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Wetlands play an important role in carbon retention, which is greatly dependent on hydrological conditions.
Therefore, the interest in wetland hydrology has increased over recent decades. In wetland hydrology, stable
water isotopes (6°H, 5'%0) have found increasing use, as laser-based instruments have become readily available
and allow for faster analysis and lower costs. However, the use of laser-based determinations of stable hydrogen
and oxygen isotopes in wetland pore waters might be challenging because of dissolved organic carbon (DOC),
especially as wetland pore waters often contain elevated DOC concentrations. To study the potential interference
of DOC on laser-based stable water isotopes determination, we determined concentration, fluorescence and
absorbance characteristics of DOC in pore waters collected from six restored and six near-natural riparian
wetlands. The water samples’ 62H and 5'%0 values were determined by two laser absorption spectrometers (LAS)
and, for reference, in parallel by dual-inlet isotope-ratio mass spectrometry (DI-IRMS). The two LAS methods
showed significant deviations from the DI-IRMS-determinations. Variations in the specific UV absorbance index
(SUVAgs4, the quotient of the absorbance at 254 nm and the DOC concentration), which indicates the aromaticity
of the DOC, partially accounted for interference for 5°H measurements. Elevated SUVA,s4 index values were
especially linked to restored wetlands. Studies that investigate pore waters with high DOC aromaticity but where
the DOC is not characterized, and which require a high accuracy of the 5°H-values for interpretation of the
hydrological system, may be severely affected by DOC interference.

1. Introduction Rautio & Korkka-Niemi, 2015; Isokangas et al., 2017; Bam & Ireson,

2019; Cooper et al., 2019; Bugna et al., 2020; Marttila et al., 2021).

Wetlands make up about three percent of the global terrestrial sur-
face and are estimated to store up to almost a third of the global soil
organic carbon (Yu et al., 2010; Mitsch & Gosselink, 2015; Leifeld &
Menichetti, 2018; Xu et al., 2018). Wetland ecosystems are thus carbon
cycling hotspots as they store disproportionately high quantities of
carbon and are sites of high greenhouse gas (GHG) emissions. This has
prompted new interest in wetland hydrology as increased GHG emis-
sions largely depend on the hydrological conditions (Tiemeyer et al.,
2020). In this respect, stable hydrogen (5H) and oxygen (5'20) isotopes
of the water molecule are useful tracers to differentiate sources of water
in wetlands, having distinct isotopic signatures (Kvarner & Klgve, 2008;
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These measurements provide a non-invasive, quantitative method that
can give insight into the hydrological processes and spatiotemporal
variability in wetlands. During the last decades, analysis of 5°H and !0
values has become less expensive and easier due to the use of laser ab-
sorption spectrometry (LAS) that determines the absorption of specific
wavelengths related to specific isotopologues of the water molecule, in
lieu of the traditional use of costly isotope-ratio mass spectrometry
(IRMS), which measures the difference in mass over charge of iso-
topologues of water directly. Use of LAS has enabled sampling of water
for determination of isotopic composition at higher frequency, resulting
in improved interpretations based on transient variations in the isotopic
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signatures (Hong et al., 2022; Mattei et al., 2022).

Previous studies (Penna et al., 2010; Singleton et al., 2009; Hissler
et al., 2024) have investigated the possible discrepancy in measurements
of 5'80 and 6%H in water between laser-based and IRMS instruments.
Penna et al. (2010) explored both the performance of specific in-
struments, as well as the repeatability and reproducibility amongst
different instruments. Although differences between the two methods
have been identified and the precision of LAS can be poor, the usage of
LAS has become an established norm. However, Singleton et al. (2009)
observed that adding activated carbon granules to the sampled water
before analysis, which absorbs dissolved organic carbon (DOC), could
improve the precision of the LAS measurements, implying a potential
interference of DOC on water isotope determinations by LAS. If high
DOC concentrations or specific DOC characteristics cause significant
interference in laser-based analysis of stable water isotopes, this would
have implications specifically for the application of stable isotopes of
water in studies of wetland hydrology, because wetland pore waters
often contain dynamic (Rosset et al., 2020; Zhang et al., 2022) and high
DOC concentrations of several tens or even a few hundreds of milligrams
per liter. The underlying reasons for potential interference could be
associated with the fact that DOC consists of large complex molecules of
mostly unmapped structure, which may show unpredictable absorption
at the wavelengths used to determine the specific isotope bearing mol-
ecules. Further, the recent availability of a ‘salt liner’, developed by
Picarro Inc. as a follow-up on the study by Skrzypek & Ford (2014) on
analysis of high-salinity samples, indicates that post-vaporization effects
can occur in the analyzer. In our experience, the liners improve per-
formance even for freshwater samples with much-below-sea salt con-
centrations, suggesting that DOC could also cause such problems.

The DOC characteristics in terms of chemical composition and
structure can be determined by its fluorescence and absorbance prop-
erties, which describe the compounds’ ability to fluoresce and absorb
light when exposed to ultraviolet (UV) and visible light (Stedmon et al.,
2003). Fluorescence characteristics and concentration of DOC depend
on e.g. catchment land-use (Sankar et al., 2020), and are suggested to be
used as hydrological tracers (Stedmon & Markager, 2005; Kristensen
et al., 2018), making them highly relevant when investigating carbon
cycling in aquatic ecosystems.

The present study is based on access to pore waters and stream water
from temperate riparian wetland field sites with high DOC concentra-
tions and different management (and restoration) histories. Our aim is to
use stable isotopes of water in our study of the hydrology of wetlands.
However, the knowledge on how laser-based determinations of 5°H and
5180 are potentially affected by interference caused by the presence of
DOC (concentration and/or characteristics) in the water samples is
limited. To investigate potential interference, statistical analyses were
performed using measurements of stable water isotopes (5°H, 5'20),
DOC concentration, and DOC fluorescence and absorbance
characteristics.

Accordingly, this study serves two aims: 1) to provide concentrations
and characterization of the DOC in wetlands and investigate statistical
relations to the wetland history, and 2) to test the hypothesis that DOC
causes interference in laser-based determinations of §°H and §'%0 in
wetland groundwater and stream water associated with the wetlands.
The conclusions of our study will be operational, as the data collected to
fulfil these aims will enable any potential significant interference in
isotope LAS measurements to be linked to specific DOC concentrations,
characteristics, or hydrological compartments. Although the main focus
in the present study is the potential interference of DOC on LAS isotope
determination, the collected data, as an ancillary benefit, will contribute
to the growing database on DOC concentrations, fluorescence and
absorbance characteristics of various hydrological compartments
(Fredriksson et al., 2025).
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2. Methods

To investigate DOC as a possible source of interference in laser-based
measurements, shallow (<1 m below ground level; mbgl) groundwater
samples for DOC characterization and for stable water isotope analysis
were collected from field sites located along three separate stream val-
leys in the catchments of Omme stream (OM), Odense stream (OD) and
Tryggevelde stream (TR) in Denmark (Fig. 1). The catchments are
dominated by agriculture. DOC characterization was conducted for
samples from 12 riparian wetlands, of which six are near-natural (NN)
wetlands, while the other six sites were previously used for agricultural
purposes but restored 12-17 years prior to sampling, referred to as
restored (R) wetlands. Water samples for stable isotope analysis were
collected from 10 of the field sites. Unfortunately, shallow groundwater
in two restored sites in the TR catchment could not be sampled because
of dry conditions at the time of sampling. In addition, stream water (SW)
adjacent to the wetlands was collected, together with samples from
deeper (3-8 mbgl), regional groundwater (RGW) wells inside or
bordering three of the field sites. We define the four groups NN, R, SW
and RGW as four distinct hydrological compartments, i.e.: groundwater
sampled within the shallow peat of either near-natural (NN) or restored
(R) wetlands; the deeper, regional groundwater (RGW); and stream
water (SW).

The surface geology in the OM, OD and TR catchments are domi-
nated, respectively, by sand, clay or chalk (Fig. 1). From each field site,
six sediment cores of the uppermost 30 cm were collected, and analyses
show that the average soil organic matter (SOM, %) content in the
restored sites varies between 4-34 % and between 8-66 % in the near-
natural sites (Sgrensen, 2024).

2.1. Well installation and sampling procedures

Fifty-nine shallow groundwater wells consisting of 1-m-long
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Fig. 1. The 12 field sites (red dots) are located along the stream valleys (blue
lines) of Omme (OM), Odense (OD) and Tryggevalde streams, in Denmark, with
subsurface geology dominated by respectively sand (yellow), clay (brown) or
chalk (green). Each stream valley hosts four sites: two restored and two near-
natural wetlands. Field sites by each stream valley catchment lie too close
together to visually distinguish individually by red dots. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)
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polyethylene (PE) 54.6/50-mm OD/ID HDPE tubes (KIWA, Rotek A/S,
Sdr. Felding, Denmark), with a 30-cm screen placed at 0.5-0.8 m below
ground level, were installed using a 01.12.SA hand-operated bailer
boring auger set (Eijkelkamp, Giesbeek, The Netherlands) with an @10-
cm casing. The screens were gravel packed (0.9-1.6 mm quartz sand)
and sealed with cement-bentonite (w/w 83/17 %, BC-2, Rotek A/S, Sdr.
Felding, Denmark) from the top of the screen to the surface. The ten deep
wells consisted of 1-inch galvanized steel pipes that were driven 3-8 m
into the subsurface using a Makita HM1400 pneumatic hammer. The
pipes were equipped with 10-cm screens near the lower end.

Water sampling for DOC and its fluorescence and absorbance char-
acteristics took place during five sampling campaigns (September-
November 2022; January-February 2023; April-May 2023; July 2023;
October 2023), resulting in 267 samples in total, of which 209 samples
were from shallow (<0.5-0.8 mbgl) groundwater, 33 samples from
deeper (3-8 mbgl) groundwater and 25 samples from stream water.
Sampling of water for stable isotopes only took place during the
September-November 2022 campaign when 72 samples were collected,
consisting of 53 shallow and 12 deeper groundwater samples, along with
seven stream samples.

Using a peristaltic pump, the wells were first clean-pumped (three
times their volume). The groundwater was then pumped into a 60-mL PE
syringe and filtered (Sartorius Minisart CA, 0.20 pm) directly into the
sample vials. Accordingly, all samples in this study were filtered prior to
subsequent laboratory analyses. For 62H and 5'0 analysis using DI-
IRMS and LAS (on instrument denoted as ‘Laser-1’), 20 mL of sample
was collected in 30-mL borosilicate glass bottles. For the second laser-
based determination (on the instrument denoted as ‘Laser-2’), 1-1.5
mL samples were collected in 2-mL clear glass vials with silicone-PTFE
septum (Chromacol 2-SVWST-CPK, Thermo Fisher). For DOC analysis,
duplicate 15-mL samples in glass vials, cleaned prior to sampling by
heating to 550 °C, were collected and preserved with 15 pL of 2M hy-
drochloric acid. For DOC fluorescence and absorbance characteristics
analysis, duplicate 10-mL samples were filtered into polypropylene vials
and stored in the dark. Stream samples were extracted using the syringe
directly, i.e. without using the peristaltic pump. All samples were
refrigerated until analysis.

2.2. Laboratory analyses

2.2.1. Stable isotopes of water (ZH, 80

The water samples were analyzed using two different DI-IRMS in-
struments, and by two LAS instruments (denoted ‘Laser-1’ and ‘Laser-
27).

In the Reston Stable Isotope Laboratory (RSIL) at the U.S. Geological
Survey, for 5°H measurements by mass spectrometry, a dual-inlet VG
Micromass 602 hydrogen isotope-ratio mass spectrometer was used
(Révész and Coplen, 2008a). For 5'%0 measurements of water by mass
spectrometry, a DuPont double-focusing carbon dioxide dual-inlet
isotope-ratio mass spectrometer was used (Révész and Coplen, 2008b).

Also in the RSIL, 52H and §'®0 measurements were performed with a
2014 Los Gatos Research (LGR) Triple Isotope Water Analyzer (model
number TIWA-45-EP), denoted as ‘Laser-1".

Determination of 5§°H and 5'®0 was also done by Cavity Ring-Down
Spectroscopy (CRDS) at the water isotope laboratory at the Geological
Survey of Denmark and Greenland, using a Picarro 1L.2120-i, referred to
as ‘Laser-2’. The quantification was made using two internal standards
(one depleted in 2H and '®0 and one enriched in 2H and '®0) and a
control between these, covering the range of samples normally
encountered in the Danish rain and groundwater samples measured in
the lab. The isotope values of the internal standards had been deter-
mined from International Atomic Energy Agency (IAEA) supplied stan-
dards, covering a range of water isotope values that can be encountered
in natural systems. The internal standard depleted in 2H and 80 was
made by filtering meltwater produced by deicing standard —20 °C
freezers in the lab and the standard enriched in 2H and 80 was produced
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by boiling MilliQ water. CRDS implies that instead of measuring ab-
sorption directly, the absorption is measured by the time it takes for the
signal coming from a reflecting cavity to decay. The sample is intro-
duced into the cavity as vapor, produced by a vaporizer from ~2 pL of
water. Normally, six injections of a sample or a standard are made, and
the absorption is determined as an average of ~60 laser pulse decays.
The results of the first two injections are discarded as they are affected
by the previous sample (memory), and an average is taken of the
remaining four, unless parameters determined for the measurement
sequence (such as SD or slopes of the ~60 pulse decays) indicate a bad
measurement, which is then discarded. If the spread in the value ob-
tained from the remaining good measurements is >0.2 %o for 580 and
>1.0 %o for §°H, the sample was reanalyzed. During a run, the control
and the two internal standards are measured at the start and after every
five samples, and the values for the five samples are calculated using the
average of the instrument response to the standards before and after the
five samples.

2.2.2. DOC fluorescence and absorbance characteristics and concentration

Fluorescence and absorbance properties of water samples were
analyzed within one month. The samples were filtered again (0.7 pm
nominal pore size Whatman GF/F filters) before measurements were
performed in a 10-mm quartz cuvette using a fluorescence spectrometer
(Aqualog UV-800-C, Horiba, Japan). Absorbance was measured between
240-800 nm with 5-nm intervals. Fluorescence was characterized by
determining excitation-emission matrices (EEM), measured by excita-
tion wavelengths of 240-800 nm with 5-nm increments and emission
wavelengths of 247.81-830.20 nm with 4.66 nm increments. Samples
were diluted using Milli-Q water if necessary. The DOC concentration
was determined using a total organic carbon analyzer (Shimadzu,
Japan), in accordance with Kragh & Sgndergaard (2004).

2.3. Data processing and statistical analyses

The deviation of the 5°H and §'%0 results from the two LAS mea-
surements of the 72 water samples were calculated by subtracting from
the DI-IRMS-obtained values the corresponding LAS determined value.
Thus, a negative difference indicates that the LAS measurement over-
estimated (more enriched) the §-value, while a positive difference in-
dicates an underestimated (more depleted) §-value. The difference
between the two values, or the deviation from the presumed ‘true’ DI-
IRMS measurement, is represented by ‘Diff. 5?H’ and ‘Diff. §'%0’. We
conducted a Kolmogorov-Smirnov test in R (R Core Team, 2024) to test
if the deviations between the DI-IRMS determinations and the results
from the two LAS analyses followed a normal distribution. A t-test was
conducted for parameters that followed a normal distribution, followed
by a Pearson Correlation analysis. A Wilcoxon Signed-Rank test was
instead performed for the parameter with a non-normal distribution,
together with Spearman’s rank correlation. Analysis of variance
(ANOVA) followed by post-hoc Tukey tests were as well performed in R.

Absorbance and fluorescence data were analyzed using the ‘eemR’
(Massicotte, 2022) and "staRdom’ (Pucher et al., 2019) R packages. For
absorbance data, we performed a baseline correction using wavelengths
between 680 and 700 nm and determined seven absorbance character-
istics together with one additional index, SUVAy54 (quotient of the
absorbance at 254 nm and the DOC concentration), using DOC mea-
surements (Table S1; Helms et al., 2008). EEMs were post-processed by
removing Rayleigh and Raman scattering, corrected for inner-filter ef-
fects, normalized to Raman units and finally interpolated. From the
processed EEMs, we determined eight fluorescence characteristics
(Table S1).

The principal component analysis (PCA) and hierarchical cluster
analysis and visualizations were performed using Python packages
‘seaborn’ (Waskom, 2021), ‘sklearn’ (Pedregosa et al., 2011), and ‘scipy’
(Virtanen et al., 2020), in Python version 3.8 (Van Rossum and Drake,
2003). To provide the best statistical basis for the analysis of DOC
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concentration and characteristics vs. water sample origin (i.e. hydro-
logical compartment), the PCA of the absorbance and fluorescence
characteristics, and the hierarchical cluster analysis were performed
using all 267 samples. Fig. 4a accordingly makes use of 267 samples. The
derived clustering for the 72 samples that were also measured for iso-
topes is shown in Fig. 4b-e and Fig. 5c-d.

3. Results
3.1. Deviations of stable water isotopes and hydrological compartment

Precipitation in Denmark ranges seasonally between —11 %o to —2 %o
for 5'%0, with an average precipitation-amount weighted §'%0 value
around -8 %o (Miiller et al., 2017). The corresponding value for 5°H is
around -53 %o (Miiller et al., 2017). Fig. 2a shows the observed isotopic
compositions of the samples of groundwater and stream water, which
correspond well to this precipitation input.

Fig. 2b-e show histograms of the differences between §°H and 50
values measured by DI-IRMS vs. LAS. Values for Diff. 5?H and Diff. §'%0
for Laser-1 are slightly lower (more enriched; Fig. 2b and Fig. 2d),
compared to the those of Laser-2 (Fig. 2c and Fig. 2e). This could be due
to differences between in-house standards used or the operating prin-
ciples of Laser-1 and Laser-2. The mean deviation between the DI-IRMS
and LAS 6°H determinations was —0.35 %o (std. dev. 0.92 %) for
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instrument Laser-1 (Fig. 2b), and 4+0.31 %o (std. dev. 1.04 %o) for Laser-2
(Fig. 2c). A t-test showed that the deviations were significant for both
instruments (p = 0.002 for Laser-1, p = 0.01 for Laser-2). For 6'20, the
mean deviation was +0.03 %o (std. dev. 0.20 %o) for Laser-1 (Fig. 2d)
and +0.15 %o (std. dev. 0.20 %o) for Laser-2 (Fig. 2e), but not significant
for Laser-1 (p > 0.05). The measurements from Laser-2 displayed a non-
normal distribution for 580 (Kolmogorov-Smirnov test, p = 0.006), but
the deviation was significant according to a Wilcoxon Signed-Rank test
(p < 0.001). Thus, henceforth, the following analyses will only include
the measured 5°H of Laser-1 and Laser-2, and 6 80 values determined on
Laser-2, while excluding the 580 values from Laser-1 from further
analysis, as the deviation from the DI-IRMS determinations was not
significant.

The two major hydrological compartments represented in Fig. 2 are
related to wetland history and they comprise shallow groundwater of
restored (R, red color coding) and near-natural (NN, blue) wetlands. As
may be indicated by inspection of the stacked histograms of Fig. 2b-e,
the observed differences between DI-IRMS and LAS measured §-values
did not differ markedly among these two compartments. Differences in
Diff. 5-values of the hydrological compartments containing (the deeper)
regional groundwater (RGW, beige) and stream water (SW, green) could
neither be identified. Diff. 5°H of Laser-1 for stream water (Fig. 2b) may
appear as an exception as the values appear to be more negative (more
enriched) for §°H, compared to the bulk of samples from other
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Fig. 2. The results of the 72 stable water isotope samples. (a) Represents the ‘true’ values, from the DI-IRMS determination. The black solid line represents the Global
Meteoric Water Line, and the grey solid line represents a Local Meteoric Water Line developed by Miiller et al. (2017). (b-c) The deviations of the §?H measurements
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(SW), Omme stream catchment (OM), Odense stream catchment (OD), Tryggevelde stream catchment (TR). Data available in Fredriksson et al. (2025).
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hydrological compartments. However, we could not identify a signifi-
cant variation in Diff. §%H values for either instrument, nor for 580
values measured on Laser-2, amongst the four hydrological compart-
ments (ANOVA, p > 0.05).

3.2. Interference by concentration of DOC

Interference of DOC on laser-based isotope measurements would be
most straightforwardly assessed in a plot of DOC concentration vs. Diff.
S-value. However, as the plots in Fig. 3 indicate, we could not identify a
strong correlation between Diff. 5%H of Laser-1 or Laser-2 (Fig. 3a), or
Diff. 5'80 of Laser-2 (Fig. 3b) and the DOC concentration (r < +0.6),
when including all stable water isotope samples (n = 72). Likewise, no
significant correlation (p > 0.05) was found when dividing the dataset
based on hydrological compartment (i.e., shallow groundwater from
restored or near-natural sites, regional groundwater, and stream water).
The following sections therefore characterize DOC based on fluores-
cence and absorbance properties (Section 3.3), and then assess corre-
lations between the derived DOC characteristics and the &-value
deviations (Section 3.4).

3.3. DOC characterization

In the principal component analysis (PCA) based on DOC fluores-
cence and absorbance properties (Fig. 4a), the first principal component
(PC1) explained 41.3 % of the total variance, showing mainly high
loadings of Peak T and DOC concentration. PC2 accounted for 20.25 %
of the total variance, with high loadings of SR and HIX. PC3 accounted
for 18.46 % of the total variance, and PC4 for 6.7 %. Previous work
within our group (Liao, 2023), concluded that the pore waters mainly
contained terrestrial humic-like substances. The factorial map in Fig. 4a
displays three clusters (A, B, C) based on the two first components. A
dendrogram displaying the water samples according to distance is pro-
vided in Fig. S1. Fig. 4b shows that most samples fell within cluster C,
which is dominated by shallow groundwater samples from near-natural
sites. Samples from restored sites were found in all three clusters,
regional groundwater samples were found in clusters B and C, while
stream water samples were only present in cluster C (Fig. 4b). The
spatial origin (TR, OD, OM) of the samples, shown in Fig. 4c, does not
generally show a clear division amongst the three clusters, although
cluster B only contained samples from the sand-dominated catchment
OM. OM-samples were also present in cluster C, but not in cluster A.

The DOC concentrations by the restored sites varied greatly, from 2.4
up to 148.1 mg L™ (median: 22.3 mg L7}, std. dev. 36.4 mg L};
Fig. 4d). In contrast, the near-natural sites mostly displayed lower and
less variable DOC concentrations with a median of 5.2 mg L™}, but a
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maximum of 112.2 mg L ™! (std. dev. 24.3 mg L™1). The deeper, regional
groundwater (median: 6.4 mg L™}, std. dev. 7.6 mg L™!) and stream
water (median: 6.7 mg L’l, std. dev. 3.7 mg L) showed the lowest DOC
concentrations. Cluster A contained the most samples with higher DOC
concentration (Fig. 4e), while samples in clusters B and C contained
lower amounts of DOC.

Fig. 4b-e include only the 72 samples that were subjected to both
DOC characterization and stable isotope analysis of water, to secure
transparency regarding conclusions on DOC’s interference on laser-
based isotope measurements. However, the diagrams in Fig. 4b-e
appeared nearly identical when drawn for all 267 samples used for DOC
characterization, as shown in Fig. S2. For example, the distribution of
hydrological compartments is very similar (Fig. S2b), and except for one
regional groundwater sample from the TR catchment, cluster B still only
contained samples from the sandy OM catchment (Fig. S2c). Also, most
DOC-rich samples came from restored sites (Fig. S2d), which mainly
plotted in cluster A (Fig. S2e). Accordingly, the analysis of DOC inter-
ference does not appear to be biased by the lower number of samples.

3.4. Identifying relationships between DOC characteristics and LAS

Across all samples (n = 72), there was no strong correlation between
Diff. 5°H of Laser-1 or Laser-2, or Diff. 5180 of Laser-2, vs. the directly
observed DOC absorbance and fluorescence indices (r < £0.6). How-
ever, for shallow groundwater samples from restored sites only (n = 24),
we observed a strong positive correlation (r = 0.65, p < 0.001) for Laser-
2 between Diff. 5°H and the derived SUVAgss index (specific UV
absorbance, L mg ™~ m 1), and a moderate positive correlation for Laser-
1 (r = 0.59, p = 0.002; Fig. 5a). We could not identify the same rela-
tionship for Diff. 580 of Laser-2 (r < 0.6). As presented in Fig. 5b, the
restored sites contained the highest measured SUVAjs4 values. We
performed an analysis of variance, which yielded a significant variation
in SUVAgs4 amongst cluster groups (ANOVA, p < 0.001). A post-hoc
Tukey test showed that cluster B, which contained samples with the
highest SUVAys4 index, displayed a significant difference from cluster A
and cluster C (p = 0.02, p < 0.001, respectively), with no significant
difference between the latter two clusters (Fig. 5c).

Further, we conducted the same analysis for Diff. 62H amongst
cluster groups for both instruments (ANOVA, p < 0.001 for Laser-1, p =
0.002 for Laser-2), which showed that Diff. 52H values in cluster B were
significantly different from the values in both cluster A (p = 0.01 and p
= 0.007 for Laser-1 and Laser-2, respectively) and cluster C (p = 0.001,
p = 0.004, respectively). Cluster B contained most of the positively
deviating samples, i.e. samples where the LAS determined 5*H-values
were more depleted than the corresponding DI-IRMS measurements
(Fig. 5d). There was no significant difference in Diff. 5°H between
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clusters A and C (p > 0.05). As previously noted in Fig. 2, the means of
Diff. 52H for Laser-1 are slightly lower (more enriched) compared to the
mean values of Laser-2 (Fig. 5d), across the three clusters.

4. Discussion

The significant differences between DI-IRMS and LAS measured
S-values did not appear to be controlled by the particular hydrological
compartment from which the samples originated (Fig. 2b-e), nor by DOC
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concentration (Fig. 3). Therefore, one must look for other controlling
factors for the observed Diff. 5-values. The results indicate that the DOC
characteristics, specifically increased SUVA,s4 index, may have an effect
on the §°H measurements from both LAS instruments. At a given DOC
concentration, the SUVAys4 index increases with increasing 254 nm-
absorption. Higher SUVAys4 index indicates increased aromaticity and
molecular weight of the DOC (Weishaar et al., 2003), making it a useful
proxy for general chemical properties in wetlands.

Most of the positive Diff. 5°H-values (i.e., more depleted LAS deter-
mined 5%H-values relative to the assumed ‘true’ value determined by DI-
IRMS) from shallow groundwater samples from restored sites (Fig. 5a),
as well as samples in cluster B consisting of shallow and deep ground-
water samples that all originated from the sandy OM catchment
(Fig. 5d), coincided with increased SUVAgs4 index. Combining the re-
sults shown in Fig. 4b-e and Fig. 5b-d altogether, indicates that more
positive Diff. 5°H-values are observed in restored wetlands of the sandy
OM catchment where the DOC concentrations are below roughly 30 mg
L~!, which is relatively low compared to the frequently much higher
DOC concentration observed in restored wetlands (Fig. 4d). Accord-
ingly, when the DOC concentrations were in the relatively low range for
restored wetlands, the DOC had relatively high aromaticity.

In restored wetlands, oxic conditions prompted by drainage as part of
the previous agricultural use, promotes degradation of SOM resulting in
elevated DOC production (Holden et al., 2004). Further, SUVA3s4 values
have been observed to increase after drainage, when more labile (more
easily biodegraded) DOC of lower molecular weight is removed, leading
to increased aromaticity of the DOC (Xu et al., 2021). Prior in-
vestigations of the same studied field sites by Kjer et al. (2024), revealed
that the restored sites experienced both lower annual mean water level
and higher water level amplitude, compared to their near-natural
counterparts. Thus, periods of dryer conditions were still ongoing in
the restored wetlands post-restoration, potentially facilitating further
DOC production and subsequent increase of DOC aromaticity. Conse-
quently, possible variations in DOC fluorescence and absorbance char-
acteristics and concentration amongst field sites, should be considered,
as they seem to affect the deviation from the DI-IRMS-determined 5°H-
values.

Our study found that Diff. §?H determined on the two LAS in-
struments ranged from -2.4 %o to +4.9 %o (Fig. 2b-c), which could
partially be attributed to interference by DOC with high SUVA,s4 index,
in shallow groundwater from restored wetlands. Many studies make use
of larger 5°H-variations in isotopic signature in order to distinguish
different sources of water for interpretation of the hydrological system.
However, studies where the analyzed pore water contains DOC of high
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aromaticity, and in which hydrological conclusions are based on in-
terpretations that make use of variations in isotopic signature within the
observed range for Diff. 5°H, may be severely affected. As above-
described, measurements of DOC concentration alone did not provide
an indication of DOC interference (Fig. 3). Therefore, to quantify the
effect of DOC interference in a given hydrogeological system, DOC
characteristics and in particular the SUVA,s4 index, must be evaluated.
Increasing the number of samples will not improve the usability of the
5?H-values, if all pore water samples’ DOC characteristics (increased
aromaticity) cause interference with the LAS determinations.

Fig. 6 displays the data of Fig. 5a, but where Diff. 5°H instead is a
function of the SUVAjys4 index, with linear regression models super-
imposed. In Fig. 6a, the regression model for Laser-1 suggests that 5H-
values of shallow pore water in restored sites need to be corrected for
SUVAas, by Diff. 5°H (%) = 0.050 x SUVAgss — 0.97 (with SUVAgs4 in
units of L mg’1 m ). The corresponding correction for SUVAys4 for 5%H-
values measured with Laser-2 is Diff. 5°H (%o) = 0.075 x SUVAgs4 —
0.59 (Fig. 6b). This relation between SUVAy54 and Diff. 8%H may have
important implications. For example, the regression model in Fig. 6b,
indicates that water samples with a 5?H-value of —45 %o, as determined
by Laser-2, and a SUVAjys4 index of 40 L rng’1 m !, would have a true
5?H-value of —42.6 %o, i.e., some Diff. 5°H = +2.4 %o higher than the
LAS-determined value. If the same water samples had a true d-excess =
5%H — 8 x 6'80 of 10 %o and a corresponding true 5'0-value of —6.58
%o, then the d-excess value calculated using the LAS-determined §H-
value would equal —45 — 8 x (—6.58) = 7.6 %o. In a common dual
isotope plot, these samples may therefore appear slightly evaporated. In
conclusion, when pore water DOC is not characterized and the SUVAgs4
index is unknown and cannot be corrected for, the interference may thus
be significant for the hydrological interpretation.

5. Conclusions

e The present study investigated the DOC concentrations and fluores-
cence and absorbance characteristics of groundwater and stream
water of 12 temperate riparian wetland sites, and tested for potential
interference in laser-based stable isotope (5°H and 5'%0) analysis of
water.

DOC with high SUVAgs4 index appeared to partially explain the
observed significant deviations from the DI-IRMS-determined §H-
values, in shallow groundwater samples from restored wetlands,
calling for further research.

5.0 . o)
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Fig. 6. The impact of increasing SUVA2s4 index on Diff. 82H for shallow groundwater samples from restored wetlands, for (a) Laser-1 and (b) Laser-2. Data available

in Fredriksson et al. (2025).
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e The DOC interference was most prominent amongst samples from
restored wetlands in a sandy catchment, with up to roughly 30 mg
DOCL™.

e Studies that analyze pore waters with high DOC aromaticity and
require a high level of accuracy of the §*H-determinations for
interpretation of hydrological systems, may be severely affected by
the potential DOC interference.
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