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Abstract. Freezing can affect concentrations and spectpicquroperties of dissolved organic matter (DOM)water
samples. Nevertheless, water samples are regudtaden for sample preservation. In this study watee the effect of
different freezing methods (standard freezing &°Cl and fast-freezing with liquid nitrogen) on DO&bncentrations
measured as organic carbon (DOC) concentrationsoangpectroscopic properties of DOM from differeatrestrial
ecosystems (forest and grassland). Fresh and iffgr frozen throughfall, stemflow, litter leachas&d soil solution
samples were analyzed for DOC concentrations, Wvabisorption and fluorescence excitation-emissiatrioes combined
with parallel factor analysis (PARAFAC). Fast-freeg with liquid nitrogen prevented a significantcdease of DOC
concentrations observed after freezing at -18°(hdtheless, the share of PARAFAC components 1 (EX«#2&0 nm (340
nm), EMmax: 480 nm) and 2 (EXmax: 335 nm, EMmax8 4n) to total fluorescence and the humificatiodeix (HIX)
decreased after both freezing treatments, whileliaees of component 3 (EXmax: <250 nm (305 nm)ptat 438 nm) as
well as SUVAs, increased. The contribution of PARAFAC componentEXmax: 280 nm, EMmax: 328 nm) to total
fluorescence was not affected by freezing. We renend fast-freezing with liquid nitrogen for presaion of bulk DOC
concentrations of samples from terrestrial souredgreas immediate measuring is preferable to presgpectroscopic

properties of DOM
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1 Introduction

In addition to dissolved organic carbon (DOC) canragions, properties of dissolved organic mati®K) are crucial for
its role in biogeochemical cycles of carbon andiants as well as for its effect on pollutant dymesm(Bolan et al., 2011).
Spectroscopic methods like UV-vis absorption angréscence spectroscopy used as single excitatissien scans,
synchronous scans and excitation-emission mat(igésd/s) in combination with different indices and/parallel factor
analysis (PARAFAC) are increasingly applied to eleéerize chromophoric dissolved organic matter (M)Qn various
environments. Optical methods have been used &ssas8igin, dynamics, biogeochemical cycling ard &£ cDOM in a
wide range of marine and freshwater systems (Blgrphy et al., 2008; Yamashita et al., 2010; Stedrand Markager,
2005; Stedmon et al., 2007; Graeber et al., 20h23ddition to cDOM in samples from aqueous systemager-extractable
soil organic matter and cDOM in soil pore water ples (Otero et al., 2007; Hur et al., 2014; Traaezsal., 2014) were
investigated using EEMs plus PARAFAC as well adaissnl humic substances from soil and litter (Kalkst al., 1999;
D’'Orazio et al., 2014). The applicability of opticamethods for characterizing DOM and the compaitgbdf results in
multidisciplinary studies relies on the preservatmf samples prior to their analysis. DOM propertdepend on many
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physico-chemical and biological boundary conditioss that artefacts caused by sample storage golsgre-treatment

may easily be produced. For these reasons it ameended to directly filter samples after collectand store them in the
cold and dark prior to measurement as soon ashpegSpencer and Coble, 2014). However, immediatasurement is

often not possible for practical reasons such &rge number of samples, remote or separated sagnpites, so that
freezing of filtered DOM samples is often the stddcstorage method (Murphy et al., 2008; Yamag#ita., 2010; Graeber
et al., 2012). Studies on marine waters (Del Gastihd Coble, 2000; Yamashita et al., 2010; Conirgl.e 2009) showed

only a small freezing effect on DOM fluorescencarelsteristics, but tests with a variety of frestewatamples produced
significant changes in DOM composition, howeverhwihconsistent results in terms of direction of tfenges (e.g.,
Fellman et al., 2008; Yamashita et al., 2010; Seeatal., 2007).

Apparently the impact of sample preservation likefing is highly variable depending on sample 2@/ characteristics.

While most studies focused on samples from marirfeeshwater ecosystems, there is a lack of inféionaon sample pre-
treatment effects on cDOM properties of water sasifiom terrestrial ecosystems. Here we investigaeinfluence of

freezing and thawing on DOC concentration, spedtsorption and fluorescence properties for a watege of water

samples (throughfall, litter leachate and soil 8oh) from different terrestrial ecosystems (grassk and forests). During
the freezing process, DOM is preferentially excibld®m the ice phase and enriched in the remailipugd phase (Belzile

et al., 2002; Xue et al., 2015). The increasingitsotoncentrations and changing conditions likeosgy (Zaritzky, 2006)

and pH (Shafique et al., 2011) in the remainingitigphase during the freezing process could promoitgormational and

configurational changes of DOM molecules as welpaicle and complex formation depending on DOMhposition and

sample type. We tested in how far fast-freezindpWifuid nitrogen might prevent concentration amaitioning effects and

minimize the time for conformational changes of DOMe hypothesized i) that sample type affects fébaw effects on

DOC concentrations and DOM properties, becauseifferent physical and chemical DOM characteristiesl therefore

different response to changing conditions duringefing and ii) that fast-freezing with liquid nijen reduces these
freeze/thaw effects, because it minimizes the frgezime and thus prevents partitioning effects ahdir physical

consequences.

2 Material and methods
2.1 Study sites

The study was conducted on experimental plots & $ichorfheide Chorin Exploratory of the German thBiersity
Exploratories”, which were established as platféomlarge-scale and long-term functional biodiversesearch (Fischer et
al., 2010). The experimental plots are located yowang glacial landscape in NE Germany with an ahmean temperature
of 8 to 8.5°C and an annual mean precipitation of 500 1 ®8n. The forest plots are dominated either by [§Riaus
sylvestris L.) or beech Fagus sylvatica L.) on Cambisols (IUSS working group WRB, 2014heTgrassland plots are

meadows, pastures and mown pastures on Histodelgsdls and Cambisols.
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2.2 Sampling and sample preparation

For the experiments, five composite samples froasgland sites and 22 composite samples from fsitestwere collected
on 17 and 18 June 2014. Together we had 27 sanmulesling six throughfall (TF), five stemflow (SHjyve forest litter
leachate (LL) as well as six top- and five subsoiution samples. Volume-weighted composite sampie® produced in
“aged” 500 ml PE bottles by merging samples of the same satypéeper site. The bottles were biweekly usedtersame
samples on a routine sampling campaign of abovd- tedow-ground water at the biodiversity explorgtsites, after
washing in the dishwasher and with deionised watér.was sampled with funnel-type collectors (dieened.12 m,
polyethylene) 0.3m above soil surface. We pooled five replicategrassland and 20 replicates arranged in two lifid9o
samplers in a cross shaped form at forest sitesnifionize alterations of the sample and contamimasiuch as evaporation,
photo chemical reactions and algae growth, the Baghpottles were wrapped with aluminium foil ankbsed with a 1.6
mm polyester mesh and a table-tennis ball. SF weagpked with sliced polyurethane hoses (diameté&4 @) as a collar
sealed with a polyurethane-based glue to the biattkree trees per site at approximately h.Beight and connected with a
polypropylene (PP) or polyethylene (PE) barrel aiRE tube. LL was collected with three zero-tengysimeters per site
(280cn? sampling area) consisting of polyvinyl chlorideels covered with a PE net (mesh width ;&) connected with
PE hoses to 2 L PE bottles stored in a box bel@mumg. We sampled soil solution with nylon membréhd5 pm) suction
cups (ecoTech, Germany). Three samplers were ledtaleneath the A horizon (Top) at approximately ch® depth.
Another three were installed in the B horizon (Subdpproximately 50 cm depth in the forest plaid &0 or 70 cm depth
in the grassland sites. Suction cups were conneot@dL PE bottles in an insulated aluminium boageld into a soil pit.
Soil water was extracted by applying a vacuum okBa to the PE bottles with an electric pump aftech sampling.

After mixing, the samples were transported on @éhe laboratory and stored overnight at 5°C. Wasueed pH (Knick,
Germany) and electrical conductivity (WTW, Germaitypall samples prior to filtration through ~ 0.Tpglass microfiber
filters (Whatman GF/F). The filters were washedwiif0 ml deionised water and 10l of sample before sample filtration.
The filtered sample was split in three aliquots diffiferent preservation treatments: i) no preseéovatfresh) for which
samples were stored at 5°C in the dark and DOCerdrations were measured 24 h after sampling whitgrescence as
well as absorbance were measured within 48 hré@ygrvation by freezing for which the samples vatoged at -18°C for
four weeks, and iii) fast-freezing with liquid rogen (N), for which 1 ml sample aliquots were filled in pre-rinsedrb(5
ml sample) PP falcon tubes, dipped in liquid nieodor 30s and then stored at -18 for 42 days. Fresh samples and
samples frozen at -18°C were stored in 20 ml PHtiflation vials (NeoLab) that were pre-rinsed wihml sample before
filling. Fluorescence, absorbance and DOC concgaotrdrom all frozen samples were measured afténodéng over night
at 5°C in the dark. For all preparation steps and teats control samples of ultrapure water (EVOQU&yr@any) were

analyzed.
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2.3 Laboratory analysis

We measured the concentration of DOC as non-pulgeapanic carbon on a Shimadzu TOC-5050A (DuishGermany)
with a limit of quantification of 2 mg . Absorption spectra of DOM were scanned at wawgtefrom 400 to 600nm
using a Lambda 20 UV-vis spectrometer (Perkin EJri3A) and a 1 cm quartz cuvette. Absorbance measemts were
baseline corrected using ultrapure water. All fesmence EEMs were measured on a Hitachi F-4500e8aence
spectrometer (Hitachi, Japan) directly after absonpmeasurement in the same cuvette. We measuoiateon from 240
to 450 nm (5 nm steps) and emission from 300 to 60@ (2 nm steps) with a slit width of Bm and scan speed 1206
min. We corrected our EEMs according to the protoominf Murphy (2010) with the fdomcorrect functiontire drEEM
toolbox (version 2.0) of Murphy et al. (2013) usiNatlab (Version Matlab2011b, The MathWorks IndNe used the
supplies provided by the manufacturer for the exicih and emission correction factors. We measultrdpure water
fluorescence spectra for blank correction and taved EEMs to Raman units by normalizing them te #nea under the
Raman peak at 350 nm excitation wavelength (Lawaetz Stedmon, 2009). In order to apply the innégfficorrection of
Lakowicz (2006) integrated in the drEEM toolboX, aliquots were diluted with ultrapure water to &sle an absorption of
<0.3 at 254nm (Ohno, 2002). For this reason, not all treatmefh one sample were diluted with the same ditufactor.
To test the possible influence of different dilutsoon the pH-related changes in fluorescence @Sateentino et al., 2002;
Baker et al., 2007), dilution series with samples {4) from the same plots and same sample types ltdifferent
sampling dates where measured for pH, absorpti@h farmrescence according to the protocol describbdve. We
compared the differences of 31 dilutions and cakeual the mean absolute deviation (MAD). These werapared to the
MAD of measurement precision, determined by anatydil samples in three replications. For the PARBFRAmMponents
%C1, %C2 and %C3 and SUVY#4 the MAD caused by dilution were less or equal then precision MAD, so that there
was no influence of dilution on the three humielikomponents and the specific UV absorbance atr@b4For %C4 and
HIX the effect of dilution could exceed the preaisiof fluorescence measurements. For detailedrirdtion see supporting
information.

2.4 Spectroscopic indices and PARAFAC modelling

Based on the absorbance spectra, we calculatedfispgtraviolet absorbance (SUVA,) as the absorbance at 2%4n
divided by the DOC concentration. The SUMAis reported in Img® m?, and is associated with bulk aromaticity
(Weishaar et al., 2003). Moreover, we calculatedttimification index (HIX) from fluorescence EEM3Hno, 2002). The
HIX ranges from O to 1 and allows characterizingigkes based on their degree of DOM humification.

In addition to the calculation of indices, we ugmatallel factor analysis (PARAFAC) to mathematigallecompose the
trilinear data of the EEMs into fluorescence comgraa of DOM (Stedmon et al., 2003). Further precpssing steps of
EEMs (smoothing of Rayleigh and Raman scatter amdpte normalization), as well as the PARAFAC arialygere
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conducted with the drEEM toolbox (version 2.0, Muypet al., 2013). We chose a four component PARARAGel
(components referred as C1-C4), visually checkedréimdomness of residuals and the component splzdings, split-
half validated the model and generated the bebyfiandom initialization. For comparison in stitial analysis we used the
relative percentage distribution of the four PARAEAcomponents (% of the sum of total peak fluoreseeaf all

PARAFAC components), so that percentage valuethéocomponents will be given as %C1 to %C4.

2.5 Statigtical analysis

The DOM composition variables used for statistiemalysis were the PARAFAC components %C1 %C4, the
spectroscopic indices HIX and SUY# as well as the DOC concentration. For all staistanalysis the variables were
scaled and centred. We conducted a pair-wise (&mmpbk strata) permutational multivariate analydisvariance
(PERMANOVA) based on Euclidean distances in R (@ksaet al., 2015; R core team, 2015). The adomistion was
used to assess the influence of sample preparéfiesh, frozen, fast-freezing) on DOM variables. irwestigate
preservation effects on single variables we coretliihear mixed-effect models (sometimes calledtirevel models, Ime
function, Linear and Nonlinear Mixed Effects Modpkckage for R, Pinheiro et al., 2015) with sampkesandom intercept
on each of the DOM composition variables. Theseewsed instead of simple linear models or ANOVAsce we could
not expect the same intercept for all samples dudifferent sample concentrations. To assess theeirce of sample type
(TF, SF, LL, Top or Sub) on the relative chang®6fM composition due to fast-freezing with liquidnogen or freezing at
-18°C in relation to the measurement of fresh, ed@amples, we used an ANOVA with the sample typiexad factor (aov
function in R). To remove sample concentrationtegleeffects and to calculate relative changesdiffierences between the
two preservations (either fast-freezing or freezangl8°C) relative to the measurements of freshpdes were calculated
for each sample before the ANOVA. This was only eléor variables, for which we found strong, sigeafit effects with
the linear mixed-effect models.

3 Results
3.1 DOM concentrations

The samples covered a wide range of DOC concemtia{iFig. 1a, b). Fresh TF samples showed the loewentrations
ranging from 5 to 17 mgt, SF samples had the highest DOC concentratiomgngurom 12 to 138 mg't (Fig. 1b). High
concentrations up to 75 mg'lwere also found for LL samples, but average vaim® smaller than for SF (Fig. 1b). In the
mineral soil, concentrations decreased from 12tbrhg L* in topsoil samples to 9 to 47 md in subsoil samples.

We found a significant treatment effect (linear etxeffect models (Ime), p<0.05) on DOC concentratitien comparing
the fresh and frozen samples (Fig. 1c). In 24 ofsamples DOC concentrations decreased after frgestin18°C and
subsequent thawing, with an average change of mi.&* or - 6% respectively. The maximum decrease that feand
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equalled - 6 mg T and - 25%, respectively. In contrast to freezingl&°C, fast-freezing with liquid nitrogen did netsult
in significant changes (Ime, p>0.05) of DOC concatiins (Fig. 1c).

3.2 PARAFAC fluor escence components

The analysis of fluorescence spectra using PARAégTilted in four components that were character@adrding to the
review of Fellman et al., (2010) (Table 1). C1 ditaid its main excitation maximum at250 nm, a secondary maximum at
340 nm and an emission maximum at 480 nm and wssided as UVA humic-like fluorophore with a tettresd source
and a high molecular weight (Murphy et al., 200&d®non et al., 2003; Shutova et al., 2014; Felletaa., 2010). C2 had a
maximum excitation at 335 nm and an emission masinat1 408 nm and was named also UVA humic-like,dssociated
with low molecular weight (Murphy et al., 2006; Fehn et al., 2010; Stedmon et al., 2003). C3 wdmel@ by an
excitation maximum at < 250 nm, a secondary maxirati®05 nm and an emission maximum at 438 nm. ddmsponent
dominated fulvic acid fractions of humic substan¢®antin et al., 2009; He et al., 2006). Finally, Was characterized by
its excitation maximum at 280 nm and an emissioximam at 328 nm and was classified as tryptophles-las its
fluorescence resembles free tryptophan. Theretbie,component was associated with free or bounteprs (Fellman et
al., 2010).

We found different distributions of PARAFAC compante for different sample types (Fig. 2). The cdnition of %C1 to
the total fluorescence increased from TF over SEltcand then decreased again from LL to Sub (Fig.while %C2
showed just the opposite trend. In contrast, %@gldd to increase from TF to Sub, whereas %C4 shamvdecreasing
trend (Fig. 2).

Similar changes in component distribution were fbas a consequence of freezing at -18°C and fastifng with liquid
nitrogen (Fig. 3). We observed a significant (Ippep.05) decrease in all samples for the relatigetion of the humic-like
components %C1 and %C2 after freezing at -18°Cfasidfreezing compared to the fresh control samifes 3a, b). The
contribution of %C1 to the total fluorescence dasegl on average by -3% with maximum changes offeB%eezing at -
18°C and -6% for fast-freezing with liquid nitrogeéfhe average decrease of %C2 was -3% and the maxu8% for both
treatments.

In contrast to %C1 and %C2, the share of %C3 tadta fluorescence intensity increased upon freg£Fig. 3e, f). All
samples frozen at -18°C showed an increase inefaéive intensity of the %C3 signal, with an averancrease of +6% for
both treatments. The maximum increase was +109%6G)18nd +12% (B). No significant effects of sample preservation
(Ime, p>0.05) were found for %C4, the protein-ld@mponent (Fig. 3g, h).

3.3 Aromaticity and humification index

We found SUVAssvalues ranging from 1.1 L rilgn™ up to 4.5 L mg m*for fresh samples (Fig. 4a, b). Samples frozen at
-18°C and fast-frozen samples showed a signifizamrease (Ime, p<0.05) of their SUVY#A (Fig. 4c). The average change
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was +0.4 L mg m*equivalent to +20% for samples frozen at -18°C #8db L mg* m* equivalent to +24% for samples
that were fast-frozen with liquid nitrogen.

The humification index of the freshly measured siasipanged from 0.806 to 0.931 in TF and SF sanmgiidsrom 0.849 to
0.975 for Sub, Top and LL samples (Fig. 5a, b)./dmd a significant decrease (Ime, p<0.05) of th¥ tthen comparing
the freshly measured samples with the frozen aedast-frozen samples (Fig. 5¢). The average chamge-0.016 or -2%
for samples frozen at -18°C and -0.020 or -2% &mples fast-frozen with liquid nitrogen. The maximdecrease was -
0.128 or -15% for -18°C samples and -0.076 or -8f4iduid nitrogen samples (Fig. 5 c, d, e, f).

4 Discussion

We found that freezing at -18°C significantly reddcDOC concentrations across all sample types. ishis line with
results of Fellman et al. (2008) investigating #ffect of freezing and thawing on Alaskan streantewaamples. This loss
of DOC concentration might be due to aggregatiah iaversible particle formation (Giesy and Brie$878) induced by
partitioning and concentration effects during theefing process (Belzile et al., 2002; Xue et24)15). Indeed, our results
indicated that fast-freezing with liquid nitrogeancprevent significant reductions of DOC conceidres, mainly because
topsoil and subsoil solution DOC concentrationseness affected than during freezing at -18°C.

In contrast to effects on DOC concentrations, wenébsimilar significant effects of fast-freezing wsll as freezing at -
18°C on the chromophoric humic fraction of DOM (PARAC components, HIX and SUVA,). The increase of
aromaticity as indicated by higher SUYAvalues indicates a stronger removal of non-aran@@®M during freezing and
thawing. On the other hand, the decrease in the $tl¥gests a preferential removal of humified cDGDhe potential
explanation for the fact that fast-freezing in ldjmitrogen resulted in significant changes of D@lbrescence properties,
but only small changes of bulk DOC concentratiassthat cDOM reacted stronger to freezing and thgwthan the
remaining DOM so that spectroscopic properties vedfected, but bulk DOC concentrations were nostFeeezing may
have failed to prevent changes of cDOM compositiecause i) cDOM changes occurred not only durirgfteezing
process (-18°C or -196°C in liquid nitrogen), bl#oain frozen state at -18°C in the freezer dustarage or ii) cDOM was
affected by the thawing process that was idenfioalboth freezing treatments. The formerr might sugpported by a
recrystallisation of ice crystals in frozen stdteyet, 1967; Meryman, 2007).

No significant changes of protein-like fluoresceif@€C4) due to freezing and thawing were observéis i6 in contrast to
the results of Spencer et al. (2007), which cowddrédated to similar fluorescence characteristicg, different chemical
composition of proteinaceous fluorescence matéoah aquatic sources and the solutions from tetie@stcosystems tested
in this study.
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5 Conclusion

Freezing and thawing affected the DOC concentratspectral absorption and fluorescence propertiesater samples
(throughfall, litter leachate and soil solutionprin different terrestrial ecosystems (grasslandsfarests). In contrast fast-
freezing with liquid nitrogen minimized the changeflsbulk DOC concentrations but not the changesp#ctroscopic
cDOM properties. Different thawing protocols formmizing sample storage effects on DOM should tsteté in future

studies. We suggest the use of fast-freezing fesgmwation of bulk DOC concentrations of samples,normal freezing or
fast-freezing should be avoided to preserve cDOMratteristics of samples from terrestrial sourd¢estead, filtration,

cooling and measurements soon after the samplimgigthe the method of choice, if possible.
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Tables

Table 1: Characteristics of PARAFAC components based on Fellman et al., 2010

Component Maximum exitation ~Maximum emission
wavelength(EXa,) wavelength (EN,)

(nm) (nm)
c1 <250 (340) 480
c2 335 408
c3 <250 (305) 438
ca 280 328

14

Description

humic-like, terrestrial
humic-like
fulvic-acid-type
tryptophan-like



Biogeosciences Discuss., doi:10.5194/bg-2016-88, 2016
Manuscript under review for journal Biogeosciences
Published: 22 March 2016

(© Author(s) 2016. CC-BY 3.0 License.

10

15

20

Figure captions

Figure 1: Absolute DOC concentrations (measurefteésh samples) and changes of DOC concentratidas fatezing (-
18°C) and fast-freezing with liquid nitrogen; a,ec,all samples (n= 27); b, d, f: ordered by santppe (throughfall (TF)
n=6, stemflow (SF) n=5, litter leachate (LL) n=6ptsoilsolution (Top) n=6, sub-soilsolution (SuB); gray dashed line:
analytical reproducibility; *** significant changdg$inear mixed models (Ime), p<0.05); Boxplots:iddine: median, dashed

line: mean

Figure 2: Mean distribution of PARAFAC component€ %%C4 for different sample types

Figure 3: Changes of relative distribution of PARXE components after freezing (-18°C) and fast-fiegavith liquid
nitrogen; a, ¢, e, g: all samples (n=27); b, dj firdered by sample type (throughfall (TF) n=6pstew (SF) n=5, litter
leachate (LL) n=5, top soilsolution (Top) n=6, sdilsolution (Sub) n=5); gray dashed line: anabjti@producibility; ***
significant changes (linear mixed models (Ime), |05 ;Boxplots: solid line: median, dashed line:ame

Figure 4: Absolute values (measured in fresh sashlad changes of SUVA254 after freezing (-18°Q) fast-freezing
with liquid nitrogen; a, c, e: all samples (n= 28);d, f: ordered by sample type (throughfall (FEp, stemflow (SF) n=5,
litter leachate (LL) n=5, top soilsolution (Top) &=sub-soilsolution (Sub) n=5); gray dashed limalgtical reproducibility;

*** significant changes (linear mixed models (Impy0.05); Boxplots: solid line: median, dashed:limean

Figure 5: Absolute values (measured in fresh sashed changes of HIX after freezing (-18°C) anst-feeezing with
liquid nitrogen; a, c, e: all samples (n= 27); bf:drdered by sample type (throughfall (TF) ns&mflow (SF) n=5, litter
leachate (LL) n=5, top soilsolution (Top) n=6, sdilsolution (Sub) n=5); gray dashed line: anabjtieproducibility; ***
significant changes (linear mixed models (Ime), [05; Boxplots: solid line: median, dashed line:ame
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