in the relative share of
rapidly and more slowly decomposing
DOM constituents. Analysis of fluores-
cence showed that pretreatment with
UV primarily decreased the humic-like
components C1 and C3, known to be
associated with the most photolabile,
high molecular weight, vascular plant-
derived aromatic compounds [Stubbins
et al., 2014; Kellerman et al., 2015].
Congruently, the increase in spectral
slope ratio (SR) also indicated a shift
toward compounds of lower molecular
weight. These DOM transformations
resulted in a more than doubled initial
apparent decay coefficient k0 in the UV
treatment compared to the control.
Removal of high molecular weight chro-
mophoric aromatic compounds could
be at least partly responsible for the
higher decay coefficients in the UV treat-
ment. Indeed, with the recalcitrant frac-
tion being eliminated, the probability
distribution of initial decay coefficients
is predicted to shift toward higher ks, as
observed (Figures 5b and 5c).

The PVP treatment removed some aro-
matic DOM components, leaving behind
more fresh DOM, or similar tomicrobially
derived DOM, as indicated by the higher
fluorescence index (FI) and freshness
index (β/α) [Fellman et al., 2010]. The
effects of PVP treatment on SR were
minor, indicating that PVP did not

exclusively target the high molecular weight fraction of phenolic compounds. The fluorescent components
most affected by PVP were C2, associated with aromatic compounds [Kellerman et al., 2015], and C4, a lower
molecular weight component representing unsaturated and nitrogen-rich compounds [Stubbins et al., 2014].
Even though k0 and the development of k over time did not indicate a strong difference of PVP treatment from
the control, the observed trends tended toward a decline in DOC reactivity (Table 2 and Figure 6). Unlike in the
UV treatment, elimination of compounds in the PVP treatment did not lead to enhanced decomposition, which
suggests that PVP did not exclusively target the recalcitrant fraction of DOM.

Decomposition in the UV-PVP treatment was faster than in the PVP treatment but slower than in the UV treat-
ment (Figures 4 and 5). This implies that UV could result in a formation of bioreactive compounds, some of
which remained after manipulations with PVP. Accordingly, bioreactive compounds were likely present in
the UV treatment itself. This is consistent with several previous studies which showed that formation of

Figure 5. Probability distribution of initial decay coefficients k in two
treatments of (a) Lake Lumpen and four treatments of the lakes (b)
Ramsjön and (c) Övre Långsjön. Treatments are control (solid red line),
PVP (dashed green line), UV (dotted orange line), and UV-PVP (dash-
dotted blue line). The dashed vertical lines mark k = 0.001 day�1 and
k = 0.01 day�1. The cumulative probability axis indicates a proportion of
DOC that likely decomposes with the corresponding decay coefficient or
faster. For example, in the control treatment of Lake Ramsjön (Figure 5b,
solid red line) about 18% of DOC is likely to show a decay coefficient of
0.001 day�1 or higher, while in the UV treatment (Figure 5b, dotted
orange line) about 30% of DOC is likely to show a decay coefficient of
0.001 day�1 or higher. The percentages are derived from the corre-
sponding cumulative probability of 0.82 and 0.7, respectively. In this
way, a position of the cumulative probability curve below the control
indicates a shift toward more labile DOC pools.
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bioreactive compounds through photo-
transformations of DOM [Wetzel et al.,
1995; Bertilsson and Tranvik, 2000]
enhanced overall DOM degradation
and production of heterotrophic bac-
teria [Lindell et al., 1995; Kragh et al.,
2008]. Also, UV light can stimulate DOM
decomposition by converting organi-
cally bound nutrients (N or P) into more
bioavailable forms [Tranvik et al., 1999;
Vähätalo et al., 2003]. In our experiment
all treatments were amended with
inorganic nutrients; and therefore, the
photoproduction of accessible forms of
these nutrients did not contribute to
the kinetic changes following the UV
treatment. Earlier reports that relate
enhanced heterotrophic bacterial degra-
dation of DOM to UV or solar radiation
typically focus on highly labile low mole-
cular weight compounds that are short
lived in the environment [Wetzel et al.,
1995; Moran and Zepp, 1997]. For exam-
ple, Bertilsson and Tranvik [1998] found
that photochemically produced car-
boxylic acids in natural lake water can
sustain a major fraction of the bacterial
production in the surface layer of lakes;
however, the studied carboxylic acids
had turnover times of about 1 day or
less. These most labile compounds,
which typically occur at very low con-
centrations, were not addressed in our

study, i.e., highly labile compounds could have been lost during the time of sampling and start of incubations
and thereforemay not contribute to the reactive continuumwe present for the different treatments. In addition
to the UV production of carboxylic acids and other low molecular weight compounds that are rapidly lost by
microbial mineralization [e.g., Bertilsson and Tranvik, 1998], we demonstrate here that a one-time UV stimulation
produced longer-lived compounds with high decay coefficients, affecting the distribution of DOM reactivity for
more than a month (Figures 5 and 6). Hence, it is likely that the major products of UV radiation that result in
enhanced decomposition of DOM include not only short-lived compounds such as low molecular weight
carboxylic acids but also more complex and less reactive species.

To summarize, our experiment suggests that fluorescence of photolabile components declined not only due
to complete photomineralization of DOM during UV pretreatment but also due to transformation of aromatic
compounds into more biodegradable smaller fragments. This resulted in an initially enhanced decomposition,
as revealed by the RC model through the comparison of decay coefficients k over time and across treatments
with and without UV. In contrast, the PVP likely removed a subset of aromatic compounds, which were
nonreactive on a 120day timescale. In addition, initially slowermineralization in the PVP-treatedwater suggests
that also some bioreactive compounds were removed by PVP.

4.2. RC Modeling of Freshwater DOC Decomposition

The chemical complexity of freshwater DOM suggests that its decomposition kinetics is also complex and
may not be straightforward to describe. The RC model allows to account for chemical heterogeneity of
DOM by assuming a continuous distribution of reactive species, ranging from fast to slowly decomposing

Figure 6. Decrease in reactivity over time in experimental treatments of
lakes (a) Lumpen, (b) Ramsjön, and (c) Övre Långsjön. Treatments are
control (solid red line), PVP (dashed green line), UV (dotted orange line),
and UV-PVP (dash-dotted blue line).

Journal of Geophysical Research: Biogeosciences 10.1002/2016JG003359

MOSTOVAYA ET AL. ORGANIC CARBON DECOMPOSITION KINETICS 1742



[Boudreau and Ruddick, 1991; Vähätalo et al., 2010; Koehler et al., 2012]. This makes the RC model more realis-
tic conceptually, compared to, for example, discrete (multi) exponential decay models [Vähätalo et al., 2010;
Koehler et al., 2012] and suggests that it may offer a deeper understanding of DOM decomposition kinetics.
For 10 out of 12 time series in our decomposition experiment the RC model provided a much better fit than a
linear or single-pool exponential model. Furthermore, the RC model successfully captured treatment effects
and clearly reflected the decrease in reactivity over time in all 10 time series.

In two cases (Lake Lumpen control and Lake Lumpen PVP treatment) the RC model assumption that decom-
position can be described by an integral of exponential functions was not fulfilled, and ignoring the compar-
ison with exponential and linear models would lead to an overestimation of the RC model parameters a and
v. However, decomposition in this lake should also display a reactivity continuum. Lake Lumpen had the high-
est share of colored aromatic compounds among the three lakes (as indicated by CDOM absorption and
SUVA254, Table 1), and we argue that the experimental duration of 120 days did not provide sufficient time
to see an actual, nonlinear, decomposition trend. This is supported by the results of a previous study
[Koehler et al., 2012] where decomposition of DOC in Lake Lumpen was followed for 3.7 years and was ade-
quately described by the RC model. In general, successful application of the RC model requires that both the
initial fast mass loss and the final slow mass loss are captured and well resolved with the data, which is more
challenging to achieve when the RC spectrum of reactivity is narrow [Koehler and Tranvik, 2015] as in the case
of lake Lumpen in this study.

While studies looking at the reactivity continuum of DOM in freshwaters remain scarce, our results show con-
sistency with what was previously reported. For example, the initial decay coefficients k0 in the control treat-
ments compare well with the decay coefficients associated with terrestrial DOC (0.001–0.003 day�1) that
dominates in the boreal brown-water lakes [Guillemette et al., 2013]. Furthermore, evaluation of the reactivity
classes based on our 120 days experiment gave numbers similar to those calculated for waters from four
brown-water lakes incubated in a 3.7 years long bioassay [Koehler et al., 2012]. The higher reactivity class
(defined as k> 0.01 day�1) made up 6.9% of DOC in our study and 2.2% in the study by Koehler et al. [2012].
The lower reactivity class (defined as k< 0.001day�1) constituted 77.5% and 72.2%, respectively. Such simila-
rities are in agreement with the study by Vähätalo et al. [2010], which demonstrated that the RC model can
be quite robust against experimental duration and number of data points. Despite the fact that the experimen-
tal duration was insufficient to resolve the reactivity continuum from lake Lumpen, the data from the other
lakes strongly speak in favor of the RC model as reliable model to describe DOM decomposition.

We show that the RC model is a useful tool for in-depth exploration of the decomposition kinetics of DOM: in
our experiment the RCmodel adequately captured shifts in probability distribution toward less reactive pools
in the PVP treatment and toward more labile pools in the UV treatment. Combined with a reliable analytical
technique for DOM characterization, the RC model can become a powerful instrument for further investiga-
tion of the link between the composition and decomposition kinetics of DOM. Efforts should be directed to
optimize the experimental design of decomposition experiments with the purpose of subsequent RC model
analysis, by planning experimental duration and number and spacing of sampling points accordingly [Koehler
and Tranvik, 2015].

Our experimental design allowed systematic testing of the RCmodel and assessment of different aspects of the
reactivity continuum of lake DOM. Previous comparable studies focused on soils [e.g.,Manzoni et al., 2012],

Table 2. Mean (± SE) RC Model Parameters (Equation (3)), Initial Decay Coefficient k0, and Proportions of the Initial DOC Pool Characterized by Specific
Decay Coefficientsa

Treatment
Rate Parameter

a (Days)
Shape Parameter

v (Unitless)
Initial Apparent Decay
Coefficient k0 (Day

�1)
Higher Reactivity

Class (%)
Intermediate Reactivity

Class (%)
Lower Reactivity

Class (%)

Control 38.24 ± 25.72 0.10 ± 0.05 0.0029 ± 0.0006 6.9 ± 0.2 15.5 ± 6.8 77.5 ± 6.6
PVP 80.96 ± 34.33 0.12 ± 0.04 0.0015 ± 0.0001 4.0 ± 0.8 17.6 ± 4.2 78.4 ± 3.4
UV 20.93 ± 6.29 0.12 ± 0.02 0.0062 ± 0.0008 14 ± 0.6 19.1 ± 2.2 66.9 ± 1.7
UV-PVP 19.94 ± 2.05 0.09 ± 0.00 0.0045 ± 0.0003 10.9 ± 0.3 15.6 ± 0.5 73.6 ± 0.3

aMeans are ± SE, n = 2 for control and PVP treatments (lakes Ramsjön and Övre Långsjön), and n = 3 for UV and UV-PVP treatments (all three study lakes).
Reactivity classes are assigned arbitrarily [Koehler et al., 2012]: k> 0.01 day�1 (higher reactivity class), 0.001 day�1

< k< 0.01 day�1 (intermediate reactivity class), and
k< 0.001 day�1 (lower reactivity class). The percentage of DOC representing each class is calculated from the probability distribution of decay coefficients (Figure 5).
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leaf litter [e.g., Koehler and Tranvik, 2015], or marine sediments [Boudreau and Ruddick, 1991; Bosatta and
Ågren, 1995], and only a few studies addressed the existence of a reactivity continuum in lake water
DOM [Vähätalo et al., 2010; Koehler et al., 2012; Guillemette et al., 2013]. Our approach, to systematically
manipulate lake water DOM and examine the emerging effects on the kinetics of decomposition, further
emphasizes that a reactivity continuum underlies decomposition in a variety of systems.

4.3. Linking the Composition and Decomposition of Lake DOM

In studies of soil organic matter stability there is an increasing awareness of the importance of extrinsic
factors for the decomposition and preservation of organic matter [Kleber et al., 2007; Schmidt et al.,
2011], i.e., environmental factors independent of the actual molecular composition of the organic
matter. In contrast, recent studies on freshwater DOM indicate that intrinsic DOM properties may have
a stronger impact on DOM decomposition [e.g., Kellerman et al., 2015], suggesting that intrinsic factors
are relatively more important in aquatic systems than in soils. With this in mind, we attempted to get
a more detailed understanding of the link between the composition and decomposition of freshwater
DOM using an experimental approach, coupled with RC modeling of DOM decomposition. We show
that changes in composition, and specifically in the colored fractions, affected the distribution of
the reactivity continuum within bulk DOM. This implies that intrinsic properties of the organic matter
are of importance, either directly or indirectly, e.g., by causing formation or breakup of colloids that
cause steric hindrance of enzymatic attack on the organic molecules [Pignatello, 1998]. The widespread
existence of a reactivity continuum in DOM [Vähätalo et al., 2010; Koehler et al., 2012] or multiple
fractions of the organic matter each possessing a different reactivity under identical environmental
conditions [Hopkinson et al., 2002; Guillemette and del Giorgio, 2011; Guillemette et al., 2013] suggests
that DOM decomposition in aquatic systems is strongly governed by the inherent quality of DOM
molecules.

Based on analysis of the UV treatment we show that the photochemical transformation of DOM, in addition
to the well-known production of labile compounds that degrade within hours or days, can more broadly
influence the reactivity continuum of DOM. Indeed, decay coefficient k, initially differing between experimen-
tal treatments, converged only after 55 days, indicating that phototransformations corresponding to 50% loss
of CDOM absorption and 30% of SUVA254 could fuel and sustain enhanced decomposition for almost
2months. Hence, the documented shifts in the spectrum of reactivity in UV treatment may be important
not only at the timescale of degradation of labile monomers such as carboxylic acids [Moran and Zepp,
1997] but also at seasonal timescales and at the scale of lacustrine and riverine systems with water residence
times in this range. However, at the integrated scale of transport of DOM through inland waters, often
measured in years, degradation independent of light may catch up, and the shift in reactivity caused by
photochemistry may be of limited relevance.

It has been suggested that the presence of polyphenols may decelerate overall DOM decomposition by inhi-
biting the activity of bacterial extracellular enzymes [Wetzel, 1992]. The removal of phenolic compounds with
PVP increased hydrolase enzyme activity and bacterial respiration in a 5 day experiment on riverine DOM
[Mann et al., 2014]. We, however, did not see a boost in DOC decomposition in the PVP treatment and,
instead, observed a weak trend of deceleration. Our fluorescence data, and specifically SRwhich showed that
PVP did not exclusively target high molecular weight phenolic compounds, indicated that some of the
removed phenols could be bioreactive, i.e., represented a substrate that would be decomposed on a suffi-
ciently short timescale. Deceleration of decomposition upon the removal of colored substances is consistent
with observations from comparison of large sets of lakes, suggesting preferential loss of colored and aromatic
constituents of DOC along with increasing water residence time [Weyhenmeyer et al., 2012; Kellerman et al.,
2015]. Here we show that degradation tended to slow down in response to removal of aromatic DOM by
PVP treatment, representing independent experimental evidence that a colored “humic” fraction of DOC is
selectively degraded at timescales of several months. While it is commonly assumed that aromatic DOM is
resistant to microbial decomposition, our results indicate that some fractions of aromatic DOM can
participate in decomposition even on short timescales.

In contrast to recent concepts on the degradation of soil organic matter being controlled mainly by extrinsic
factors [Kleber et al., 2007], this study provides further support for a role of the indigenous properties of
molecules in aquatic dissolved organic matter as key determinants of decomposition.
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