
Author’s response to referee comments

April 13, 2015

1 Description of procedure

All changes in result of the referee comments are marked in the manuscript in
blue. These are called ”change-1..x” and are referred to within the appropriate
sections in the reply below. All referee comments are marked in bold and the
replies always start with ”Reply:”.

2 English correction

The English language of the revised version of the manuscript was checked by a
native speaker to further improve the text. These changes were not marked in
the text since only the language was improved but not the content was changed.
However, when content was changed, this was marked.

3 General remarks

According to the comments by the editor reviewers we changed the manuscript
with special emphasis on:

• the background of the data sets
We further now further explain the background of the datasets in the
methods and in the reply to referee 2.

• the differences between the study areas
We now further explain the differences between the study areas in the
study site description and refer to another study for more details.

• the representativeness of the study areas and the results
We carefully checked our interpretation concerning representativeness and
adjusted it when necessary. We moreover explained our motivation for the
choice of sites to referee 2 in-depth.

• clarification and motivation of the used statistical methods
We extended the statistical analyses section in the revised manuscript to
better clarify our statistics and improved the explanation of the motivation
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where necessary. We also discuss the background of our statistics in the
reply to referee 1.

4 Reply to the comments by referee 1

1) Indicate sample sizes for statistical tests. No sample sizes are
mentioned anywhere in the paper.

Reply: We thank the reviewer for raising our attention to the missing sam-
ple sizes. Please see the end of this document for an overview of the sample
sizes. We will include the sample sizes at the appropriate positions of the revised
manuscript (see markups called ”added sample sizes” in the manuscript text).

2) It seems to me that after converting some data to ratios, the
statistical analysis has proceeded in much the same way as it would
have for the raw dataset. Some, but not all, variables were trans-
formed to improve their distributions (relative to the assumption of
normality), then ANOVA, PCA were performed. I However, meth-
ods for statistical analysis of compositional data /ratios are special
due to the constraint that the data sum to one (closed data/constant
sum constraint). There is a whole field of multivariate statistical anal-
ysis devoted to the analysis of compositional data, e.g. in the field of
geology. There is an R package called composition, and several other
packages, specifically directed at analysing compositional data (incl.
imputing missing data). The logratio transformation is often used
prior to linear modelling. See papers by J. Aitchison starting in the
1980s. Also a very readable R tutorial about the problem with ratios
at http://advan.physiology.org/content/37/3/213.

Reply: The reviewer is right that the data from the PARAFAC and SEC
were converted to ratios. However, no classical ANOVAs or linear models were
applied in this study. Please see the points below for a description of the used
test types and their relationship to ratio data:

1. We performed permutative MANOVAs (PERMANOVAs, often called
ANOSIM or analysis of similarity) , a non-parametric alternative to
MANOVAs and permutative multivariate tests of dispersal (PERMDISP),
a multivariate non-parametric alternative to Levenes test (described in
lines 238–247 of the submitted manuscript). According to the literature
(Anderson 2001, see submitted manuscript for reference), no special treat-
ment is needed for compositional data when using PERMANOVAs, since
the data is converted into a dissimilarity matrix before applying the statis-
tic (in our case Euclidean distances). Since the data for PERMDISPs is
also translated into a dissimilarity matrix before the statistic is done, the
same applies to PERMDISP. Both statistics can be based on ratio data
or presence-absence data and on different dissimilarity indexes. We only
transformed some of the data, to keep the same transformations as in the
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PCA and to make the PERMANOVAs / PERMDISPs representative for
the data depicted in the PCA.

2. As stated in the first part of the reply, a part of the data for the PCA
and PERMANOVAs / PERMDISPs was transformed prior to its applica-
tion, to allow the application of the linear relationships on which a PCA
is based. We agree with the reviewer that the commonly used log trans-
formation is problematic with ratios with fixed limits (0..1). Thus, we
used logit transformations (logit(x) = −log(1/x − 1))for the three vari-
ables which were ratios with fixed limits and which had to be transformed
to reach normal distribution: HMWSN , HMWSC , and HSN and re-
peated the PERMANOVAs and PCA. No difference could be detected for
the PERMANOVAs or PERMDISPs. Only very small differences could be
detected for the PCA, most notably a change from 18.7 to 18.8% explained
variance for the 4th PCA axis. To prove that no significant changes oc-
curred, we show the PCA results from the submitted manuscript version
(Fig.1) and the PCA results with the revised transformation (Fig.2) be-
low. We included the PCA based on the revised data transformations
in the revised manuscript (Fig.3 of the revised manuscript). Moreover,
we changed the description of the transformation in the text (change-17,
section on statistical analyses in methods).

3. No linear models were applied in this study. Instead, we used Spearman
rank correlations, but never for ratio data with fixed limits.

4. Differences in univariate data were assessed with permutative one-way
statistics (often called Monte-Carlo tests). Hence, neither normal dis-
tribution nor homoscedacity was assumed for the data. This test works
well with ratio data, since it has no assumption on the data probability
distribution.

5. Levenes test based on the median was used to assess the variability of
univariate data, but never for ratio data with fixed limits.

3) Currently, some data used in the PCA are bounded by (0..1) and
some are not (e.g. fluorescence index) , but overall the dataset does
not sum to 100% (as it would in a typical compositional dataset).
This does not sound like a good situation for starting a PCA. A
simple approach would be to autoscale the raw (not compositional)
data prior to PCA (transformation of some variables might still be
advisable), which takes care of differences in scale between different
variables, produces readily interpretable plots, and has other useful
properties as described by Bro and Smilde (2014) in their recent PCA
tutorial. The autoscaling will allow the PCA to reveal compositional
differences between samples, which was the motivation for generating
ratio data.

Reply: We agree that the data is on different scales and auto-scaling needs
to be applied. In fact, in the submitted version of the manuscript, auto-scaling
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Figure 1: Principal component analysis (PCA) of dissolved organic
matter (DOM) composition, included in submitted version of the
manuscript. The first four axes (PCA axis 1 & 2: panel a., PCA axis 3
& 4: panel b.) of the PCA explain 73% of the variance. Only those DOM
composition variables are shown, which can be interpreted with high confidence.
C1 – C4: Fluorescence components 1 to 4 based on parallel factor analysis; FI:
fluorescence index; FreshIndex: freshness index; E2 : E3: Ratio of absorbance at
250 nm to absorbance at 365 nm; S275−295, S350−400 & SR: Slope of absorbance
at 275-285 nm, 350-400 nm and the ratio (R) of these two slopes; SUV AHS

& SUV Abulk: absorbance at 254 nm, normalised by dissolved organic carbon
concentration, for humic substances (HS) and all DOM fractions, respectively;
C : NHS & C : Nbulk: molar carbon to nitrogen ratio for HS and all DOM
fractions, respectively; HSC & HSN , HMWSC & HMWSN or LMWSC :
carbon (C) and nitrogen (N) in the humic substance (HS), high-molecular weight
substance (HMWS) or low-molecular weight substance fraction (LMWS) based
on size-exclusion chromatography. No values for LMWSN exist, because N in
LMWS is indistinguishable from N in nitrate. DK = Denmark, UY = Uruguay,
extensive = extensive farming, intensive = intensive farming.
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Figure 2: Principal component analysis (PCA) of dissolved organic
matter (DOM) composition, with revised data transformations (see
reply to Referee comment 1, item 2). The details of the figure are explained
in the figure caption of Figure 1.
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was applied to the data before making the PCA. For this, we used the parame-
ter scale of the rda() function. Similarly, we auto-scaled the data by using the
scale() function before applying the PERMANOVAs/ PERMDISPs. In both
cases, the function was mentioned in the submitted version of the manuscript,
but we forgot to mention the auto-scaling. We thank the reviewer for raising
our attention to the missing description, which was included in the revised ver-
sion of the manuscript (PCA: change-15; Last sentence, 4th paragraph of the
Statistical Analyses section; PERMANOVAs/ PERMDISPs: change-16; Last
sentence, 5th paragraph of the Statistical Analyses section).

4) Consider also the underlying assumptions of ANOVA, box and
whisker plots and other statistical representations in the analysis of
ratio data. When comparing ratio/percentages, it is common to arc-
sin transform the data first or use a chi-squared test.

Reply: We considered all statistics / plots. No further adjustments in addi-
tion to the ones explained in reply to comments 1-3 need to be done. We used
logit transformation instead of arcsin transformation (see above for details).

5 Reply to the comments by referee 2

5.1 General comments

After reviewing the manuscript, I have a few concerns and questions
regarding the manuscript that I would like the authors to address.
First, the land use groupings used in the manuscript were not fully
agricultural differences. One watershed in Denmark had forests as
its dominant land use. This watershed seemed to have very differ-
ent DOM and discharge properties than the other watersheds. I
think these differences in land use need to be discussed and acknowl-
edged. Second, I am not certain that the sample size of the study
and observed results show strong climate and land use influences on
the DOM. There was a lot of overlap for sampling events between
rivers. Climate likely has an important influence and this manuscript
shows clear evidence of that but I think the evidence is not as strong
as the discussion surrounding them implies. Finally, I wondered if
data were available to compare the SEC-DON method with the sub-
traction method in your study. If so adding these comparisons might
further strengthen the interesting discussion regarding the SEC-DON
method.

Reply: At first, we want to thank the referee for his/ her in-depth review of
our manuscript, which surely must have been time consuming. This helped us
to detect weak points and to improve the study. Please see the following replies
to the general comments:

• Concerning the land use:
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Both, the extensive catchment in Denmark and the extensive catchment in
Uruguay contained a large area of the catchment with extensive land use.
Since no forests exist in the prairie of Uruguay, these would also not appear
in even completely pristine catchments. In fact, the only larger forests in
Uruguay are artificial Eucalyptus plantations, thus, in this case, a forest
does not necessarily mean that the land use is pristine. Extensive pasture
is the most natural land use in Uruguay, as are commercially used forests in
Denmark. We included a short explanation on the pristine/ near-pristine
land-use/ catchment vegetation in both countries in the study sites section
within the methods of the revised manuscript (see change-3 in the revised
version of the manuscript).

• Concerning the sample size:

It is clear to the authors, that four catchments are not a large sample size
in terms of spatial sampling, but we had a very large sample size in terms
of temporal sampling. To achieve both with a large sample number was
difficult to reach due to constraints in time, financial circumstances and
manpower. We acknowledge that the low sample size in terms of catch-
ments would limit our conclusions, if this would have been the only study
on this topic, but there are many studies with a large spatial dataset (for
a discussion of these studies, please see the sections ”Effects of farming
intensity on fluvial DOM quantity” and ”Effects of farming intensity on
fluvial DOM composition” of the revised manuscript, and for DOC concen-
trations especially the cited review of Stanley et al 2012) and, especially
for DOM composition measurements, a lack of investigations of temporal
variability. Most studies on agricultural catchment effects are limited to
one vegetation season (as we write in the introduction), some to one year
(Graeber et al. 2012 and the recently published Heinz et al. 2015, EST,
DOI: 10.1021/es505146h) and, apart from our manuscript, none with two
years of data and two different climate regions. The publication by Heinz
et al. strongly supports our findings for temperate catchments and is
now cited in the introduction and discussion of the revised manuscript
(change-4 to change-12).

• Concerning the assessment of climate effects:

We think that our evidence on the presence or absence of climate effects
is very strong for the investigated catchments. For the DOM amount, we
built a very clear line of evidence, starting with measurements of precip-
itation, discharge, DOC and DON concentrations and loads (please see
discussion of the submitted manuscript, section 4.2). Furthermore, we
found highly significant effects of country (and hence climate region) on
DOM composition (PERMANOVA with p ¡ 0.001, results section of the
submitted manuscript) and of country on the temporal variability on DOM
composition (PERMDISP with p ¡ 0.001, results section of the submitted
manuscript). Based on these results the country had a strong effect on
DOM composition, but, as we write at the end of the discussion of cli-
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mate effects on DOM composition (section 4.3): ”based only on in-stream
measurements, we cannot infer the mechanisms behind the differences of
DOM composition in the two climates.”

• Concerning the further interpretation of climate effects:

We do not want to make final suggestions for the whole climate region
or on the acting mechanisms. In fact, we write in the conclusion of the
submitted manuscript: ”Distinct effects of climate on fluvial DOM have
been found in this study and support earlier findings that climate is the
main driver of DOM export from catchments. However, never before this
has been tested for the molecular composition of DOM. We found strong
effect between the catchments in the two investigated climate zones but
cannot clearly attribute this to one climate or soil factor. Further studies of
the DOM sources in the catchments are needed to get a clearer picture why
these differences between different climate regions are found.” However,
we will carefully check the discussion section for any implication that
would suggest that we want to make final conclusions for the whole climate
region.

• Concerning the direct measurement of DON with SEC:

An in-depth comparison of direct (SEC) and indirect DON measurements
(by subtraction of DIN from TDN) is available in Graeber et al., 2012a,
(Biogeosciences,9,4873-4884). This study is cited several times within the
submitted manuscript and one intention to publish the Biogeosciences
study was actually to make further laborious comparisons between the
direct and indirect measurements in studies with applied SEC for DON
measurements unnecessary. The advantages of the direct measurement of
DON by SEC are mentioned repeatedly in the submitted manuscript: In
the introduction to introduce SEC as a better alternative to the indirect
method; in the methods, where it is described in detail and it is even
mentioned that ”the direct measurement of DON with high accuracy was
demonstrated in freshwater systems for this SEC system (Graeber et al.,
2012a)”. Moreover, its mentioned in the discussion, where we discuss the
outcome on different measurement types for DON concentrations in the
comparison of different literature sources. Finally, in the supplement a
typical chromatogram of the SEC is shown to explain its mechanism (Fig-
ure B1, this is not cited yet in the methods section, but a citation will
be included in the revision of the manuscript, see change-2 in the revised
version of the manuscript). In the explanation of the appendix, we also
will cite the Biogeosciences study (see change-2a in the revised version
of the manuscript). Thus, the advantages of the direct measurement over
the indirect measurement of DON are extensively discussed in the submit-
ted manuscript. We believe that further inclusion of methodological data
and further methodological discussion is out of the scope of this monitor-
ing study and strongly recommend reading the Biogeosciences publication
instead.
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5.2 Specific comments

5.2.1 Title

Title: The statistical tests focused on main effects. I am not certain
that ”interaction” properly describes the study design. When the
interaction was tested, the evidence for an interaction was significant
but weak in magnitude.

Reply: The study design was made to study interaction effects, since we
tried to find similar catchments in different climates. We therefore think that
it is justified to write ”Interacting”.

5.2.2 Introduction

p137.L3-8 - I found this description of DOC and DON more complex
than perhaps it needs to be. Consider simplifying that statement to
say that DOM contains N and C and among other elements and then
conclude as written with the ecosystem implications for DON and
DOC

Reply: Text was changed accordingly (change-13).

I think the reader needs more information regarding farming prac-
tices in the introduction. It was not immediately clear to me what
the difference between intensive and extensive farming practices are.
I also wonder how representative pasture lands are when being used
as the lone extensive farming practice. These differences might only
be related to terminology, but I feel some clarification is needed for
the reader to understand your studys framework. I think adding
this information will help the read understand the fourth hypothesis
(p139.L20).

Reply: We added a sentence, in which we state the difference between in-
tensive and extensive farming as we understand it (change-14). Moreover, we
now mention another publication in which further details on the catchments are
stated (change-14).

5.2.3 Methods

How do SEC DOC and DON concentrations compare to DOC mea-
sured by a TOC analyzer and DON as TDN - DIN? I think some
information on this will help assure the reader that your values are
comparable to those of other studies. If this work has been com-
pleted elsewhere than perhaps included a statement that tells the
reader where they can find this information would be useful. More-
over, the study is introduced suggesting that SEC based measures of
DON, especially, might provide a better estimate of DON than the
common subtraction based approach. I am curious how DON in your
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study would differ if you used subtraction as opposed to SEC. Hence,
I felt the paper never revealed if the insights and results gained from
SEC-DON were more insightful than the subtraction method. If these
ideas are covered elsewhere than less focus on these methods in the
introduction might allow you to focus more on agricultural practices
and climate. If these comparisons are novel then I think they should
be included in the results and discussed.

Reply: A study on this has been done and was cited in the submitted
manuscript. Please see the reply to the general comments for details.

In general, I found the statistical description clear and understand-
able with the correct level of detail needed for a reader to run these
tests using their own data. I was curious how the difference in vari-
ance rather than normality of each variable influenced the PCA and
MANOVA. I general scale (center = T, scale = T) after normalizing
the data. This sets the data range to similar units between variables,
which I find helps the multivariate data fit better with reduced di-
mensions. Variables with large ranges can at times disproportionately
influence the multivariate analysis over variables with relatively small
ranges like the freshness index and FI. I would suggest re-running the
PCA and MANOVA using scaled data. If the non-scaled and scaled
data are similar then the report analysis are good and you might con-
sider noting that this did not influence the data ordination. If the
results differ greatly between scaled and non-scaled, I recommend
using the scaled data.

Reply: The data was already scaled in the submitted manuscript, but we for-
got to describe it in the methods. This is now included in the revised manuscript.
Please see change-16 and change-17 in the manuscript text (section on statisti-
cal analyses), as well as the reply to referee 1 for further details.

5.2.4 Results

Table 1 - I am concerned that the streams understudy do not match
fully the study design (County*Land Use). The UY watersheds fit
fairly well into agricultural groups but the DK watersheds are a for-
est with farming vs arable farming. This might explain why DK-
Extensive was markedly different based on DOC and DON loads. I
think these land use distinctions and possible other underlying dif-
ferences like soil type should be more clearly stated in the methods
and discussed more fully. In other words, I would like more discus-
sion geared to convince the reader that your observations are due
to climate and farming practice differences rather than differences in
background nutrient levels, hydrology, geology, watershed slope, and
the contribution of other land uses.

Reply: Please see the response to your general comments for an explanation
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(paragraphs ”Concerning the land use” and ”Concerning the assessment of cli-
mate effects”).

Table 3 & Figure A1 - I find it surprising that your PARAFAC
model does not contain a protein-like peak. Typically, 3 or 4 com-
ponent models have UV humic-like peak, Vis humic-like peak, and
protein-like peak. Upon visual inspection of Figure A1, it looks like
the excitation spectra is pretty broad for each component. This might
suggest that component number, though reproducible, is not correct
for your data. Perhaps adding a few residual and corrected EEMs
would be useful for the reader to better understand the PARAFAC
output. I am curious if the model systematically misses the protein
like peak, which would be evident in the residual EEMs or to see that
these samples dont have a protein-like peak. I think some discussion
might be needed in order to interpret the model for the reader.

Reply: We agree that it is quite unusual not to have protein-like PARAFAC
components but we also could not find any when we used more components.
Moreover, the model was generated based on the standards described in Mur-
phy et al. 2013 (see manuscript text, section on the ”Treatment of spectroscopic
and chromatographic data”). Thus, the models were thoroughly checked for
systematic residuals, unusual spectra shapes, split-half validity and maximum
explanatory power. As we have a large number of samples and since we followed
the best-possible practice to generate the PARAFAC model, we do not see the
necessity to show modelled and residual EEMs.

For PC3 - If the three spectral slope indicators are interpreted the
same with respect to size why do they show up as opposites? This
would suggest that both directions are small and large sized DOM.
It wasnt clear to me how this pattern would relate to light exposure
differences between watersheds. Perhaps some clarification is need
because the smaller sized and lower C:N patterns seem important
based on the manuscripts conclusions.

Reply: The referee is right, that it looks weird that all three are supposed
to be negatively related to molecular weight (according to Helms et al 2008, see
manuscript for reference), although they appear as opposites in the PCA. The
best explanation is that molecular weight is not affecting these three indicators
in our study, but that it is microbial availability or previous irradiation, which
are also related to these indicators (Helms et al 2008. In fact, S275−295 and SR

are positively related to irradiation and decrease during incubation experiments
and S350−400is negatively related to irradiation and increases during incubation
experiments. Since the spectral indicators are related to country, we postulated
in the discussion of the submitted manuscript that the DOM from the Danish
catchments is not yet microbially processed (high potential microbial availabil-
ity relative to Uruguayan catchments, see first paragraph of ”Effects of climate
on fluvial DOM composition section” in the discussion).
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p150.L1-7 & Figure 4 - For individual DOM assessments, I found it
unclear why only 6 of the 20 indicates were displayed and presented.
Perhaps adding a little more detail regarding why only these variables
were selected over others might be useful. Do these factors highlight
different components of the PCA? They seem to highlight some of
the PCA axes but not all.

Reply: As we described in the methods (section on ”Statistical analyses”)
and the figure caption of the PCA (Fig. 3), we only chose to show the variables
with can be interpreted with high confidence according to a rule set by Borchard
et al 2011 (see manuscript for reference). This was done to simplify the plot
and allow easier interpretation.

5.2.5 Discussion

I am concerned that the data set might be too focus to resolve strong
climate and land use patterns. The N for the study is 4 watersheds
(two climate zones and two land use categories). The catchments
could just be different and influenced by the observed precipitation
patterns rather than broad climatic differences. Differences in climate
between Denmark and Uruguay are much greater than the observed
differences in DOM quality and quantity. I am uncertain that broad
climate generalities in DOM with land use can be drawn from such
a small set of watersheds. I agree that the data supports the idea
that land use, especially intensive agriculture, has strong affects on
DOM and these are seen in two watersheds from countries with very
different climate. I am not certain if these results can be generalized.
I dont wish to discount the findings but I dont think the evidence was
as strong as presented for the hypothesis. There was some evidence
that DOM shared similarities between intensive farm systems but
the DOM of these watersheds also shared many similarities overall.
My interpretation would be that the study found some evidence,
rather than strong evidence, in support of the hypothesis that raises
important questions and ideas.

Reply: Please refer to the discussion of the general comments for a detailed
reply.

p151.L7 & 8 - I did not understand how Denmark could have
a higher water buffering capacity if it is extensively tile drained.
Wouldnt this be swamped out by the faster movement of water sug-
gested in the next paragraph?

Reply: The intensive agricultural catchment in Denmark was tile drained
(not both catchments), which reduces the water buffer capacity, but it still
seems to be higher than for the Uruguayan catchments. This pattern is clearly
visible from Fig. 1, where the precipitation was less different between Denmark
and Uruguay than the discharges. Moreover, in Fig. 1b, the difference of the
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discharge between the intensive and extensive agriculture catchment is stronger
for Denmark than for Uruguay, which is best explained by the tile drainage of
the intensive agriculture catchment in Denmark.

p152.L14-19 - Could this be due to the fact that this catchment
was mostly forested and not as human impacted? This might allow
the system to have more stability in discharge and DON/DOC in-
puts might be controlled by seasonal cycles in litter production and
groundwater vs surface water contributions to stream flow.

Reply: Interesting thought! However, the fact of being forested cannot ex-
plain the apparent stronger microbial influence on DOM composition in the
Danish catchments. Moreover, this is in contrast to what we expected and
cannot be explained by ”...seasonal cycles in litter production and groundwa-
ter vs surface water contributions to stream flow” as the referee suggests, since
this was also the case for the intensive agriculture catchment (which was not
forested). We tried to give some explanations for these patterns but cannot
be sure. Thus, we already wrote in the submitted manuscript at the end of
this paragraph: ”However, based only on in-stream measurements, we cannot
infer the mechanisms behind the differences of DOM composition in the two
climates.”

p154.L9-11 - Given that DON-agriculture effect was so large, why
wasnt this also evident through DOM optical measures? PARAFAC
did not identify a protein-like peak, which would suggest there was
little DON at least of that type. I feel discussion is needed to explain
why these are consistent patterns.

Reply: That the protein-like peak is related to DON content is a common
but wrong assumption. The N content of this peak is totally unknown. In
fact, it is a peak of non-humified DOM whose spectrum is similar to tyrosine or
tryptophan, a characterization which is not linked to C:N ratio or DON concen-
tration. In fact, when you leach fresh leaf material, you will get similar peaks
which often dominate the EEM (even when you measure the fluorescence of
freshly cooked coffee or tea) and there is no reason why these substances should
have a low C:N ratio or high DON content. My personal oppinion is that
this peak should be re-named to avoid this kind of confusions (something like
non-humified DOM). Moreover, in our study most DON (¿ 80%) was bound
to higher-molecular humic-substance like DOM (please see Fig. 4). Finally,
the low protein-like fluorescence of fluvial DOM in agricultural catchments is
supported by other studies from the temperate region (Graeber et al. 2012
STOTEN, Heinz et al. 2015, EST). We mention that we find complex DOM
with low C:N ratios and discuss the potential reasons for that intensively in the
manuscript. We believe that we sufficiently discuss the character of the DOM
and DON and that we do not need a longer discussion.

p154.L19-26 - Are you able to check this statement by comparing
the subtraction method to the SEC-DON method using your study.
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If you measured TDN and DIN, this type of discussion would help
strengthen the argument for the novel approach used in the your
manuscript.

Reply: We believe that we sufficiently prove the reliability of the direct DON
measurement in the Biogeosciences study mentioned in the reply to the general
comments. Please see this reply for further details.

p155.L5-10 - This could be true and is a likely mechanisms. How
might the presence of a high percentage of forested land in the Den-
mark catchment influences these patterns?

Reply: Forest by itself does not result in a less variable discharge than any
other vegetation form. In contrast, the tile drainage and removal of buffer zones
can increase the variability of discharges, as we write in the manuscript text, to
which the referee refers to.

5.2.6 TECHNICAL CORRECTIONS

p144.L15 - Do you mean ”LMWS” rather than ”HMWS”?
Reply: No, HMWS is meant.

p147.L7 - Consider simplifying this statement. I think similar
works for all catchments

Reply: The sentence was simplified. Please see change-18 in the manuscript
text.

p150.L1 - what is meant by ”exemplary”? Consider clarifying this
statement

Reply: We deleted ”exemplary”.

Figure 3 - I find the dots a little small on these figures. Perhaps
changing the shape and color would make it easier to see light blue
from blue dots.

Reply: In the finally produced pdf, the figure will be larger and better vis-
ible. Moreover, we would like to keep the color consistent between the plots.
Therefore, we decided to keep the current design.

P150.L9 & 21 - Did you mean ”support” rather than ”prove”
We replaced ”prove” by ”support” in both cases (change-19 and change-20).

P152/L14 - Did you mean ”in which” rather than ”which in which”?
We replaced ”which in which” by ”in which” (change-21).

Figure 2 - I found it somewhat confusing that this figure shows
concentrations paired with percentages for loads. Consider pairing
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load values with load % and concentration values with concentration
%

Reply: We wanted to show the percentage of the loads, since the load per
time is more informative than the absolute loads. In contrast, it is not logical
to calculate concentration per time (x concentration was exported in y time),
thus we stick to the absolute concentrations.
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6 Sample sizes for the statistics

DK = Denmark, UY = Uruguay

6.1 Levene’s tests

6.1.1 DOC and DON loads for each country and for land use within
country

Statistic described in the third paragraph of the Statistical analyses section of
the revised manuscript.

DK = 1414, UY = 1455
Catchment Number of samples

Intensive UY 728
Extensive UY 727
Intensive DK 707
Extensive DK 707

The high sample numbers were the result of the interpolation of the DOC and
DON loads for each day between the sampling occasions (as described in the
Calculation of DOC and DON daily and annual loads section of the revised
manuscript).

6.1.2 Precipitation

Effect of country or land-use type within country. Whole time period is in-
cluded. Statistic described in the third paragraph of the Statistical analyses
section of the revised manuscript.

DK = 1640, UY = 1991
Catchment Number of samples

Intensive UY 996
Extensive UY 995
Intensive DK 820
Extensive DK 920

6.1.3 Discharge

Effect of country or land-use type within country. Whole time period is in-
cluded. Statistic described in the third paragraph of the Statistical analyses
section of the revised manuscript.

DK = 1554, UY = 1990
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Catchment Number of samples
Intensive UY 995
Extensive UY 995
Intensive DK 777
Extensive DK 777

6.2 Permutative one-way tests

6.2.1 Effect of country on DOC and DON concentrations

Statistic described in the second paragraph of the Statistical analyses section of
the revised manuscript.

DK = 98 samples, UY = 95 samples

6.3 Nemenyi pairwise tests

6.3.1 Effect of the sampled catchment on DOC and DON concen-
trations

Statistic described in the second paragraph of the Statistical analyses section of
the revised manuscript.

Catchment Number of samples
Intensive UY 48
Extensive UY 47
Intensive DK 49
Extensive DK 49

6.3.2 Effect of the sampled catchment on carbon or nitrogen in hu-
mic substances, C:N ratio of humic substances, fluorescence in-
dex, PARAFAC component C1 and ratio of absorbance curve
slopes (Sr)

Statistic shown in Figure 4 of the revised manuscript and described in the
6th paragraph of the Statistical analyses section of the revised manuscript (see
Change-1 in the manuscript).

Catchment Number of samples
Intensive UY 48
Extensive UY 47
Intensive DK 49
Extensive DK 49
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6.4 Spearman rank correlations

6.4.1 Correlation between DOC or DON concentrations and dis-
charge values

Statistic described in the second paragraph of the Statistical analyses section of
the revised manuscript.

Catchment Number of samples
Intensive UY 48
Extensive UY 46
Intensive DK 48
Extensive DK 48

The slightly lower number of samples is a result of the fact that not for all
sampling dates discharge values were available.

Due to an error in the data preparation, less samples were included in the
Spearman correlations of the submitted manuscript. This was corrected, and
the Spearman rank correlations were done again with the sample numbers given
above. No significant changes in the results occurred and the slightly changed
rho and p values were included in the revised version of the manuscript (second
paragraph in the DOC and DON concentrations and loads section of the results).

6.5 Sensitivity analysis of the load calculations

Statistic described in the third paragraph of the Statistical analyses section of
the revised manuscript.

Catchment Number of samples
Intensive UY 728
Extensive UY 727
Intensive DK 707
Extensive DK 707

The high sample numbers were the result of the interpolation of the DOC and
DON loads for each day between the sampling occasions (as described in lines
209-211 of the submitted manuscript).

6.6 Principal component analysis

Statistic described in the 4th paragraph of the Statistical analyses section of the
revised manuscript.

For the PCA, 193 samples and 20 variables were used, resulting in a sample
to variable ratio of 9.65.
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6.7 Permutative multivariate analysis of variance, permu-
tative multivariate dispersal tests

Statistic described in the 5th paragraph of the Statistical analyses section of the
revised manuscript. Same number of samples as in section 6.3.2
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Abstract. Dissolved organic matter (DOM) is an important factor in aquatic ecosystems, which is

involved in a large variety of biogeochemical and ecological processes and recent literature suggests

that it could be strongly affected by agriculture in different climates. Based on novel monitoring

techniques, we investigated the interaction of climate and agriculture effects on DOM quantity and

quality. To examine this, we took water samples over two years in two paired intensive and extensive5

farming catchments in each Denmark (temperate climate) and Uruguay (subtropical climate). We

measured dissolved organic carbon (DOC) and nitrogen (DON) concentrations and DOC and DON

molecular fractions with size-exclusion chromatography. Moreover, we characterised DOM quality

with absorbance and fluorescence measurements, as well as parallel factor analysis (PARAFAC).

We also calculated the DOC and DON loads based on daily discharge measurements, as well as10

measured precipitation and air temperature. The fluvial DOM in the catchments in Uruguay was

characterized by higher temporal variability of DOC and DON loads which were clearly to a higher

temporal variability of precipitation and a DOM composition with rather plant-like character rel-

ative to the Danish catchments. Moreover, we found a consistently higher temporal variability of

DOC an DON loads in the intensive farming catchments than in the extensive farming catchments,15

with highest temporal variability in the Uruguayan intensive farming catchment. Furthermore, the

composition of DOM exported from the intensive farming catchments was consistently complex

and always related to microbial processing in both Denmark and Uruguay. This was indicated by

low C:N ratios, several spectroscopic DOM composition indexes and PARAFAC fluorescence com-

ponents. We propose that the consistent effect of intensive farming on DOM composition and the20

temporal variability of DOC and DON loads is related to similarities in the management of agri-
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culture, which may have wide-scale implications for fluvial DOM composition, as well as related

ecological processes and biogeochemical cycles.

2



1 Introduction

Dissolved organic matter (DOM) is an important biogeochemical component in aquatic ecosystems,25

which is involved in a large variety of ecological processes (Prairie, 2008; Fellman et al., 2010;

Berman and Bronk, 2003). Amongst other elements, DOM contains carbon (dissolved organic car-

bon, DOC) and nitrogen (dissolved organic nitrogen, DON): DOC can be an important source for

aquatic microbial respiration and DON can be an important source of nitrogen to aquatic ecosys-

tems (Berman and Bronk, 2003; Prairie, 2008).The largest biogeochemically reactive fractions of30

DOM are dissolved organic carbon (DOC) and nitrogen (DON): DOC is an important source for

aquatic microbial respiration and DON can be an important source of nitrogen to aquatic ecosystems

(Berman and Bronk, 2003; Berman and Bronk, 2008).1 Therefore, changes in DOC and DON con-

centrations and loads may affect ecosystem functions of freshwater ecosystems (Stanley et al., 2012;

van Kessel et al., 2009).35

Climatic, soil and topographic variables are usually strong predictors of DOM in streams, as these

often control the terrestrial storage of organic matter and the hydrological connectivity between

catchments and streams (Stanley2012). For example, a large portion of the global variability of DOC

concentrations is explained by soil C:N ratios (Aitkenhead and McDowell, 2000) and annual runoff

predicts catchment DOC export across climates (Mulholland, 1997). However, the effects of land-40

scape and climate are strongly altered by land use, which has a range of consequences for vegetation

cover, catchment hydrology, soil properties and nutrient export (Stanley et al., 2012). Recent studies

in northern temperate climate have found that the intensity of agricultural management strongly af-

fects the molecular composition and seasonality of fluvial DOM (e.g. Dalzell et al., 2007; Williams

et al., 2010; Graeber et al., 2012b; Stanley et al., 2012). However, it is still unclear, if similar effects45

of agriculture on fluvial DOM are also found in other climates.

Contradictory effects of agriculture on DOM quantity in terms of DOC concentrations have been

reported (Stanley et al., 2012; Graeber et al., 2012b). These different effects could be a result of dif-

ferences in catchment size, climate, land use history, sampling strategy and agricultural management

(Stanley et al., 2012). We propose that in small catchments, intensive agriculture results in increased50

DOC concentrations and loads in the draining freshwater systems, since increased microbial activity

and anthropogenic soil disturbance by tilling can release previously inert DOC from the soil matrix

(Balesdent et al., 2000; Sickman et al., 2010; Ewing et al., 2006). However, most studies to date

were undertaken in larger catchments or in catchments with a mix of catchment sizes, where this

effect may be obscured by in-stream processing of agricultural DOC (Graeber et al., 2012b).55

In contrast to DOC concentration, the temporal variability of DOC loads from catchments with

intensive agriculture to temperate freshwater systems was found to be consistently high due to dis-

charge fluctuations during short-term, high-discharge events (Dalzell et al., 2007; Royer and David,

1change-13
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2005; Graeber et al., 2012b). Thus, it is likely that intensive agriculture will have a similar effect on

the temporal variability of DOC loads in other climates.60

Similarly to DOC, contradictory effects of agriculture on DON concentrations have been found

(Stanley and Maxted, 2008; van Kessel et al., 2009; Siemens and Kaupenjohann, 2002; Williams

et al., 2005; Willett et al., 2004; Petrone, 2010), largely due to the same factors as for DOC. How-

ever, all but one study (Heinz et al., 2015) of DON in agricultural environments to date have been

based on indirect calculation of DON as the difference between total dissolved nitrogen and dis-65

solved inorganic nitrogen, potentially leading to high uncertainty in the calculated DON concentra-

tions (Lee and Westerhoff, 2005; Graeber et al., 2012a). Therefore, size-exclusion chromatography

(SEC) represents a novel, direct measurement alternative to assess DOC and DON concentrations

and molecular composition that is sufficiently fast to be used in monitoring programs (Graeber et al.,

2012a; Huber et al., 2011). By using this novel approach it would be possible to test the existing70

opinions on the role of agriculture for DON export. We propose that the same factors as for DOC

(higher microbial activity, soil disturbance) should affect DON, thus increasing the DON concentra-

tions in the export from small, intensive agricultural catchments.

Fluorescence and absorbance spectroscopy have been the methods of choice for the assessment

of DOM composition to date. These measurements allow a detailed understanding of DOM com-75

position (e.g. Fellman et al., 2010; Helms et al., 2008), especially when combined to parallel factor

analysis (PARAFAC, Murphy et al., 2013; Stubbins et al., 2014). Spectroscopic measurements of

DOM composition revealed that DOM from catchments with intensive agriculture is usually dom-

inated by complex, humic fluorophores, is characterised by high humification and low contribu-

tion of protein-like fluorophores, and is likely to be released from microbial sources (Wilson and80

Xenopoulos, 2009; Williams et al., 2010; Graeber et al., 2012b; Fellman et al., 2011; Heinz et al.,

2015)(Wilson and Xenopoulos, 2009; Wilson and Xenopoulos, 2010; Wilson and Xenopoulos, 2012b; Wilson and Xenopoulos, 2011)2.

Moreover, existing time series indicate a stable composition of DOM exported from agricultural

catchments across seasons, most likely linked to stable catchment DOM sources (Graeber et al.,

2012b; Heinz et al., 2015)(Graeber et al., 2012b)3. However, these studies focused on agricultural85

catchments in temperate climate and time series of spectroscopic DOM composition were limited

to one year or less. Therefore, a more complete understanding of the effects of agriculture on DOM

composition and its temporal variability in different climates over extended time periods is required.

Moreover, a combination of techniques, including spectroscopic measurements with other analytical

methods (e.g. with SEC) will allow a more accurate interpretation of spectroscopic measurements90

and a better understanding of DOM composition (Stubbins et al., 2014).

The combination of SEC and spectroscopic measurements constitutes a novel monitoring tech-

nique, which will allow greater insight into the effects of agriculture on DOM in freshwater systems.

2change-4
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We used this technique to compare the quantity and variability of DOC and DON concentrations,

loads and DOM quality for catchments with extensive and intensive farming in temperate (Den-95

mark) and subtropical (Uruguay) climates. Intensive farming was characterized by intensive crop

production with- or without tile drainage, depending on the soil, whereas extensive farming was

characterized by non-fertilized, extensively used pastures.4 We hypothesized that i) the higher and

more variable precipitation in Uruguay will result in higher and more variable DOC and DON loads

in streams, ii) the warmer climate in Uruguay will strongly affect DOM quality through higher mi-100

crobial activity in soils and streams, iii) within a similar climate, the higher anthropogenic soil dis-

turbance and higher variability of runoff from intensive farming catchments results in higher DOC

and DON concentrations and higher temporal variability of DOC and DON loads, and that iv) DOM

quality will be similarly affected by intensive farming relative to extensive farming across climates,

due to similar agricultural management practices (fertilization, soil tillage).105

2 Methods

2.1 Study sites

Two catchments in Denmark (temperate climate) and two catchments in Uruguay (subtropical cli-

mate) were chosen for this study. The catchments were characterized by either pasture (extensive

farming) or arable farming (intensive farming, Table 1). The Danish intensive farming catchment110

was characterized by subsurface tile drainage. Both, the extensive catchment in Denmark and the

extensive catchment in Uruguay contained a large area of the catchment with extensive land use.

Since no larger forests exist naturally in Uruguay, extensively used pasture is the most natural land

use in Uruguay. Please see Goyenola et al. (2015) for further details on the land use in the catch-

ments.5115

In Denmark, the soils in the intensive farming catchment were dominated by gleyic Luvisols,

while in the extensive farming catchment the soils were dominated by haplic Luvisols (World Ref-

erence Soil Database classification, European comission and European Soil Bureau Network, 2004).

In Uruguay, the intensive farming catchment was dominated by luvic Phaeozem and eutric Vertisols,

while the Uruguayan extensive farming catchment was dominated by eutric Regosols (SOTERLAC120

database, ISRIC foundation, www.isric.org).

2.2 Field sampling and laboratory measurements

In Uruguay, precipitation and air temperature were measured at the sample sites with instruments

(Rain-o-matic precipitation sensor, Pronamic, Ringkøbing, Denmark, November 2009 – September

2012), while in Denmark data were extracted from country-wide data set provided by the Dan-125

4change-14
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ish Meteorological Institute (DMI, February 2010 – Maj 2012). Both Danish catchments had the

same temperature values, since they were in the same temperature grid of the DMI data set. In

both countries, discharge was measured every 10min by a pressure transducer in combination with

a depth-discharge relationship (Hymer software, version 3.0.11, Orbicon, Roskilde, Denmark) and

summed up to daily values for further analysis. Annual precipitation could only be compared be-130

tween the catchments only for 2011, since only for this year simultaneous, continuous precipitation

measurements exist for all four catchments.

Water samples were collected on average every fortnight from 02. April 2010 to 14. March 2012

from the outflows of the two catchments in Denmark and from 02. June 2010 to 29. May 2012 from

the outflows of the two catchments in Uruguay. At each sampling date, a water sample was taken,135

filtered with pre-rinsed (1L MilliQ water) GF/C filters (Whatman, GE Healthcare Europe, Brondby,

Denmark) in Uruguay or 0.45 µm filters (Frisenette, MontaMil, mixed cellulose ester, Knebel, Den-

mark) in Denmark and acidified to pH ∼ 2 with hydrochloric acid to allow to stabilize DOM during

storage. Subsequently, the samples were frozen for later analysis of DOM concentration and molec-

ular composition. The samples were acidified and frozen, since they had to be sent to a laboratory in140

Germany to be measured between February and April 2012 and in October 2012, which resulted in

long storage times, for which filtration and cooling is not sufficient (Hudson et al., 2009).

Before the laboratory measurements, all samples were brought to the same target pH of 7.5 ± 0.5.

A final mean pH of 7.52 (SD = 0.16, min = 7.2, max = 7.9) was reached by neutralization of the

samples with sodium hydroxide. Changes in DOM fluorescence by acidification can be fully reversed145

by neutralization of the samples with no effects of acidification on fluorescence measurements (Patel-

Sorrentino et al., 2002) or SEC measurements (Huber et al., 2011) of DOM composition expected

in the range of the final pH values. Moreover, the Uruguayan samples have been re-filtered with pre-

rinsed (with 150 mL MilliQ water) 0.45 µm filters (Minisart, cellulose-acetate, Sartorius Göttingen,

Germany) to correspond with the Danish samples. However, according to a recent study, different150

filter sizes or types do not strongly affect measurements of DOM composition (Nimptsch et al.,

2014). Moreover, no residue DOM from acidification, neutralization and additional filtration could

be found when checking with filter and acidification blanks.

Absorbance was measured on a UV-2401 UV/Vis spectrophotometer (Shimadzu, Duisburg, Ger-

many), using 1 cm quartz glass cuvettes to correspond with fluorescence measurements, as well as155

with 5 cm quartz glass cuvettes for calculation of absorbance-based indexes. Absorbance was mea-

sured between 190 – 800 nm. Before calculating the absorbance-based indexes, the mean absorbance

between 600 – 800 nm was subtracted from single absorbance values to correct for instrument base-

line offset (Green and Blough, 1994).

Excitation was measured between 240 – 450 nm in 5 nm steps and emission was measured be-160

tween 300 – 600nm in 2 nm steps. Both were measured with a bandwidth of 5 nm and a speed of

1000 nm s−1, using a LS-50B fluorescence spectrometer (Perkin-Elmer, Rodgau, Germany). Sam-
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ples exhibiting an absorbance > 0.3 cm−1 were diluted to a lower fluorescence to allow precise

correction of the inner-filter effect (Ohno, 2002), although a recent study deemed such dilution un-

necessary (Kothawala et al., 2013). All samples were measured at room temperature.165

Size-exclusion chromatography (SEC) was used for the analysis of the molecular-size composi-

tion of DOC and DON. The sum of DOC and DON molecular-size fractions represents DOC and

DON concentrations. The system used in this study was developed by Huber et al. (2011) and the

direct measurement of DON with high accuracy was demonstrated in freshwater systems for this

SEC system (see Fig. B1 in the appendix for a typical chromatogram from SEC, Graeber et al.,170

2012a)6. The SEC system uses a combination of ultraviolett (UV)- and infrared-organic carbon de-

tection and UV-organic nitrogen detection (Graeber et al., 2012a; Huber et al., 2011). This procedure

detects non-humic high molecular weight substances (carbon = HMWSC , nitrogen = HMWSN )

of hydrophilic character (polysaccharides, proteins, amino sugars), humic-like substances (carbon

= HSC , nitrogen = HSN ) with higher aromaticity based on UV measurements at 254 nm, and175

low-molecular weight acids and circumneutral substances which were combined as low-molecular

weight substances in this study (carbon =LMWSC , Graeber et al., 2012a; Huber et al., 2011). These

LMWS refer to neutral, hydrophilic to amphiphillic substances (alcoholes, aldehydes, ketones, sug-

ars, amino acids, Huber et al., 2011). Nitrogen could not be determined for the LMWS fraction,

since it cannot accurately be separated from nitrate (Huber et al., 2011). Unlike wastewaters (Chon180

et al., 2013) this fraction contains very little DON and therefore does not contribute significantly

to DON determination in freshwaters, when using SEC (Graeber et al., 2012a). The quantification

limit of SEC for DOC and DON in each fraction was 0.01mgL−1 and values below the quantifica-

tion limit were set to 0.005mgL−1. Specific UV absorbance at 254nm was determined for the HS

fraction (SUV AHS) and for all DOM fractions (SUV Abulk) as Lmg−1 m−1. SUV A is positively185

correlated to the aromaticity of DOM (Weishaar et al., 2003).

2.3 Treatment of spectroscopic and chromatographic data

The drEEM toolbox was used to standardise all measured excitation-emission-matrixes (EEMs, Mur-

phy et al., 2013): Spectral correction was based on instrument-specific values for excitation and using

a correction kit for emission (BAM fluorescence calibration kit, Pfeifer et al., 2006). Inner-filter ef-190

fect correction was based on absorbance measurements and using the processing proposed in the

drEEM toolbox, which accurately removes the inner-filter effect (Kothawala et al., 2013). All sam-

ples were Raman-normalized, based on measurements of the Raman peak at 350 nm and according

to the processing used in the drEEM toolbox and described in Murphy et al. (2013). The resulting

Raman units are well comparable between instruments and studies (Lawaetz and Stedmon, 2009).195

Using the drEEM toolbox, a parallel factor analysis (PARAFAC) model with four components

(C1 – C4) was validated using residual and sum-of-squared-error investigation, as well as split-half

6change-2
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validation (see supplement for plots of split-half validation) and random initialisation (Murphy et al.,

2013). For interpretation, the PARAFAC components were compared with datasets in the OpenFluor

database (www.openfluor.org, Murphy et al., 2014) and with published literature.200

Based on fluorescence measurements, three indices were calculated: i) the fluorescence index,

which indicates more a microbial (∼ 1.9) or a terrestrial higher plant (∼ 1.4) origin of the DOM

(Cory and McKnight, 2005), ii) the freshness index, with values > 1 representing DOM recently

released from microbial organisms, and values of 0.6 – 0.8 representing older or plant DOM (Parlanti

et al., 2000) and iii) the humification index for which higher values indicate more humified DOM205

(Ohno and Bro, 2006). Based on absorbance measurements, four indexes were calculated: i) E2 :

E3, which is negatively correlated to the relative size of the DOM molecules (Helms et al., 2008;

Peuravuori and Pihlaja, 2004), and three absorbance slope indices (Helms et al., 2008): ii) S275−295

and SR, which are positively related to irradiation and decrease during incubation experiments and

iii) S350−400, which is negatively related to irradiation and increases during incubation experiments.210

Moreover, all three slope indices are negatively related to the molecular weight of DOM (Helms

et al., 2008).

Instead of using absolute concentrations or Raman units, the fraction concentrations from SEC

(HMWSC , HMWSN , HSC , HSN , LMWSC) and the PARAFAC components (C1 – C4) were

converted to percentages, either as a proportion of the total concentration of SEC fractions or of the215

total fluorescence of the sample (PARAFAC), in order to investigate changes in DOM composition

independently from changes in DOM quantity. For both DOC and DON, all SEC fractions were

summed to estimate total DOM quantity, hereinafter, these sums will be referred to as DOC and

DON concentrations.

Based on SEC, molar C:N ratios were calculated for HS (C :NHS) and all SEC fractions (C :220

Nbulk). Molar C:N ratios were not calculated for HMWS, since HMWS nitrogen concentrations

were partly below the quantification limit, which resulted in unreliable C:N ratios.

2.4 Calculation of DOC and DON daily and annual loads

DOC and DON concentrations were linearly interpolated between sampling occasions and loads

were calculated for each day with load calculated as discharge times interpolated DOC or DON225

concentration (Kauppila and Koskiaho, 2003). To calculate the annual load, all daily loads of one

year were summed up and normalized by the catchment area (Table 1). This approach was compared

to other potential approaches in Kauppila and Koskiaho (2003) and was found to provide the most

reliable estimates of nutrient loads from discontinuous concentration data. Annual loads could only

be compared between all study catchments in 2011, as simultaneous continuous time series of DOC230

concentration, DON concentration and discharge were only available for all catchments during this

period.
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2.5 Statistical analyses

All statistical analyses were conducted in R (R Core Team, 2015). All following statistics assume

independent temporal replicates, as neither DOC and DON concentrations or DOM composition235

variables were temporally autocorrelated in any of the catchments (acf function R Core Team, 2015).

All permutation tests and resampling procedures were conducted with 9999 iterations.

To assess the effects of country and farming type within countries on DOC and DON concen-

trations, permutative one-way tests were used (oneway_test function, coin package, Hothorn et al.,

2006). Moreover, to assess pairwise differences between the sampled catchments, Nemenyi tests240

were used (adapted oneway_test function, coin package, Hollander et al., 2013). To investigate, if

DOC concentration was correlated with discharge, a Spearman rank correlation was used for each

of the catchments independently (cor.test function, R Core Team, 2015).

To assess changes in temporal variability of precipitation, discharge, DOC loads and DON loads

between countries and farming types within the countries, Levene’s test based on medians (lev-245

eneTest function, car package, Fox and Weisberg, 2011) was used. To assess, whether the temporal

variability of DOC and DON loads was dependent on discharge or on DOC and DON concentrations,

a sensitivity analysis of the load calculations was conducted for each catchment separately. This was

done as described in Pouillot and Delignette-Muller (2010), but based on bootstrap resampling of

the DOC and DON concentrations and discharge values. The output of this analysis is Spearman’s ρ250

and here, a high Spearman’s ρ indicates a high sensitivity of the temporal variability of the loads on

the temporal variability of the respective input variable (either concentration or discharge) and a low

Spearman’s ρ indicates a low sensitivity.

To investigate the changes of DOM composition with country and type of farming and to examine

the relationships between DOM composition variables, a principal component analysis was con-255

ducted for all 20 variables of DOM composition: HMWSC , HMWSN , HSC , HSN , LMWSC ,

SUV AHS , SUV Abulk, C :Nbulk, C :NHS , C1 – C4, fluorescence index, freshness index, hu-

mification index, E2 : E3, S275−295, S350−400 and SR. To reach normal distribution of the DOM

composition variables with fixed limits, HMWSC , HMWSN and HSN were logit-transformed.

Moreover, C :Nbulk was log-transformed.To reach normal distribution of the DOM composition260

variables, HMWSC , HMWSN and C :Nbulk needed to be log-transformed. Moreover, HSN

needed to be reflected and log-transformed. Based on the approach described in Borcard et al. (2011),

only variables that could be interpreted with high confidence were included in the interpretation of

the PCA. We used the Scree test and Kaiser criterion to define the optimal number of PCA axes

(Gotelli and Ellison, 2004). Prior to the PCA, all variables were centered and scaled (autoscaled) get265

comparable scale levels (scale parameter, rda function, vegan package, (R Core Team, 2015)).7

Based on the same variables as for PCA, the effects of country and farming type on DOM com-

position were tested using multivariate statistics: To assess if differences in DOM composition be-

7change-15;description of auto-scaling, PCA
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tween catchments were significant, permutative multivariate analyses of variance (PERMANOVA)

were used (adonis function, vegan package, Oksanen et al., 2013) and to assess differences in270

their variability, permutative multivariate dispersal tests (PERMDISP) were used (betadisper and

permutest.betadisper function, vegan package). Multivariate tests were based on Euclidean dis-

tances with independence of the replicates as the only assumption (Anderson, 2001). However, vari-

able transformations from the PCA were kept to maximize comparability between the PCA plot

and the statistical analyses. Prior to the PERMANOVAs/ PERMDISPs, all variables were centered275

and scaled (autoscaled) get comparable scale levels (scale function, stats package, (R Core Team,

2015)).8

To assist in the interpretation of the effects of country and farming type on the DOM composition,

Nemenyi tests (adapted oneway_test function, coin package, Hollander et al., 2013) of the effect of

the sampled site on carbon or nitrogen in humic substances, C:N ratio of humic substances, fluores-280

cence index, PARAFAC component C1 and ratio of absorbance curve slopes (Sr) were conducted.9

3 Results

3.1 Climate and discharge

The Danish catchments were characterized by a colder climate than the Uruguayan catchments. The

mean air temperature in the Danish catchments was 7.4 ◦C (±SD = 6.9 ◦C, min = -11.8 ◦C, max285

= 22.8 ◦C). In the Uruguayan extensive farming catchment, the mean air temperature was 17.2 ◦C

(±SD = 6.5 ◦C, min = 1.1 ◦C, max = 32.1 ◦C). In the Uruguayan intensive farming catchment, the

mean air temperature was 16.5 ◦C (±SD = 6.1 ◦C, min = 2.4 ◦C, max = 30.5 ◦C).

Different precipitation patterns were observed in the different countries. In Denmark, the annual

precipitation in 2011 was 735mm for the extensive farming catchment and 745mm for the intensive290

farming catchment. In Uruguay, the annual precipitation in 2011 was 901mm for the extensive

farming catchment and 1127mm for the intensive farming catchment.

A clear difference in the temporal variability of the precipitation was observed between coun-

tries (p < 0.001, Levene’s test, nDenmark = 1640, nUruguay = 199110), as 80% of the precipitation

occurred in 6% and 8% of the sampled period in the intensive farming and extensive farming catch-295

ment in Uruguay, respectively. In contrast, 80% of the precipitation occurred in 20% of the sampled

period in both, the intensive farming and extensive farming catchment in Denmark (Fig. 1 a.). As

can be seen from these results and the plot (Fig. 1 a.), the precipitation pattern was not significantly

different between the intensive and extensive farming catchments in either Denmark or Uruguaythe

precipitation pattern was similar for the catchments in Uruguay and not even distinguishable from300

8change-16;description of auto-scaling, PERMANOVA/PERMDISP
9Change-1

10added sample sizes
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each other for the two catchments in Denmark11(p > 0.53 for both Denmark and Uruguay, Levene’s

test, depending on the stream n was 820–99612).

Discharge differed significantly between catchments within countries, with the catchments in

Uruguay exporting a larger volume of water within a shorter period of time than the catchments

in Denmark (p < 0.001, Levene’s test, , nDenmark = 1554, nUruguay = 1990, Fig. 1 b.). In detail,305

80% of discharge occurred in 9% and 20% of the sampled period in the intensive and extensive

farming catchment in Uruguay, respectively (Fig. 1 b.). Moreover, 80% of discharge occurred in

43% and 73% of the sampled period in the intensive and extensive farming catchment in Denmark,

respectively (Fig. 1 b.). The temporal variability of discharge was higher in the intensive than in the

extensive farming catchments, both in Denmark and in Uruguay (p < 0.001, Levene’s test, n= 777310

for each of the Danish streams and n= 995 for each of the Uruguayan streams13).

3.2 DOC and DON concentrations and loads

In Uruguay, DOC and DON concentrations were higher than in Denmark (p < 0.001, permutative

one-way tests, nDenmark = 98, nUruguay = 9514, Figure 2). The effect of intensive farming on DOC

was only significant in Denmark (p < 0.05, Figure 2a.), while intensive farming resulted in higher315

DON concentrations than extensive farming in both countries (p < 0.05, Nemenyi pairwise tests, n

was 47–49, depending on the site15, Figure 2b.),

The concentrations of DOC and DON were positively correlated with discharge for both Danish

catchments (Spearman rank correlation, ρ > 0.63, p < 0.001, n= 48), but not for the Uruguayan

catchments (ρ < 0.11, p > 0.44, nintensive = 48, nextensive = 4616).320

Loads of DOC and DON in the catchments with intensive farming were more temporally variable

during the sampling period than in the catchments with extensive farming and were more variable

in Uruguay than in Denmark (Figure 2c., d.). The highest temporal variability was found in the

intensive farming catchment in Uruguay, in which more than 80% of the total DOC and DON load

was exported in less than 10% of the sampled period (Figure 2c., d.). In contrast, 80% of the total325

DOC and DON load in the Danish extensive farming catchment, was exported during 60% of the

sampled period (Figure 2c., d.).

The temporal variability of DOC and DON loads was significantly different between countries

(p < 0.001, Levene’s test, nDenmark = 1414, nUruguay = 145517). Moreover, in Denmark, the farm-

ing type also had a significant effect on the temporal variability of DOC and DON loads (p < 0.001,330

11change-18
12added sample sizes
13added sample sizes
14added sample sizes
15added sample sizes
16added sample sizes
17added sample sizes
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n= 70718), while in Uruguay farming type only affected the temporal variability of DOC loads

(p= 0.022, nintensive = 728, nextensive = 72719) but not DON loads (p= 0.094).

Loads of DOC and DON were highly sensitive to changes in discharge (Spearman rank corre-

lation, ρ > 0.92, n was 707–728, depending on the site20) and to a lesser extend for the extensive

farming catchment in Denmark (ρ= 0.53). In contrast, the sensitivity of DOC and DON loads to335

changes in either DOC or DON concentration were low (ρ < 0.31), again except from the Danish

extensive farming catchment (DOC: ρ= 0.74, DON: ρ= 0.80).

The annual DOC and DON load in 2011 was comparable between the study catchments, within the

same order of magnitude and no effect of farming type or country could be observed (Table 2). The

highest DOC load was found in the Danish extensive farming catchment, whereas the highest DON340

export was found in the Uruguayan intensive farming catchment (Table 2). The median daily loads

of DOC and DON exhibited a different pattern as the annual loads for 2011, with the highest median

DOC and DON loads always in the extensive farming catchment in Denmark (Table 2). Moreover,

the range of DOC and DON loads was highest in the intensive farming catchment in Uruguay and

lowest in the extensive farming catchment in Denmark (Table 2).345

3.3 Molecular DOM composition

Table 3 shows the characteristics and interpretation of the PARAFAC components.

Country (R2 = 0.17, p < 0.001, PERMANOVA, n was 47–49, depending on the site21) and farm-

ing type (R2 = 0.13, p < 0.001) had a significant effect on DOM composition and a significant in-

teraction effect between country and farming type was found (R2 = 0.03, p < 0.001). Furthermore,350

the effects of farming type were significant within each country (p < 0.001, R2
Denmark = 0.24,

R2
Uruguay = 0.14, PERMANOVA).

Country had a significant effect on the temporal variability of DOM composition (p < 0.001,

PERMDISP, n was 47–49, depending on the site22). The farming type within the countries had no

significant effect on the temporal variability of DOM composition (p > 0.05).355

Four PCA axes were selected to be optimally representing DOM composition (n= 193, num-

ber of variables = 2023). Together, these axes explained 73% of the total variance. The first and third

PCA axes were positively correlated with the scores of the Danish catchments and negatively with

the scores of the Uruguayan catchments (Figure 3a., b.). The second PCA axis separates farming

types and was positively correlated with scores of the two catchments with extensive farming (Fig-360

ure 3a.). The fourth PCA axis was neither correlated with country or farming type (3b.). The first

PCA axis was positively correlated with E2 : E3, C2 and freshness index and negatively correlated

18added sample sizes
19added sample sizes
20added sample sizes
21added sample sizes
22added sample sizes
23added sample sizes
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with C3, SUV Abulk and SUV AHS (Figure 3a.). The second PCA axis was positively correlated

with C :NHS , C :Nbulk, C1 and negatively correlated with HMWSC and freshness index (Fig-

ure 3a.). The third PCA axis was positively correlated with S350−400 and negatively correlated with365

S275−295 and SR (Figure 3b.). The fourth PCA axis was positively correlated with HSC and HSN

and negatively correlated with HMWSN and HMWSC (Figure 3b.).

To get a better understanding of the changes in DOM composition, we exemplary24 investigated

the absolute values of some DOM composition variables (Figure 4). In all four catchments, DOC

and DON consisted mainly of humic substances and no clear significant effect of country or farming370

type could be found here (Nemenyi test, p > 0.05, n was 47–49, depending on the site25, Figure 4a.,

b.). However, intensive farming resulted in lower C :Nbulk (p < 0.05), a higher fluorescence index

and a lowerC1 in both Denmark and Urgugay (Figure 4c., d.). Moreover, SR was significantly lower

in Denmark than in Uruguay (Figure 4e.).

4 Discussion375

In this study, we show that the combination of SEC and spectroscopic measurements allows great in-

sight into the effects of agriculture on DOM export to freshwater systems. We could partly supportprove26

our first hypothesis, since variability of DOC and DON loads was higher in Uruguay than in Den-

mark, but the size of annual DOC and DON loads was comparable between both countries. Our

second hypothesis of a strong effect of climate on DOM composition was confirmed. However,380

contrary to the idea of higher microbial processing in Uruguay, several DOM composition indices

pointed to a predominantly plant-derived DOM in Uruguay and a predominantly microbial-derived

DOM in Denmark. Our third hypothesis of higher DOC and DON concentrations and higher tem-

poral variability of DOC and DON loads in intensive farming could only partly be confirmed. In the

two intensive farming catchments, DON, but not DOC concentrations were higher than in the exten-385

sive farming catchments within the same country. In contrast, we found a higher temporal variability

of DOC and DON loads in the intensive farming catchments in both countries. Finally, we could

clearly supportprove27 our fourth hypothesis that DOM composition was affected similarly by inten-

sive farming relative to extensive farming across climates and the direction of the changes in DOM

composition strongly suggests that the management practices in intensive farming (fertilization, soil390

tillage) could be responsible for these changes.

24change-19
25added sample sizes
26change-19
27change-20
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4.1 Differences of climate and discharge between the catchments

Distinct climatic patterns differentiated Denmark from Uruguay. Uruguay was characterized by

higher temperatures, as well as higher and more temporally variable precipitation. Within the two

countries, temperature and precipitation, as well as its temporal variability only varied to a small395

degree between catchments.

Discharge was significantly more temporally variable in Uruguay than in Denmark. In addition to

the higher temporal variability of precipitation, this reflects a lower buffer capacity for precipitation

events in the Uruguayan catchments. The reasons are likely linked to the transport of water through

shallow groundwater pathways or overland flow. In contrast, the Danish catchments had a higher400

buffering capacity for water from precipitation and were likely more dominated by groundwater

discharge.

In both countries, the temporal variability of discharges was significantly different between in-

tensive and extensive farming than could be expected solely on the basis of precipitation patterns.

Furthermore, the difference was more pronounced in Denmark than in Uruguay. The reason for the405

higher difference of the temporal variability of discharges between the Danish catchments than the

Uruguayan catchments was likely due to the tile drainage in the Danish intensive farming catchment.

This resulted in a hydrological shortcut and a much faster and stronger response of discharge to pre-

cipitation events in the Danish intensive farming catchment than in the Danish extensive farming

catchment (Dalzell et al., 2007). The Uruguayan intensive farming catchment was not artificially410

drained and the reasons for its higher temporal variability of discharge relative to the Uruguayan

extensive farming catchment remain unclear. However, it is likely that the removal of buffer zones

along the streams in the intensive agricultural areas in the Uruguayan intensive farming catchment

lowered the buffer capacity of the soils for water from precipitation events and resulted in a faster

response of discharge to rainfall events.415

4.2 Effects of climate on fluvial DOM quantity

Discharge was an important driver of DOC and DON concentrations and loads in the Danish catch-

ments. In contrast, DOC and DON loads but not concentrations were dependent on discharge in

Uruguay. Moreover, according to the sensitivity analysis of the load calculations, the temporal vari-

ability of DOC and DON loads of both catchments in Uruguay well correlated with discharge vari-420

ability, but not with temporal variability of DOC or DON concentrations. We also found a high

sensitivity of the DOC and DON loads to the temporal variability of the discharge in the Danish

intensive farming catchment. However, the temporal variability of DOC and DON loads was lower

in this catchment than in the Uruguayan catchments, since the temporal variability of discharges was

lower. The only catchment, in whichwhich in which28 the temporal variability of the loads was not425

28change-21
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primarily affected by the temporal variability of discharges was the Danish extensive farming catch-

ment, for which the DOC and DON concentration had a stronger effect on DOC and DON loads than

the discharge. The reason is likely the low discharge variability in this catchment, which resulted in

larger importance of DOC and DON concentrations for DOC and DON loads.

Different patterns of precipitation were the ultimate driver for the differences of the temporal430

variability of DOC and DON loads across climates. The more variable precipitation in Uruguay

resulted in a more variable discharge and with that, more variable DOC and DON loads. In addition

the more variable discharge also affected the DOC and DON concentrations in Denmark, which

further increased the temporal variability of DOC and DON loads.

4.3 Effects of climate on fluvial DOM quality435

In accordance with our second hypothesis, we found that climate had a strong effect on DOM com-

position. However, based on the PCA and in contrast to our hypothesis, the Uruguayan catchments

were characterized by rather plant-derived DOM relative to the Danish catchments: This notion

was implied by higher percentages of C3 and lower percentages of C2 and C4, together indicat-

ing DOM of plant origin (Søndergaard et al., 2003; Cory and McKnight, 2005), higher SUV Abulk440

and SUV AHS , both indicating higher aromaticity (Weishaar et al., 2003), lower E2 : E3, indicating

higher molecular weight (Peuravuori and Pihlaja, 2004), as well as higher S275−295, Sr and lower

S350−400, together indicating DOM not yet processed by microbial organisms (Helms et al., 2008).

Altogether, fluvial DOM in Uruguay was to be likely derived from plant sources and was proba-

bly less microbially processed than in Denmark. This implies a lower soil and/or stream microbial445

activity in the Uruguayan than in the Danish catchments, which is surprising due to the higher tem-

peratures in Uruguay. One explanation could be that in Uruguay the microbial processing of DOM

from agricultural catchments is still limited by nutrient levels, whereas in Denmark, the long his-

tory of nutrient pollution (Kronvang et al., 2005) resulted in higher overall nutrient levels in the

environment, facilitating higher levels of microbial processing. Another explanation could be the450

high temporal variability of precipitation and discharge in the Uruguayan catchments. Here, plant-

derived organic matter which was stored in the upper soil layers could have been degraded during

the long periods without precipitation and could be flushed out during high flow events. Based on

this mechanism, one would expect a more variable DOM composition in Uruguay than in Denmark,

since the DOM in Uruguay should be dominated by microbial sources during low flow and plant455

sources during high flow. In fact, a larger multivariate dispersal of DOM composition was found

for the Uruguayan catchments in comparison to the Danish catchments. However, based only on in-

stream measurements, we cannot infer the mechanisms behind the differences of DOM composition

in the two climates. Here, additional comparative studies of the catchment sources in different cli-

mate zones would greatly advance the understanding of the mechanisms behind DOM export from460

catchments in different climates.
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4.4 Effects of farming intensity on fluvial DOM quantity

The lack of clear effects of intensive arable farming on DOC concentration suggests that the effects

of agriculture are depending on the history of land use and the current status of soil organic matter

in the catchment (Stanley et al., 2012) and contradicts the notion of a general effect of intensive465

agriculture on DOC concentrations for regions outside the northern temperate climate zone (Graeber

et al., 2012b; Heinz et al., 2015)29.

In contrast, the clear effect of intensive farming on DON concentrations in both countries could

indicate a general effect of intensive agriculture, and is supported by studies in agricultural soils (van

Kessel et al., 2009). However, no such clear effect of agriculture was found in the past in catchment-470

scale studies on DON concentrations in streams (Willett et al., 2004; Stanley and Maxted, 2008). The

disparity of results between soil and catchment-scale studies on the effects of agriculture on DON

concentrations may be a result of DON measurement problems, as was clearly stated in some soil

DON studies (Siemens and Kaupenjohann, 2002; Solinger et al., 2001). In detail, the indirect deter-

mination of DON as the difference between total dissolved nitrogen and dissolved inorganic nitrogen475

can result in severe miscalculations of DON concentrations in high-nitrate environments (Graeber

et al., 2012a; Lee and Westerhoff, 2005; Vandenbruwane et al., 2007). Therefore, we propose that

the differences in results between soil and stream studies are an artefact of the indirect determination

of DON. This is supported by the strong increase of fluvial DON concentrations in catchments with

intensive agriculture, which was found in a recent study when using the direct measurement of DON480

concentrations with SEC (Heinz et al., 2015).30 We recommend the use of the novel direct measure-

ment technique shown in this and other studies (Graeber et al., 2012a; Heinz et al., 2015)The novel

direct measurement techniques used in this study (Graeber et al., 2012a)31 or treatments to remove

nitrate and ammonium before indirect determination of DON (Lee and Westerhoff, 2005; Vanden-

bruwane et al., 2007; Chon et al., 2013; Graeber et al., 2012c) should be used in future studies to485

re-assess the effects of agriculture on DON concentrations in soils and in streams.

In contrast to the differences in the temporal variability of DOC and DON loads between the

countries, precipitation was not the dominant driver of the differences in DOC and DON loads be-

tween intensive and extensive farming catchments within Denmark and Uruguay. The reason is that

the precipitation patterns were highly similar within countries and even completely overlapping for490

the Danish catchments, whereas the discharges and with that DOC and DON loads mostly showed

significant differences between the catchments within a country. Here, factors which were affecting

discharges were also likely to affect DOC and DON loads: As described above, the subsurface tile

drainage in the Danish intensive farming catchment (Dalzell et al., 2007) and the removal of buffer

29change-6
30change-7
31change-8
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zones for intensive farming in Uruguay may have been responsible for the higher temporal variability495

of discharges which then resulted in higher temporal variability of DOC and DON loads.

The high temporal variability of DOC and DON loads in intensive farming catchments is in ac-

cordance to earlier studies on DOC loads, which were conducted in the mid-western USA (Dalzell

et al., 2007; Royer and David, 2005). However, this effect has only once before been shown for DON

loads in temperate catchments (Heinz et al., 2015). A higher temporal variability of DOC and DON500

loads has effects on the biogeochemistry of the downstream aquatic ecosystems, where the different

availability of DOC and DON over time could affect the variability of connected ecosystem func-

tions such as primary production, respiration and denitrification (Prairie, 2008; Berman and Bronk,

2003).

4.5 Effects of farming intensity on fluvial DOM quality505

In our study, DOM composition was strongly and similarily affected by the type of farming intensity

in the two countries, which strongly supports our fourth hypothesis. We found an interaction effect

between country and type of farming, however, this effect explained much less variance than the

effect of farming type.

The similarity of the effect of farming type across countries is supported by the PCA, which510

revealed on the second axis that in Uruguay and Denmark the effects of farming type resulted in a

similar shift in DOM composition. This shift was characterized by lower C :Nbulk, lower C :NHS ,

lower C1, higher HMWSC and a higher freshness index for the intensive farming catchments and

was slightly more pronounced for the Danish than for the Uruguayan catchments.

Low DOM C:N ratios have been related to higher DOM bioavailability and microbial sources of515

DOM (C:N ratio around 5–10, Sun et al., 1997; Petrone et al., 2009) and thus DOM from intensive

farming catchments with median C:N ratios of 11 could indicate a shift in soil or in-stream DOM

sources and could be of higher biogeochemical activity than DOM from extensive farming catch-

ments(Heinz et al., 2015)32. Interestingly, the C:N ratios of the relatively complex humic substances

(C :NHS) were also lower in the intensive farming catchments. In soils, DOM C:N ratios as in our520

study are only found in deeper layers as a result of heavy microbial processing (Kaiser and Kalbitz,

2012) and high DOM complexity similar to ours is typically found for DOM released from soil or-

ganic matter (Schmidt et al., 2011). Thus, the complex, humic fluvial DOM with low C:N ratios in

catchments with intensive farming is a strong indication of microbial sources in deeper soil layers

(Heinz et al., 2015)of sources in deeper soil layers33.525

The other variables of DOM composition also support the notion of microbially produced DOM:

in the PCA, the intensive farming catchments and HMWSC were positively correlated, which in-

dicates rather microbial sources. High-molecular weight substances were found to be released by

32change-9
33change-10
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extracellular polymeric substances of biofilms (Stewart et al., 2013)and in another study of tem-

perate catchments, the same effect of intensive agriculture on fluvial HMWSC was found (Heinz530

et al., 2015).34Fluorescence index and freshness index were also higher in the intensive farming

catchments, indicating a relatively recent, more microbial source of the humic fraction of DOM

(Cory and McKnight, 2005; Parlanti et al., 2000), and the PARAFAC component C1 was also pos-

itively correlated to intensive farming, which indicates higher oxygen usage and microbial produc-

tion according to studies in marine waters (Stedmon and Markager, 2005b; Kowalczuk et al., 2013).535

In conclusion, fluvial DOM from intensive farming catchments is relatively complex, but of more

microbial origin compared to fluvial DOM from extensive farming catchments in both Denmark

and Uruguay. Similar effects of intensive farming on DOM in streams were shown for temper-

ate agricultural catchments (Williams et al., 2010; Wilson and Xenopoulos, 2009; Graeber et al.,

2012b)(Williams et al., 2010; Williams et al., 2009; Williams et al., 2012b)35 but never before in a540

comparison between different climates. Moreover, the high similarity of the effect of intensive farm-

ing on DOM in Denmark and Uruguay implies that the same mechanism is responsible for the

changes in fluvial DOM composition in intensive farming catchments in different climatic zones.

Our results strongly imply microbial processing in deeper soil layers as being the source for the

DOM in intensive farming. Several typical agricultural management practices may have been re-545

sponsible for this pattern, either solely or in interaction. Soil tillage breaks up soil organic matter

(SOM) aggregates and can result in strong microbial processing of SOM within these aggregates

(Ewing et al., 2006). This may result in release of aged DOM previously bound to such SOM to

freshwater ecosystems and, in fact, a high age of fluvial DOC was found in a study of U.S. agri-

cultural catchments (Sickman et al., 2010). Furthermore nitrogen and phosphorus fertilizer addition550

to soils in intensive farming may promote higher microbial activity and result in higher release of

DOM from SOM. However, extrapolation of the effects of intensive farming on DOM composition

in other intensively farmed catchments, as well as the understanding of the mechanisms responsible

for these effects remain speculative and should be tested by additional studies.

5 Conclusions555

This study found distinct effects of climate on fluvial DOM, thus supporting earlier findings that

climate is the main driver of DOM export from catchments. However, this is the first study to test

the effect of climate on DOM quality. We found strong differences in DOM quality between the

catchments in the two investigated climatic zones but cannot clearly attribute this to either climatic

or soil factors. Further studies of DOM sources in the catchments are needed to get a clearer picture560

of why these differences between different climatic regions are found.

34change-11
35change-12
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We have shown that fluvial DOM from intensive farming is complex and of microbial origin and

that effects of intensive farming on DOM composition superimpose effects of climate or soil which

may act in the two investigated regions. Moreover, intensive farming is strongly linked to a high

temporal variability of the export of DOC and DON to freshwater ecosystems, which may affect the565

predicability of ecosystem processes fuelled by DOC and DON. These effects of intensive farming

on DOM composition agree with recent findings from other studies in temperate climate and imply

general mechanisms, by which intensive farming impacts the composition of DOM in streams. Based

on the composition of fluvial DOM, we find it likely that this mechanism is linked to the management

of agricultural soils and that intensive farming may affect DOM in aquatic ecosystems, as well as570

linked ecosystem processes and biogeochemical cycles globally.

The effects of agriculture on DOM could only accurately be assessed by a combination of novel

monitoring techniques, which combine direct measurements of DOC and DON with an analysis of

spectroscopic DOM composition. Future DOM monitoring programs should include similar tech-

niques, if the effects human activities on DOM are to be accurately evaluated.575
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Appendix A: Split-half validation of the PARAFAC model

The split-half validation proved that the number of components is stable even for subsets of the

dataset (Fig. A1). This is one of the main criteria when validating the number of components for a

data-set (please see Murphy et al., 2013, for further details on the validation steps).

Appendix B: Typical chromatogram with the fractions of DOC and DON580

In Figure B1 a typical chromatogram of a DOM sample is shown. Several treatments with and

without nitrate and ammonium are shown to give an idea of the separation of DON, nitrate and

ammonium, which allows the direct DON measurement. Please see Graeber et al. (2012b) for further

comparisons of the indirect and direct determination of DON.36
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Figure 1. Ranked precipitation (a.) and discharge values (b.) versus the proportion of the sampling period.

Precipitation data for both the intensive and extensive catchment in Denmark is included but very similar (a.).

The 1:1 line represents a completely equal precipitation (a.) or discharge (b.) across the whole sampling period.

Plot style adapted from Dalzell et al. (2007).
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Figure 2. Concentrations (panels a. and b.) and ranked daily load versus the proportion of the sampling period

(panels c. and d., plot style adapted from Dalzell et al. (2007)) for dissolved organic carbon (DOC) and dissolved

organic nitrogen (DON). The 1:1 line in the panels c. and d. represents a completely equal DOC and DON load

across the whole sampling period. Capital letters indicate significantly different groups (p < 0.05, Nemenyi

pairwise test, n was 47–49, depending on the stream). DK = Denmark, UY = Uruguay, extensive = extensive

farming, intensive = intensive farming.
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Figure 3. Principal component analysis (PCA) of dissolved organic matter (DOM) composition. The first four

axes (PCA axis 1 & 2: panel a., PCA axis 3 & 4: panel b.) of the PCA explain 73% of the variance. Only

those DOM composition variables are shown, which can be interpreted with high confidence (Borcard et al.,

2011). C1 – C4: Fluorescence components 1 to 4 based on parallel factor analysis (see also Table 3); FI:

fluorescence index; FreshIndex: freshness index; E2 : E3: Ratio of absorbance at 250 nm to absorbance at

365 nm; S275−295, S350−400 & SR: Slope of absorbance at 275-285 nm, 350-400 nm and the ratio (R) of

these two slopes; SUV AHS & SUV Abulk: absorbance at 254 nm, normalised by dissolved organic carbon

concentration, for humic substances (HS) and all DOM fractions, respectively; C :NHS & C :Nbulk: molar

carbon to nitrogen ratio for HS and all DOM fractions, respectively; HSC & HSN , HMWSC & HMWSN

or LMWSC : carbon (C) and nitrogen (N) in the humic substance (HS), high-molecular weight substance

(HMWS) or low-molecular weight substance fraction (LMWS) based on size-exclusion chromatography. No

values for LMWSN exist, because N in LMWS is indistinguishable from N in nitrate. DK = Denmark, UY =

Uruguay, extensive = extensive farming, intensive = intensive farming.
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Figure 4. Selected variables of dissolved organic matter composition (DOM). Capital letters indicate signif-

icantly different groups (p < 0.05, Nemenyi pairwise test, n was 47–49, depending on the stream). DK =

Denmark, UY = Uruguay, extensive = extensive farming, intensive = intensive farming.

31



Table 1. Names, position of the sampled catchment (WGS 84) and farming type of the investigated catchments.

DK = Denmark, UY = Uruguay, extensive = extensive farming, intensive = intensive farming.

Catchment Coordinates Catchment

area (km2)

Land use, percentages

of catchment area (%)

DK, extensive 56◦17’2" N

9◦53’51" E

7.4 Forest (59); arable

farming (29); pas-

ture/meadow (7); other

(5)

DK, intensive 56◦13’29" N

9◦48’41" E

11.8 Arable farming (92);

forest (2); urban (1);

other (5)

UY, extensive 33◦49’31" S

56◦16’55" W

18.8 Extensive pasture

(∼70); arable farming

(∼30)

UY, intensive 33◦54’13" S

56◦00’23" W

8.4 Arable farming and

dairy farms (90); exten-

sive pasture (7); urban

(3)

Table 2. Loads of DOC and DON for the sampled catchments in 2011 and the median (range) daily loads for

the whole sampling period. DK = Denmark, UY = Uruguay, extensive = extensive farming, intensive = intensive

farming.

Catchment Annual DOC load Annual DON load Daily DOC load Daily DON load

kg km−2 yr−1 Median (range) kg km−2 d−1

DK, extensive 2077.8 99.4 5.0 (31.0) 0.24 (1.8)

DK, intensive 1267.9 75.2 1.6 (57.7) 0.10 (4.0)

UY, extensive 1019.7 53.3 1.2 (93.7) 0.06 (4.6)

UY, intensive 1824.5 105.2 1.1 (176.3) 0.07 (9.6)
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Table 3. Excitation maxima (Ex., secondary maxima in brackets), emission maximum (Em.) and tentative

interpretation of fluorescence components based on parallel factor analysis (PARAFAC).

Component Definition (nm) Tentative interpretation

C1 Ex.: <240 (385) Em.: 468 Terrestrial humic-like, found in freshwater environments (Murphy et al., 2011;

Yamashita et al., 2010b; Kowalczuk et al., 2009); relates to oxygen usage, mi-

crobial production and humification in marine systems (Stedmon and Mark-

ager, 2005b; Kowalczuk et al., 2013); removed by UV and visible light (Sted-

mon and Markager, 2005b)

C2 Ex.: <240 (300) Em.: 402 microbial, humic-like, found in freshwater environments (Murphy et al., 2011;

Fellman et al., 2010; Stedmon and Markager, 2005a) potentially related to al-

gal, autothochthonous sources (Søndergaard et al., 2003); related to terrestrial

sources in marine systems (Stedmon and Markager, 2005a; Stedmon et al.,

2007); removed by UV light (Stedmon et al., 2007)

C3 Ex.: 270 (415) Em.: 512 Fulvic-acid like, complex, ubiquituous fluorophore (Yamashita et al., 2010b,

a; Stedmon et al., 2007; Stedmon and Markager, 2005a); plant/ soil-derived

semi-quinone like radical according to combined electron-spin resonance and

fluorescence measurements (Milori et al., 2002; Cory and McKnight, 2005);

similar component exported from wetlands and arable farming (Graeber et al.,

2012b)

C4 Ex.: 355 (255) Em.: 440 Humic-like, reduced-semiquinone character (Cory & McKnight 2005); pos-

itively related to bacterial production (C4 in Williams et al 2010); similar

component exported from arable farming catchments (Graeber et al 2012),

susceptible to chlorination (oxidation, Murphy et al., 2011)
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Figure A1. Split-half validation of the PARAFAC model. The models for six halfs generated by the standard

method described in Murphy et al. (2013) are shown. When the fits of the splits are similar to each other and

the entire model, a high stability of the model and low randomness of the fluorophores is given.
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Figure B1. Typical chromatogram of size-exclusion chromatography to show the distribution of DOM fractions

with and without added nitrate and ammonium. The sample for this chromatogram was taken at a wetland

outflow in Brandenburg, Germany.
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