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Highlights

• DOM quality characteristics are highly correlated, indicating common transformations

along the salinity continuum

• variability in freshwater end-member adds complexity to the analysis of conservative

mixing

• residence time alone cannot explain deviations from conservative mixing.

Terrestrial dissolved organic matter (DOM) undergoes significant changes during the

estuarine transport from river mouths to the open sea. These include transformations

and degradation by biological and chemical processes, but also the production of fresh

organic matter. Since many of these processes occur simultaneously, properties of

the DOM pool represent the net changes during the passage along the hydrological

path. We examined changes in multiple DOM characteristics across three Finnish

estuarine gradients during spring, summer and autumn: Dissolved organic carbon

(DOC) concentration, colored DOM absorbance and fluorescence, stable carbon

isotope signal of DOC, and molecular size distribution. Changes in these DOM

characteristics with salinity were analyzed in relation to residence time (i.e., freshwater

transit time), since increased residence time is likely to enhance DOM degradation

while stimulating autochthonous DOM production at the same time. Our results show

that the investigated DOM characteristics are highly correlated, indicating common

physico-chemical transformations along the salinity continuum. Residence time did not

explain variations in the DOM characteristics any better than salinity. Due to large

variations in DOM characteristics at the river end-member, conservative mixing models

do not seem to be able to accurately describe the occurrence and extent of deviations

in DOM properties in the estuaries we investigated.

Keywords: freshwater residence time, colored dissolved organic matter, conservative mixing, DOM quality,

organic matter cycling
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INTRODUCTION

Organic matter (OM) in aquatic systems originates from two
distinct sources; autochthonous OM from within the system
and allochthonous OM from outside of the system, which in
most cases is from terrestrial sources (Peterson et al., 1994).
Autochthonous OM dominates in systems with low terrestrial
influence, or systems with high nutrient loadings that stimulate
high primary production (e.g., eutrophic lakes and coastal
areas). Allochthonous OM dominates in systems where there is
significant terrestrial influence and moderate nutrient loadings
limiting the growth of aquatic primary producers. Most of the
aquatic organic matter is in dissolved form (dissolved organic
matter; DOM). The DOM pool is highly heterogeneous, and the
quality of DOM may vary significantly regardless of quantity.
The quality of DOM determines its cycling, bioavailability and
reactivity in the environment, i.e., the fate of terrestrial DOM in
coastal systems.

During the transport along the hydrological path from
a terrestrial source to the open sea, terrestrially-derived
DOM is transformed and removed from the water column
by various processes. These processes include salt-induced
flocculation (Sholkovitz, 1976; Forsgren et al., 1996; Asmala
et al., 2014), photo mineralization (Moran and Zepp, 1997;
Aarnos et al., 2012), and microbial uptake and degradation
(Raymond and Bauer, 2000; Kirchman et al., 2004). These
processes may remineralize DOM compounds partially or
completely, incorporate organic material in biomass or cause
sedimentation of aggregated DOM molecules; effectively
changing and decreasing the DOM pool. However, the DOM
pool is replenished by autochthonous production in the estuarine
environment, for example by exudates from phytoplankton and
macro-vegetation (Brylinsky, 1977; Wiebe and Smith, 1977;
Romera-Castillo et al., 2010). All these processes combine so that
the DOM pool is gradually changing from terrestrial to marine
DOM (Koch et al., 2005). In general, there is a continuum from
more reactive terrestrial (“young”) DOM to less reactive marine
(“old”) DOM, which accumulates in the ocean interior (Jiao
et al., 2010).

The quality of the highly heterogeneous DOM pool can
be analyzed with multiple analytical approaches (Leenheer and
Croué, 2003; Sulzberger and Durisch-Kaiser, 2009; Nebbioso
and Piccolo, 2013). Individual quality parameters of bulk DOM
have been linked to the chemical properties or biogeochemical
reactivity, and these proxies have been widely used in aquatic
biogeochemistry. For instance, the spectral slope of colored
DOM (CDOM) absorption between wavelengths 275 and 295 nm
is a good proxy for the average molecular size of the DOM
pool (Helms et al., 2008). Molecular size in turn has been
linked to the bioavailability and reactivity of DOM (Tranvik,
1990; Amon and Benner, 1996). Stable carbon isotope ratios
of dissolved organic carbon (DOC) can be linked to its origin,
as the signal from terrestrial and aquatic primary producers
can be differentiated (Peterson et al., 1994; McCallister et al.,
2004). DOC-specific absorbance in UV wavelengths (CDOM
absorption) and visible light emission from UV excitation
(CDOM fluorescence) indicate humic-like properties of the bulk
DOM (Coble, 1996; Weishaar et al., 2003).

The role of freshwater residence time in the estuarine
studies has been studied, especially in relation to nutrient
retention processes (Borum, 1996; Josefson and Rasmussen,
2000; McGlathery et al., 2007). Increasing residence time in
estuaries typically increases the biological processing of nutrients,
and thus decreases the amount of nutrients reaching the
open sea (Church, 1986). However, biological processes within
an estuary can transform, decrease or increase DOM along
the salinity gradient. The effect of residence time on DOM
transformation is not well known. Traditionally, the extent to
which biogeochemical processes alter the DOM pool along the
estuarine salinity gradient has been analyzed by quantifying
deviations from conservative mixing (Officer, 1979). Employing
this method, the DOM properties of interest (e.g., DOC
concentration) for two salinity end-members of the system are
connected with a mixing line and DOM characteristics for
intermediate salinities are analyzed to assess if biogeochemical
processes, in addition to mixing, significantly affect these
observations (Sholkovitz, 1976; Guo et al., 2007; Markager et al.,
2011; Asmala et al., 2014). These biogeochemical processes
(degradation, production, and transformation of DOM) are all,
to some degree, enhanced by increasing residence time.

Even though changes in the DOM pool along estuarine
gradients have been studied extensively, most studies have not
successfully separated removal, production, and transformation
processes from conservative mixing (Mantoura and Woodward,
1983; Abril et al., 2002; Köhler et al., 2003; Bowers et al.,
2004; Guo et al., 2007; Spencer et al., 2007a). On the other
hand, some studies have been able to show significant non-
conservative dynamics in the DOM pool (Uher et al., 2001;
Huguet et al., 2009; Markager et al., 2011; Asmala et al., 2014).
It is evident that some system- or compound-specific properties
determine whether the DOM pool follows conservative mixing
in estuaries. As the effect of residence time on DOM dynamics
along the estuarine mixing has not been thoroughly studied yet,
our objective was to add a new perspective to estuarine changes
in DOM, by calculating the freshwater residence time for all
our sampling points and analysing its potential influence on
DOM properties. Further, our aim was to characterize DOM
pool with different analytical approaches and link these to get a
synchronized view of the DOM properties along the gradients
of salinity and freshwater age. We hypothesize that (1) the
freshwater residence time is a valuable predictor of the changes
in the DOM pool along the estuarine gradient alongside salinity;
(2) changes in the DOM pool are unidirectional and can be
measured with different analytical approaches; (3) analysis of the
freshwater residence time combined with the multiparametric
DOM characterization improves the applicability and accuracy
of traditional conservative mixing models.

MATERIALS AND METHODS

Field Sampling
Our field data comes from transect samplings conducted in three
Finnish rivers draining to the Baltic Sea: Karjaanjoki, Kyrönjoki,
and Kiiminkijoki, sampled in the spring, summer, and autumn
of 2010 and 2011 (Figure 1). Each transect consisted of five to six
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horizontal sampling points from surface layer and below the river
water lens, typically at 5 or 10m depth. There were 18 transect
datasets with n = 187 observations in total.

The three catchments have different land-use and
consequently the river water properties differ significantly
(Asmala et al., 2013, 2014; Kaartokallio et al., in press).
Kiiminkijoki and Kyrönjoki have a characteristic spring peak
in freshwater runoff due to melting of snow and ice in the
catchment, whereas discharges from Karjaanjoki in southern
Finland were more evenly distributed over the year (Figure 1).
The Karjaanjoki estuary is the longest of the three estuaries with
a distance between river and sea end-member of 38 km, and
the salinities of the coastal waters were on average 6.3 ± 0.5. In
the Kyrönjoki and Kiiminkijoki estuaries the distances between
end-members are 36 and 21 km and salinities of the coastal
waters were 2.7 ± 1.1 and 2.3 ± 0.1, respectively. Majority of
DOM loading in these estuaries originates from the rivers: 15.5%
in Karjaanjoki, 0.7% in Kyrönjoki, and 0.0% in Kiiminkijoki
(Räike et al., 2012).

In all estuaries surface waters were sampled from the main
channels with a small boat or coastal vessel using either a Limnos-
type water sampler or polyethylene bucket. The water samples
were immediately transferred to 30 L polyethylene canisters, and
were stored cool and dark until filtration in laboratory (within 24
h). For analysis of DOM properties, sampled water was filtered
through pre-combusted (450◦C for 4 h) GF/F (Whatman) filters.

Pre-combustion of GF/F filters decrease their nominal pore size
so that the effective filtering cut-off is comparable to filters with a
nominal pore size of 0.2µm for freshwater and estuarine bacteria
(Nayar and Chou, 2003).

A subset of the filtered samples for colored dissolved organic
matter (CDOM) and fluorescent dissolved organic matter
(FDOM) were stored in acid-washed, pre-combusted (4h at
450◦C) glass vials at 4◦C until absorbance and fluorescence
measurements were made within 2 weeks from sampling.
Filtered DOM samples stored refrigerated have shown negligible
changes in both spectral CDOM absorption and humic-like
fluorescence characteristics during storage periods of up to 5
months (Boyd and Osburn, 2004; Chen and Gardner, 2004;
Retamal et al., 2007; Gueguen et al., 2015). Samples for size-
exclusion chromatography (SEC) measurement were stored in
acid-washed, pre-combusted glass vials at –20◦C until analysis.
A subset for DOC analyses were acidified with H3PO4 and
stored frozen at –20◦C until measurement. DOC concentration
does not change in filtered and acidified samples when stored
frozen for up to 1 year (Benner and Opsahl, 2001; Dittmar
et al., 2006; Norman and Thomas, 2014). For stable carbon
isotope analysis (δ13CDOC), 500mL water samples were filtered
through pre-combusted GF/F and acidified with HCl to pH
2 to transform all carbonates to CO2. The acidified samples
were frozen and subsequently freeze-dried to attain solid
samples.

FIGURE 1 | Map of study estuaries and river discharges during the study period. Sampling occasions are marked with a triangle symbol. Catchment of each

river is colored with respective color as in discharge graph.
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FIGURE 2 | Relationships between freshwater residence time and salinity in the three study estuaries during (A) high (spring) and (B) low (summer and

autumn) river discharge conditions. Non-linear power regression models were fitted to data.

Analytical Procedures Used

DOC concentrations were analyzed by high temperature
combustion on a MQ1000 TOC analyser according to Qian and
Mopper (1996). Analysis integrity was tested daily on certified
reference material [University of Miami, Consensus Reference
Materials, Florida Strait seawater (lot #05–10: 41 to 44µmol
C L−1)]. The method yielded an average DOC concentration
of this material of 42 ± 7 (SD)µmol C L−1 (n = 213).
Dissolved organic nitrogen (DON) was calculated by subtracting
the combined inorganic nitrogen (NH+

4 , NO
−

2 and NO−

3 ) from
the total dissolved nitrogen (TDN; from the filtered fraction).
The inorganic nutrient analyses were carried out according to
Grasshoff et al. (1983), where the NH+

4 analyses were done
manually and for the NO−

2 and NO−

3 analyses an automated
flow injection analyser was used (Lachat QC 8000). TDN was
determined following alkaline persulfate oxidation (Koroleff
et al., 1977; Grasshoff et al., 1999) followed by automated analysis.

Spectrophotometric analyses of CDOM samples were
performed using PerkinElmer Lambda 650 UV/VIS
spectrophotometer with 1 cm quartz cuvette over the spectral
range from 200 to 800 nm with 1 nm intervals. Milli-Q
(Millipore) water was used as the reference for all samples.
Absorbance measurements were transformed to absorption
coefficients by multiplying by 2.303 and dividing by the path
length (0.01m). The spectral slope (S275−295;µm−1) has been
derived from CDOM absorption spectra by fitting the absorption

data to the equation: aλ = a
e−S(λ−λref)
λref where a = Napierian

absorption coefficient (m−1), λ = wavelength (nm), and
λref = reference wavelength (nm). The resulting slope coefficient
was multiplied by 1000 to convert unit from nm−1 toµm−1.
SUVA254 values were determined by dividing the UV absorbance
measured at 254 nm by the DOC concentration and are reported
in the units of square meters per gram carbon.

Excitation/emission matrices of fluorescence were measured
for DOM samples in 1 cm quartz cuvette in a Varian Cary
Eclipse fluorometer (Agilent). Bandwidths were set to 5 nm for
excitation and 4 nm for emission. A series of emission scans

(280–600 nm) were collected over excitation wavelengths ranging
from 220 to 450 nm by 5 nm increments. Fluorescence spectra
were corrected for inner filter effects, which accounted for the
absorption of both excitation and emission light by the sample
in the cuvette (Mobed et al., 1996). This was done following
the methods of Murphy et al. (2010). The fluorescence spectra
(excitation and emission) were also corrected for instrument
biases using an excitation correction spectrum derived from a
concentrated solution of Oxazine 1 and an emission correction
spectrum derived using a ground quartz diffuser. Fluorescence
spectra were Raman calibrated by normalizing to the area
under the Raman scatter peak (excitation wavelength of 350 nm)
of a Milli-Q water sample, run on the same session as the
samples. To remove the Raman signal, a Raman normalized
Milli-Q excitation-emission matrix (EEM) was subtracted from
the sample data. As the measured signal was normalized to the
Raman peak and excitation and emission correction spectra were
used, all the instrument specific biases were effectively removed
(Murphy et al., 2010). Rayleigh scatter effects were removed
from the data set by not including any emission measurements
made at wavelengths = excitation wavelength +20 nm. Most
likely due to the high heterogeneity of the samples in relation
to number of observations, parallel factor analysis (PARAFAC)
was not successful in extracting relevant information from the
dataset. Instead, we used the classical peak-picking method, and
fluorescence peaks C, A, M, and T were extracted from the
EEM data (Coble, 1996). Peak A is a primary fluorescence peak
from dissolved humic substances; peak C is a secondary humic
substance peak characteristic of terrestrially derived DOM;
peakM is a secondary humic substance peak characteristic of
microbial DOM; peak T is a peak attributable to fluorescence
from the aromatic amino acid tryptophan (Coble, 1996). Being
a proxy for humic-like, typically terrestrially derived material, we
chose to use only peak A for further analysis.

We analyzed the molecular size of DOM with SEC. The
SEC analyser consisted of an integrated autosampler and pump
module (GPCmax, Viscotek Corp.), a linear type column [TSK
G2000SWXL column (7.8 × 300mm, 5µm particle size, Tosoh
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Bioscience GmbH)], a guard column (Tosoh Bioscience GmbH)
and a UV detector (Waters 486 Tunable Absorbance Detector)
set to 254 nm. The flow rate was 0.8ml min−1 and the injection
volume 100µL. The columns were thermo-regulated in a column
oven (Croco-cil 100-040-220P, Cluzeau Info Labo) at 25◦C. The
data were collected with OmniSEC 4.5 software (Viscotek Corp.).
The eluent was 0.01M acetate buffer at a pH of 7.00 (Vartiainen
et al., 1987). Prior to injection, the samples were filtered through
a 0.2µm PTFE syringe filter. The system was calibrated using a
combination of standards, as follows: acetone, ethylene glycol,
salicylic acid, polystyrene sulphonate (PSS) 3.5 kDa and PSS
6.5 kDa (58, 100, 138, 3610, and 6530 Da, respectively). The
calibration curve was linear (R2 = 0.99) over the apparent
molecular weight (AMW) range tested. Comparison between
SECmethod and absorbance measurements [a(CDOM254)] yielded
a linear correlation coefficient of 0.92, indicating high qualitative
recovery of (C)DOM with the SEC method, as measured from
integrated signal from SEC chromatogram. From integrated
signal we calculated the weighted average apparent molecular
weight (AMWw).

For stable carbon isotope analysis, acidified and freeze-
dried DOM was packed to foil cups and analyzed at the
Stable Isotope Facility at UC Davis (USA). There, samples were
analyzed for δ13C using a PDZ Europa ANCA-GSL elemental
analyser interfaced to a PDZ Europa 20-20 isotope ratio mass
spectrometer (Sercon Ltd., Cheshire, UK). The resulting carbon
delta values are expressed relative to international standard
Vienna PeeDee Belemnite. Reported standard deviation for this
method is ±0.2‰. δ13C was only measured for samples taken
in 2011.

Calculation of Freshwater Residence Time
We calculated the freshwater residence time for our surface
water samples using measured river discharge, surface salinity,
and a volume estimate for each upstream segment to a sampling
point, totalling 3 or 4 segments for each of the three river
estuaries. This approach can be described as the freshwater
transit time, which is the average amount of the water parcel (and
its dissolved constituents) spend in the estuary between entrance
(river end-member) and exit (sea end-member; Zimmerman,
1976; Sheldon and Alber, 2002). The volume of the upper mixed
layer in each segment was determined using the bathymetry
and the stratification depth. Area of the polygon bounding each
segment was determined using publicly available version of
the Google Earth (www.google.com/earth/) service and open
Earth Point polygon area tool (http://www.earthpoint.us/)
and approximate mean depth using high-resolution nautical
maps. The mixed layer depth in each segment was determined
from the conductivity-temperature-depth (CTD) profiles taken
at each sampling occasion. For one of the spring sampling
transects no CTD data was available and corresponding
mixed layer depth from previous year’s sampling was
used.

Using the estimated volume of the upper mixed layer
or whole segment, measured surface water salinity at each
sampling station and known salinities of seawater and river
end-members, a freshwater fraction in each segment was

calculated using salinity as a tracer. The freshwater fraction
and segment volume were then used to estimate the amount of
freshwater in each segment and subsequently the time needed
to replace the fresh water in a segment was calculated by using
the 10-day average river discharge preceding each sampling
occasion. Cumulative age of the freshwater in each segment was
calculated by assuming homogeneous mixing and zero lateral
exchange between segments, i.e., freshwater in each segment
to be completely replaced before entering the next segment
downstream the estuary. In estuaries tidal mixing is often limiting
the usability of approach described above, however, in the Baltic
Sea, tidal variation in water level is virtually absent, allowing us
to reliably use this simple estimation.

Statistical Analyses
First, we investigated mixing curves for changes in DOC
concentration with salinity to test if end-member concentrations
and mixing between these two were constant or varied over
time. Linear regressions of DOC versus salinity for each sampling
transect (six for each estuary, 18 regressions in total) were
fitted, and in contrast to ordinary linear regressions, the residual
variation around the regression lines was also allowed to vary
with salinity by formulating a linear model for the standard
deviation (Carstensen and Weydmann, 2012). Through this
modeling approach variations in conservative mixing specific to
each transect and potential heteroscedasticity were analyzed for
each estuary separately. Due to the low number of observations in
each transect, it was not possible to investigate heteroscedasticity
for individual transects.

Second, we analyzed if measurements of DOM quality
changed consistently with DOC along the estuarine gradients.
The investigated DOM quality measurements were SUVA254,
S275−295, peak A, δ13CDOC, AMWW, and the DOC:DON ratios.
If these DOM components were processed in the estuaries
in a similar way as DOC, relationships between the DOM
components and DOC would be linear, whereas significant
deviations from linear relationships would indicate that the
DOM components were degraded, produced, or transformed at a
different rate thanDOC along the estuarine gradient. Generalized
additive models (GAM) were employed to examine if there
were significant departures from linearity in the relationships
between DOM quality variables and DOC. The GAM also
included a categorical seasonal factor to account for additive
differences in the relationships to DOC between spring, summer
and autumn transects. If the non-linear component of the GAM
was not significant then the relationship was reduced to linearity.
Hence, the GAM included two parametric components (slope
and seasonal variation) and one non-parametric component
(departure from linearity in the DOM quality versus DOC
relationship).

Third, we examined interrelationships between DOM quality
measurements for the three estuaries separately using a principal
component analysis (PCA) for five of the six quality variables.
The stable carbon isotope (δ13CDOC) was not included in this
analysis, since it was only measured during the second year
of sampling. The first two principal components, expressing
the most significant changes in the DOM composition, were
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investigated in relation to salinity, DOC and residence time
using GAM.

Finally, we analyzed if the relatively inexpensive DOM quality
measurement S275−295 could be used for predicting other DOM
components and if such relationships were uniform across the
three estuaries. Further, we were interested in the precision of
such relationships. For the general applicability of the approach,
parametric models were employed. Exponential relationships for
SUVA254, peak A, δ13CDOC, AMWW, and DOC:DON versus
S275−295 were fitted to describe the general curvature in the
scatter plots with parameters specific to each estuary. Tests
for common intercepts and exponential slopes across the three
estuaries were carried out, and the models were reduced when
significant differences were not present.

The statistical analyses were carried out in SAS 9.3 using
PROCMODEL, PROC GAM, and PROC PRINCOMP.

RESULTS

Relationship between Freshwater
Residence Time and Salinity
The calculated freshwater residence time in the studied estuaries
varied greatly from 0 days at the river mouth to 395 days in
the outer Karjaanjoki estuary. In Kyrönjoki and Kiiminkijoki
estuaries the longest residence times were 47 and 13 days,
respectively. The relationships between freshwater residence time
and salinity were highly variable, as for example freshwater
residence time varied from a few days to a few months at
salinity around 2 (Figure 2). Freshwater residence time increased
sharply at low salinity and gradually flattened toward the
seaward end-member. The relationships varied between estuaries
and flow regimes: The long and relatively deep Karjaanjoki
estuary, which also receives the lowest river discharges, had the
highest freshwater residence times in general and the increase
of residence time with increasing salinity was the highest
in Karjaanjoki estuary. Kyrönjoki and Kiiminkijoki estuaries
had higher freshwater discharges, and lower surface volumes,
resulting in considerably lower residence times. During seasons
with high river flow, the freshwater residence time was generally
lower along the salinity gradient as compared to the periods of
low river discharge (Figure 2).

Besides freshwater residence time, the quantity and quality
of DOM varied between the three estuaries (Table 1). DOM
originating from rivers Kiiminkijoki and Kyrönjoki had a higher
DOC concentration, more pronounced humic-like signal and
relatively larger average molecular size compared to DOM
entering the Karjaanjoki estuary. Differences among these
estuaries and effects on the DOM characteristics have been
discussed in Asmala et al. (2013).

Changes in Dom Pool along the Salinity
Gradient
In order to analyse the variation of DOM quantity and
quality along the estuarine salinity gradient, we modeled the
conservative mixing of DOC between the two end-members
for each sampling transect separately (Figures 3A–C). There T
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FIGURE 3 | (A–C) Linear regressions between DOC concentration and salinity for each sampling transect, estuary, and season. Observations are shown

with open symbols. All slopes are significant (P < 0.05) and the R2 is for all regressions within the estuary. (D–F) Residuals from the regression models and the

estimated models for the residual standard error for the three estuaries.

was a considerable variation between the regression lines,
particularly for the Kiiminkijoki and Kyrönjoki estuaries, and
a pronounced seasonal tendency for mixing of lower DOC
concentrations in the two northern estuaries in spring, where
freshwater discharge is strongly influenced by snowmelt. Even
within seasons the conservative mixing lines varied substantially.
Furthermore, we used the residuals from the regression models
to quantify the variability of DOC around the mixing line
(Figures 3D–F). In essence, the higher the residual the larger
is the deviation from conservative mixing. In the Kiiminkijoki
and Kyrönjoki estuaries, DOC variability around the mixing
line was significantly higher in the freshwater end of the

salinity gradient and decreased with increasing salinity, whereas
variability around the mixing line was generally smaller in the
Karjaanjoki estuary and did not change significantly with salinity.

We chose six DOM quality variables for this investigation,
which are analytically diverse and provide a broad range of the
DOMpool properties: Two variables weremeasured directly with
CDOM spectroscopy (S275−295and fluorescence peak A), one
with mass spectrometry (δ13CDOC), and three with combination
of analyses (SUVA254, AMWW, DOC:DON). Even though the
six variables represent different characteristics and have been
measured with different methods, the DOM variables correlated
strongly. The selected DOM variables are quality characteristics,
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FIGURE 4 | Relationships between DOM quality variables and DOC concentration. (A) SUVA254 = DOC-specific UV absorbance at 254 nm, (B) S275−295 =

slope of CDOM absorbance between 275 and 275 nm, (C) peak A = DOM fluorescence in ex/em range 260/400–460 nm, (D) δ13CDOC = stable carbon isotope ratio

of DOC, (E) AMWW = weight-averaged molecular weight, and (F) DOC:DON ratio (mol/mol). Generalized additive models (GAM) are fitted to data (solid lines). The

GAM relationships are shown as linear regressions if the non-linear component was not significant (Table 2).

and not directly derived from the DOC concentration with the
exception of SUVA254 and DOC:DON. However, the two latter
express ratios between CDOM and DOC, and C and N in the
DOM pool and therefore characterize the quality rather than
quantity of DOM.

Variable relationships with DOC concentration were observed
(Figure 4) and many of them had significant departures from
linearity (Table 2). All DOM quality variables had a significant
linear GAM component, except for SUVA254 in Kiiminkijoki
that displayed an oscillating pattern without any clear tendency
to change with DOC (Figure 4A). S275−295had significant non-
linear relationships for all three estuaries, decreasing with
DOC in an exponential manner (Figure 4B). Peak A had an

apparent linear relationship with DOC concentrations below
1000µmol L−1 with significant departures near the river
mouths in Kiiminkijoki and Kyrönjoki estuaries (Figure 4C).
On the other hand, the stable carbon isotope signature of
DOC (δ13CDOC) changed linearly with DOC throughout the
entire scale (Figure 4D). In Kiiminkijoki and Kyrönjoki estuaries
changes in AMWW were small near the river mouths followed
by larger, almost linear, declines with DOC (Figure 4E). The
DOC:DON ratio increased linearly with DOC in Karjaanjoki
and Kiiminkijoki estuaries, whereas the relationship in Kyrönjoki
was more complex (Figure 4F). Overall, in Karjaanjoki the
DOM quality changed consistently with DOC across the salinity
gradient, whereas there were pronounced non-linearities in
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the relationships with DOC near the freshwater sources in
Kiiminkijoki and Kyrönjoki estuaries.

In addition to the changes with DOC, there were weak
seasonal patterns in the DOM quality variables, except in
Kyrönjoki where spring samples generally had higher values of
S275−295 and Peak A, and lower DOC:DON values (Table 2;
Figure S1). However, the other DOM quality variables did not
show any significant seasonal pattern in Kyrönjoki estuary.

The five DOM quality variables in the PCA were strongly
inter-correlated, and the first principal component (PC1)
explained between 71 and 82% of variation across the three
estuaries (Figure 5). PC1 represented a weighted average of the
five DOM quality variables with almost equal weight to each
of them, except for DOC:DON in Kyrönjoki estuary that had
a slightly lower weight. The second principal component (PC2)
explained 10% of the variation in Karjaanjoki, whereas it was
more important in the two other estuaries accounting for 20–
22% of variation. In all three estuaries, the second component
represented a difference between DOC:DON and SUVA254.

We examined the information contained in PC1 and PC2 in
relation to salinity, DOC concentration and freshwater residence
time (Figure 6). PC1 had a strong, mostly linear relationship with
both salinity and DOC concentration (Figures 6A,B), whereas
the relationship between PC1 and freshwater residence time was
non-linear (Figure 6C). The strongest relationships for PC1 were
salinity in Karjaanjoki and DOC in Kiiminkijoki and Kyrönjoki.
PC2 was related neither to salinity nor freshwater residence time
(Figures 6D,F), whereas a weak coupling to DOC was observed
in Kiiminkijoki (Figure 6E). Nevertheless, no general pattern
was found using salinity, DOC and freshwater residence time as
explanatory variables for the variations in PC2. We have labeled
PC1 as “Mixing” and PC2 as “Processing” for clarity, and the
justification of this is presented in Section Discussion.

S275−295 could be used as predictor for the other DOM quality
variables with a reasonable precision (Figure 7). Although the
relationships estimated for the three estuaries were significantly
different (either intercepts or exponential slopes or both were
different), the nature of the relationships was similar. For all
other five DOM variables the relationship to S275−295 had an
exponential form.

DISCUSSION

In order to improve our understanding about the role of DOM
processing along the estuarine passage from the river mouth
to the open sea, we calculated the residence time for our
study estuaries (Figure 2). We observed significant variation
in freshwater residence time along the salinity gradient. This
variation reveals that at a given salinity on the estuarine gradient
the “age” of the freshwater fraction may vary considerably, which
has further implications on the associated nutrient and organic
matter pool. The calculated freshwater residence time at the
sea end-member ranged from 2 to 396 days, depending on the
estuary and the flow regime (Table 1). This range covers the
reported residence times in different estuarine systems: 0.8–2.7
days (Childs and Quashnet estuaries, USA; Geyer, 1997), 2–
210 days (Childs, Columbia, Parker, Satilla and Susquehanna

FIGURE 5 | Principal component analysis (PCA) correlation biplot of

the two first principal components (PC1 and PC2). Samples are shown

as symbols and the contribution of the DOM quality variables to the principal

components as vectors. The proportion of variation explained by both principal

components is included with the axes titles. (A) Karjaanjoki, (B) Kiiminkijoki,

and (C) Kyrönjoki estuary.

estuaries, USA; Hopkinson et al., 1998), 20–180 days (Choptank
and Pocomoke estuaries, USA; Bouvier and del Giorgio, 2002), 4–
36 days (Bangpakong estuary, Thailand; Buranapratheprat et al.,
2002), and 2–100 days (Fourleague Bay; Perez et al., 2011). Our
aim was to use calculated residence time to detect patterns in
freshwater dynamics in the estuaries, possibly explaining the
variation in DOM quantity and quality.
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TABLE 2 | Significance of the three GAM components for explaining variations in DOM quality variables in the three estuaries.

DOM variable Karjaanjoki Kiiminjoki Kyrönjoki

Season Linear Spline Season Linear Spline Season Linear Spline

SUVA254 0.3101 <0.0001 0.4033 0.5514 0.0807 0.0002 0.0501 <0.0001 0.0019

S275−295 0.0513 <0.0001 0.0199 0.0169 <0.0001 <0.0001 0.0050 <0.0001 <0.0001

Peak A 0.0665 <0.0001 0.0657 0.2059 <0.0001 <0.0001 0.0024 <0.0001 0.0013

δ13CDOC 0.4247 0.0027 0.4717 0.2287 <0.0001 0.2759 0.8734 0.0127 0.7683

AMWW 0.1184 <0.0001 0.2074 0.3970 <0.0001 0.0085 0.0821 <0.0001 0.0005

DOC:DON 0.2932 <0.0001 0.7050 0.6773 <0.0001 0.1129 0.0165 0.0088 0.0096

Season describes additive differences between spring, summer, and autumn. The relationship with DOC is modeled with a linear component and a non-parametric spline function.

Components significant at the P < 0.05 level are highlighted in bold.

We were able to identify two distinct freshwater discharge
patterns in our dataset; low and high flow conditions. During
the low flow, less freshwater enters the estuarine system and
the inferred freshwater residence time increases compared to
high flow conditions. Essentially, during low flow conditions,
freshwater residence time is higher at a given salinity compared
to high flow conditions. Low flow conditions occur in summer
and autumn, simultaneously with significant autochthonous OM
production and high photo-oxidation (Vodacek et al., 1997;
Lønborg et al., 2009), potentially changing the DOM pool. To
quantify the variation in DOC concentration along the estuarine
gradient, we used a linear regression model for each sampling
transects separately (Figure 3). Variation in DOC concentration
was high in freshwater end-member, from ±60µmol L−1

in Karjaanjoki to ±190µmol L−1 in Kiiminkijoki. Variation
decreased rapidly when moving along the salinity gradient,
reflecting the stability of the coastal sea end-member. This is
not surprising, as the freshwater discharge in riverine systems
typically fluctuates on seasonal and even diel timescales (Spencer
et al., 2007b; Holmes et al., 2012). Most of the DOC in these
estuaries originates from the respective river, and not from
external point sources (Räike et al., 2012). So it can be argued that
the changes in DOM characteristics are in major part due to the
alterations of the initial DOM entering the estuary (as opposed to
being an artifact of DOM additions within the estuary). Further,
in the catchment area different biological processes and human
activities cause changes in hydrological conditions and organic
matter fluxes from the terrestrial system (Jickells, 1998; Sachse
et al., 2005; Asmala et al., 2013). Thus, the combination of
changes in discharge and changes in organic matter loading from
catchment create large temporal variations in the DOM pool
entering the estuaries.

We observed that different DOM quality variables changed
differently in relation to DOC concentration (Figure 4). For
instance, the stable carbon isotope signature of DOC and
humic-like fluorescence had almost linear relationships with
DOC concentration, meaning that processes changing the
quantity of DOM change these quality indices in similar
proportion. On the other hand, SUVA254 shows no clear
pattern along the measured DOC concentration range, whereas
both S275−295 and molecular weight had coherent, non-
linear relationships. The patterns of the slopes and the

molecular weight versus DOC in Kyrönjoki and Kiiminkijoki
estuaries suggests that part of the DOM pool remains
unchanged even though the DOC concentration decreases. In
other words, there are components in the DOM pool that
persist after the first phases of the degradation processes in
the estuarine transport, such as flocculation and microbial
degradation.

The analyzed DOM quality characteristics were highly
correlated (Figure 5), even though different analytical methods
to characterize DOM were used. We argue that the observed
high correlation between different quality parameters of the
bulk DOM is an indication that common transformations have
occurred along the salinity gradients. Also, the changes along the
salinity gradient were unidirectional with the expected changes
according to the reactivity continuum concept (Amon and
Benner, 1996). Our results suggest, that mixing and processing
together cause molecules in the DOM pool to decrease in size,
lose aromaticity and have a lighter carbon isotope composition
when moving down the reactivity (salinity) continuum. PCA
was used to examine the relationships between the DOM quality
variables (Figure 5). Further, we compared the results of PCA to
salinity, DOC concentration and freshwater residence time for
a better understanding of DOM processing during the estuarine
transport (Figure 6). From the strong correlation between the
first principal component (PC1) and both salinity and DOC
concentration (Figures 6A,B), it is evident that PC1 actually
describes mixing of the two end-members, and is labeled in
Results Section accordingly. The second principal component
(PC2) on the other hand, does not correlate with salinity, DOC
concentration or freshwater residence time, indicating some
DOM transformation processes not explained by mixing, DOC
concentration or residence time. PC2 was labeled as processing
to cover all changes in DOM properties that cannot be attributed
to mixing. The weak link between PC2 (processing) and DOC
concentration suggests that changes in quantity and quality of
DOM are to some extent decoupled.

We used multiple analytical methods in this study to
characterize the DOM pool, but still only some components or
fractions of the DOM pool were measured, a bias which might
have implications when interpreting the results. Specifically, with
spectroscopic analyses the non-colored DOM was not detected
by most of our methods. This non-colored pool of DOM
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FIGURE 6 | Relationships of the two first principal components versus salinity, DOC concentration and freshwater residence time investigated by a

non-parametric GAM (solid line). (A–C) Principal component 1 (“Mixing”). (D–F) Principal component 2 (“Processing”). Freshwater residence time in the Karjaanjoki

estuary is divided by 10 for the figure to allow comparison with other two estuaries.

might be biogeochemically highly relevant, containing such
reactive components as amino acids or simple carbohydrates
(Vodacek et al., 1997; Sulzberger and Durisch-Kaiser, 2009).
The selectivity of DOM analyses is ubiquitous; virtually all
methods used to characterize DOM leave parts of the whole
pool undetected. From an analytical perspective, the UV
absorption slope (S275−295) proved to be a useful predictor
for other DOM variables (Figure 7). The applicability of this
slope has been shown in previous studies (e.g., Helms et al.,
2008; Fichot and Benner, 2012), and because of its relatively
easy and inexpensive analysis, it is highly recommended to
continue to use this spectral region as a standard biogeochemical
marker in monitoring the DOM-related processes in aquatic
environments.

Typically, conservative mixing models have been used to
analyse the extent of allochthonous DOM processing in estuarine
systems (e.g., Stedmon and Markager, 2003; Boyd and Osburn,
2004). Our data suggests that the variation in DOM quantity
and quality occurring in relatively short timescale (days-
weeks) poses significant challenges for drawing conclusions
from conservative mixing models (Figure 3). The range of
the variation in the end-members ultimately determines the
applicability of conservative mixing model. Previous studies
where non-conservative behavior of DOM has been observed,
typically include multiple quantitative and qualitative variables,
which show that some parameters deviate from conservative
mixing while others do not (Bowers et al., 2004; Markager et al.,
2011; Asmala et al., 2014). These qualitative changes can be
attributed to simultaneous production and removal of DOM,

which may leave the concentration in seemingly steady state, but
in fact the DOMpool is subject to continuous dynamic processes.

In this study, we emphasize the importance of taking
the variation in freshwater end-member into account in
the analysis of DOM processes along the estuarine gradient
(Figures 3D–F). Quantification of this variation is especially
important when using conservative mixing models to study
the DOM transformation, removal and production processes
in estuaries, as a relatively large variation on the other end
will cause instability throughout the observation range. In
coastal systems, the sea end-member is typically relatively stable
compared to the freshwater end-member (Fleming-Lehtinen
et al., 2014). The results of this study are also supported
by long-term time series from the study estuaries, where the
measured total organic carbon concentrations range fourfold
in Karjaanjoki and Kyrönjoki, and five-fold in Kiiminkijoki
(Figure 8). Also, the amount of variation is changing between
estuaries, making the predictions about a “typical” situation even
more difficult. Without knowledge of the amount and drivers
of end-member variations in estuarine studies, analyses based
on conservative mixing models will be evidently inadequate
as the large variation in the river end-member is carried over
throughout the estuarine gradient, thus introducing source of
error in conservative mixing models. And as this pattern of
variation is evident for DOM quantity, it is highly likely that
similar system- and season-specific variations can be observed for
DOM quality characteristics as well.

Residence time in the studied systems is likely not long
enough to allow biogeochemical processes to significantly alter
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FIGURE 7 | Relationship between UV slope (S275−295) and other DOM quality variables used in this study. (A) SUVA254; (B) Fluorescence peak A; (C)
13
δ

CDOC; (D) AMWW; (E) DOC:DON ratio. Exponential models were fitted to data for each estuary after testing for common intercepts and exponential slopes. A

common model (black line) was fitted to all data with the formula and the residual standard error (SE) inserted in the plots.

the major, refractory part of the DOM pool, especially in the
two northernmost estuaries (Figure 2). However, this approach
is significantly altered if we do not assume that the terrestrial
signal of the DOM pool is refractory, but instead assume that
the estuarine DOMpool is being constantly replenished, depleted
and transformed. These changes in the DOM pool result as
a dynamic state where the balance between various processes
determines the resulting characteristics of the bulk DOM. For
these particular estuaries, flocculation and bacterial degradation
of DOM have been reported (Asmala et al., 2013, 2014), and
high rates of photodegradation have beenmeasured in the coastal
Baltic Sea (Aarnos et al., 2012). Further, production of DOM by
the marine primary producers is evident (Romera-Castillo et al.,
2010). Also, heterotrophic bacteria may produce CDOM from
non-colored DOM, thus changing the quality of the DOM pool
(Nelson et al., 2004; Shimotori et al., 2010). The highly dynamic

nature of these processes and the inherent variability in the
river end-member pose significant challenges for identification
of deviations from conservative mixing in estuaries. In order to
analyse the estuarine conservative mixing in a given system, the
biogeochemical processes that affect the DOM pool along the
estuarine gradient should be identified and quantified, alongside
detailed hydrologic measurements.

In conclusion, we surprisingly found that the residence
time in these systems did not explain variation any better
than salinity. Increasing freshwater residence time in estuaries
typically increases the nutrient retention, which can be analyzed
with simple mass balance calculations, as production of nutrients
within estuary is insignificant compared to the magnitude
of nutrient removal processes. With organic matter the
biogeochemical cycling is much more complex and dynamic,
and transformation, degradation, and production of DOM
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FIGURE 8 | Density of observed TOC concentrations in river end-members of study estuaries between 1975 and 2014. Mean values, standard deviation

and range: Karjaanjoki (n = 442) 655 (126, 392–1417), Kyrönjoki (n = 425) 1648(342, 758–2750), and Kiiminkijoki (n = 463) 1217(287, 467–2333)µmol L−1. More

than 90% of TOC is in dissolved form (DOC) in these systems (Mattsson et al., 2005). Data source: Räike et al. (2012). Normal distribution curve is fitted over each

density histogram.

occur continuously. Our results show that mixing is the major
factor governing the characteristics of the DOM pool along the
estuarine gradient. Further, we show that variations in DOM
pool at the freshwater end-member can introduce substantial
departures from linear mixing, but the quality of the DOM pool
is not altered consistently with the DOM quantity. Therefore,
mixing can only partially account for changes in the DOM pool
along the estuarine gradient and more research on the various
transformation processes is needed to understand the variability
of DOM quality at the land-sea interface.
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