


for a variety of variables, such as runoff, air temperatures,
and catchment slope, that are known to affect the
terrestrial DOC production and the export to lakes and
thus in-lake DOC concentrations (Sobek et al. 2007).
Altitude has, however, the disadvantage that it is an
unsatisfying variable when changes over time need to be
examined. As outlined in the introduction, changes over
time have so far been attributed to changes in runoff,
temperature, solar radiation, soil moisture, atmospheric
deposition chemistry, and the timing of ice breakup and
snowmelt. The question arises how the results obtained
from spatial studies can best be combined with the ones
gained from temporal studies. Assuming that land use,
catchment slope, and lake morphometry are not changing
considerably over a relatively short time span, e.g., 10 yr,
altitude at a specific latitude can be considered as a proxy
for annual mean air temperatures (Ahrens 2005). Indeed,
we found that annual mean air temperatures were related
to DOC concentrations in lakes, but this relationship was
exponential rather than linear (Fig. 3c). It is very common
for exponential or logarithmic patterns to result when
variables are plotted against latitude and altitude because
they are proxies for air temperature (Valentini et al. 2000;
Xenopoulos et al. 2003; Sobek et al. 2007; this study).
These exponential or logarithmic patterns might turn into
simple linear relationships when latitude and altitude are
replaced byDT� 0 as shown in this study (Fig. 4). We found
no other variable that was able to reveal a similar
significant simple linear relationship to DOC concentra-
tions, not even total nitrogen concentrations from the same
water samples, and looking at the global DOC results of
Xenopoulos et al. (2003) and Sobek et al. (2007), no
variable was related to DOC concentrations in a simple
linear way. DT� 0 is a measure of both annual mean air

temperatures and the annual air temperature amplitude.
DT� 0 not only integrates temperature but also timing
events, e.g., the timing of ice on and off, snowmelt, spring
flood, main biological activity, which are all known to
strongly influence DOC concentrations in lakes. In
addition, DT� 0 reflects continentality, which affects both
precipitation and atmospheric deposition patterns. Since
we found highly significant relationships betweenDT� 0 and
DOC concentrations on local and large scales (Fig. 4) that
could be used to predict DOC concentrations on a
temporal scale (Fig. 5) and since no other variable was
equally well related to DOC concentrations (Table 2), we
suggest that DT� 0 is a very suitable variable to explain
variations in DOC concentrations over space and time.

Our local-scale DOC concentrations showed a slightly
stronger increase with increasingDT� 0 values than the
large-scale DOC concentrations did (Fig. 4). We believe
that catchment slope might have an additional effect on the
local-scale DOC concentrations since these concentrations
were all gained from lakes of SwedenÕs steepest mountain-
ous area, where the thickness of organic soil horizons and
the degree of waterlogged soils usually decreases. We also
found slightly deviating results between spatial and
temporal DOC data for lakes located at middle and
southern latitudes of Sweden. Many explanations are
possible for this phenomenon, one of which is that our
lakes are not evenly distributed over all temperature
regions, giving a bias when mean values on a spatial and

Fig. 5. Relationship between dissolved organic carbon (DOC)
lake concentrations and annual mean air temperatures on a
temporal basis for three different regions: a region where annual
mean air temperatures normal values (1961Ð1990) remain below
0uC, a region where annual mean air temperatures normal values
remain between 0uC and 3.9uC, and a region where annual mean air
temperatures normal values remain between 4.0uC and 7.9uC.
Shown are regional mean values and standard deviations during
1995, 2000, and 2005. Also shown are predicted DOC concentra-
tions (black line) where we used the results from the spatial analysis,
i.e., the regression equation of Fig. 4a: DOC� 0.20DT� 0 � 29,
which we then plotted along a temperature gradient.

Table 2. Nonparametric SpearmanÕsr test for relations to
temporal variations of dissolved organic carbon concentrations
(for determination of DOC and for abbreviations, seeMethods).
For each correlation, mean values of three years, i.e., 1995, 2000,
and 2005 for three different regions were used, i.e., a region where
annual mean air temperatures normal values (1961Ð1990) remain
below 0uC, a region where annual mean air temperatures normal
values remain between 0uC and 3.9uC, and a region where annual
mean air temperatures normal values remain between 4.0uC and
7.9uC. This approach gave nine data points for each correlation.
For air temperature, DT� 0, and precipitation, available long-term
data series were used (seeMethods). The most significant relation
is shown in Fig. 5.

Variable R value Significance level

DT� 0 0.98 � 0.0001
Air temperature 0.98 � 0.0001
Color 0.97 � 0.0001
NH 4-N 0.80 0.010
pH � 0.78 0.013
NO3-N 0.77 0.016
Ca 0.75 0.020
Conductivity 0.70 0.036
Na 0.68 0.042
K 0.65 0.058
Cl 0.65 0.058
Si 0.63 0.067
Mg 0.62 0.077
SO4 0.47 0.205
TN 0.37 0.332
Alk 0.17 0.668
TP 0.13 0.732
Precipitation 0.13 0.732
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temporal scale are used. Another explanation for deviating
patterns might be the increasing variability in DOC
concentrations with increasing temperatures (Fig. 3c). On
a spatial basis, the increasing variability might partly be
explained by more heterogeneous catchment areas toward
more densely populated southern geographical regions of
Sweden. However, since we also get an increasing
variability in DOC concentrations with increasing temper-
atures on a temporal basis (Fig. 5), parts of the variability
increase might be attributed to the fact that evenDT� 0
increases its variability with increasing temperatures
(Fig. 2). Capture of this high variability with a simple
modeling approach as used in this study is unrealistic,
which explains why we received best model results for
regions with a low variability in DOC concentrations, i.e.,
regions where annual mean air temperatures remain below
0uC. However, taking regional mean values, we consider
our DOC prediction with DT� 0 values to be acceptable for
warmer geographical regions, both on a spatial and a
temporal scale (Figs. 4, 5).

DT� 0 is a nonlinear function of air temperature, since it is
described as an arccosine function of air temperature. If air
temperature further increases, as is most likely on a global
scale (IPCC 2007), it is probable that we will receive
accelerated changes of DOC toward warmer geographical
regions, provided that no other changes affecting DOC
concentrations will occur. Such accelerated changes toward
warmer geographical regions have already been observed for
Sweden (Weyhenmeyer 2008) and could be confirmed in this
study (Fig. 5). In a closer look at MonteithÕs et al. (2007)
global DOC data set, there is also a tendency for significant
DOC trends to be found in warmer geographical regions.
For Sweden, it is predicted that especially winters will
become warmer (Kjellstro¬m 2004). Warmer winters will
result in a shortening of the period with snow and ice cover.
The importance of wintertime climatic control on DOC
dynamics in lakes has already been identified by Belzile et al.
(2002), Park et al. (2005), Karlsson et al. (2008), and
Weyhenmeyer (2008). From these studies, DOC concentra-
tions are expected to increase along with warmer winters.

We conclude that DT� 0 is a suitable measure for DOC
concentrations in lakes, showing that DOC is influenced by
climate change.DT� 0 includes seasonality, which is a factor
for biogeochemical processes that influence DOC concen-
trations. DOC predictions using DT� 0 worked well when
we used regional mean values, both on a spatial and a
temporal scale (R2 � 0.90, p � 0.0001). Taking each lake
individually, however, a variety of additional variables
need to be considered for a precise prediction of DOC
concentrations, as the roughly estimated variableDT� 0
could only explain 24% of the DOC variation. More
research is needed to combine results from individual lake
studies with the ones from regional lake studies.
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