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Reply to RC1

We thank reviewer #1 for the constructive hinteaBk find below our response.

5 P4L53A" ARevise “500 ml” to “500 mL". P4L26, 28a~ ARevise “ml” to “mL". P6L25 Revise”
“mg L-1" to “mg C L-1". P7L5 Revise “Fellman et gl(2010)" to “Fellman et al. (2010)”
P8L24 Revise “formerr” to “former”

10 In the revised manuscript we will correct the meméd mistakes. We will change “ml” to “mL” when mssary, “mgL-1"
to “mg C L-1" and “former” to “former”. We will als correct the wrong comma setting in Fellman et(2010) to Fellman
| etal. (2010).
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Reply to RC2

We thank referee #2 for the constructive commétesise find below our response

1.

In section “Abstract”, the last sentence highlightportant findings “We recommend fast-freezing wWitjuid
nitrogen for preservation of bulk DOC concentragoof samples from terrestrial sources, whereas idiate
measuring is preferable to preserve spectroscopipgrties of DOM.” However, the last part of thentence
was also suggested by the study of Santos etGillOYZor bulk deposition samples (rainwater sampledich

show that such study should be used in the disnus$ithe present manuscript.
We will consider and cite Santos et al (2010) mvised version of our manuscript (see point@B@n
2.

In section “1 Introduction”, page 2, reformulatée sentence “In addition to cDOM in samples fronueaps

systems, water-extractable soil organic matter aB®M in soil pore water samples (Otero et al., 208dr et

al., 2014; Traversa et al.,, 2014) were investigatesing EEMs plus PARAFAC as well as isolated humic

substances from soil and litter (Kalbitz et al. 999 D’Orazio et al., 2014).” The study of Oteroadt (2007) did

not used the EEMs plus PARAFAC as well as isolateic substances from soil and litter.

Thank you for the hint. We will reorganized ther@atuction and rephrase the sentence into:

“Spectroscopic methods like UV-vis absorption arftliorescence spectroscopy used as single

excitation/emission scans, synchronous scans aoilaten-emission matrices (EEMs) in combinationthwi

different indices and/or parallel factor analysiBARAFAC) are increasingly applied to characterize

chromophoric dissolved organic matter (cDOM) inieas environments (e.g., Murphy et al., 2008; Yamtaset
al., 2010; Stedmon and Markager, 2005; Graebdr,2042; Otero et al., 2007, Traversa et al., 20Kadbitz et
al., 1999).”

(page 14, line 27-31)
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3.
In section “1 Introduction”, page 3, | suggest tddalso the reference of Santos et al. (2010) ¢oftiowing
sentence “For these reasons it is recommendedraxtly filter samples after collection and storesth in the

cold and dark prior to measurement as soon as ptesg¢bpencer and Coble, 2014)".

We strongly agree with the reviewer on the imparéaaf immediate filtration, as well as cold andkdstorage.
In our experiment samples were immediately filteaedl stored cold in the dark. The reference Saettcd.

(2010) will be added in the respective sentendeoint of “Spencer and Coble, 2014”.

(page 15, line 2)

4.
In section “2 Material and methods”, subsection 22Sampling and sample preparation”, page 4, thetfand
fourth sentences seems to be contradictory, beciausepresented that samples were collected oraid 18

June 2014, and then is presented that bottles higreekly used. Please, clarify.

The samples for the cDOM storage experiment desdrib this manuscript were taken within a biweekly
sampling routine of above and belowground waterndasn It takes two days to collect samples fromiedkarch
sites. Therefore we state in the Materials and bihsection that samples were taken on tieatid 18 of
June. For the in-field sample collection we usestiime PE bottles for the same sample every 14 days.

We will rephrase the respective paragraph into:

"For the experiments, we collected solution samfries five forest and three grassland plots ondd B June
2014 within a bi-weekly 2 day sampling routine bbae and below-ground water samples in the DFGriprio
programm “Biodiversity Exploratories”. Together wellected 27 samples for the freezing experimeciugiing
six throughfall (TF), five stemflow (SF), five fastlitter leachate (LL) as well as six top- andefigsubsoil
solution samples. Volume-weighted composite sampte produced from replicated samplers of the dgpe
(e.g. throughfall collectors, shallow suction cup§)ne plot for the experiment in “aged” 500 PE bottles.
The bottles were bi-weekly used in the field foe tame samples, after washing in the dishwasheméhd

deionised watet.

(page 16, line 23-29)
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5.
In section “2 Material and methods”, subsection 22Sampling and sample preparation”, page 4: whyeuveot
used glass bottles and vials to store the sampgkta8s material should be used to avoid contamimati®lanks

of procedure were performed?

Since we froze the samples, glass bottles coulbeatsed because they could break when the watglea
expands during the freezing process. For collectirgsamples, we used aged HDPE bottles, whichado n
release detectable amounts of DOM according tcegperience. We had blanks for all steps of the rxat.
For all of them, no detectable DOC release (comagahs) and fluorescence was detectable. We dl this
information to the Materials and Methods sectionthe revised manuscript and the data in table forrthe

supporting information.

(page 17, line 23; supporting information S2)

6.
In section “3 Results”, subsection “3.2 PARAFACdilascence components”, reformulate the sentences “Th
maximum increase was +10% (<08 and +12% (N2)". Remove the plus sign and extiwedsentence with the

types of freeze.

Thank you for the indication, we will rephrase gsntence accordingly.

(page 20, line 29-30)

7.

In section “4 Discussion”, the reference of Sana&tsal. (2010) should be used together with theresiee to
Spencer et al. (2007) to the following sentenceisT$ in contrast to the results of Spencer e{(2007), which
could be related to similar fluorescence charactes, but different chemical composition of pnoteieous

fluorescence material from aquatic sources andstiations from terrestrial ecosystems tested is study.”

The reference Santos et al. (2010) will be addeglWill rephrase the sentence into:

5



“This is in contrast to the results of Spencerlet(2007) and Santos et al. (2010), which coulddiated to
similar fluorescence characteristics, but differehémical composition of proteinaceous fluorescamegerial

from aquatic sources, rainwater and the solutiooms fterrestrial ecosystems tested in this study.”

5 (page 21, line 31)
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Reply to RC3

We thank referee #3 for the constructive commeé&esise find below our response.

1

Introduction:

The introduction focuses a great deal on fluoreseenwhile not mentioning the experimental approatlireezing until
much later in the discussion. The extensive liteeateview on fluorescence isn’'t necessary givenctimmon nature of the
technique and the focus of the paper. | suggestaiad the discussion of fluorescence and spendirg time summarizing
current research on freezing and identifying knalgke gaps in this area. Specifically, | think it wbbe important to see if
any experiments have been conducted on freezihgdadation. Highlighting the novelty of the apprdais critical for the
impact of this study. In addition, keep the infotia of freezing organic matter in general. Sonmaeticould also be
dedicated to discussing what might be differentvbet stream samples and soil samples after freeEinglly, a clear

justification and rationale for the study needdtopart of the introduction.

We will reduce the discussion of fluorescence andew the scientific literature on the effect oédring on fluorescence
characteristics in water samples. We will includgearer justification and rationale for the study.

We will rephrase the introduction as follows:

“In addition to dissolved organic carbon (DOC) centations, properties of dissolved organic mgi¥PM) are crucial for
its role in biogeochemical cycles of carbon andiaots as well as for its effect on pollutant dymesn(Bolan et al., 2011).
Spectroscopic methods like UV-vis absorption antréscence spectroscopy used as single excitati@si®en scans,
synchronous scans and excitation-emission matge&d/s) in combination with different indices and/oarallel factor
analysis (PARAFAC) are increasingly applied to cleterize chromophoric dissolved organic matter (M)@n various
environments (e.g., Murphy et al., 2008; Yamaséital., 2010; Stedmon and Markager, 2005; Graetedr,e2012; Otero et
al., 2007, Traversa et al., 2014, Kalbitz et £99).

The applicability of optical methods for charactérg DOM and the comparability of results in mubicplinary studies
relies on the preservation of samples prior tortlaialysis. DOM properties depend on many physieottal and
biological boundary conditions, so that artefagssed by sample storage or sample pre-treatmenbmayoduced easily.
For these reasons it is recommended to directigr fdamples after collection and store them incibld and dark prior to
measurement as soon as possible (Santos et al. 20&0cer and Coble, 2014;). However, immediatesomeanent is often
not possible for practical reasons such as a laugeber of samples, remote or separated samplieg, sib that freezing of
filtered DOM samples is often the selected stonagghod (Murphy et al., 2008; Yamashita et al., 20&6aeber et al.,
2012). Freezing can affect the physicochemical asitipn of samples (Edward and Cresser, 1992) ab ithproved
conservation techniques, which avoid or minimizéspbal artifacts of freezing, are required. Durihg freezing process,

DOM is preferentially excluded from the ice phasel &nriched in the remaining liquid phase (Beleilal., 2002; Xue et
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al., 2015). The increasing solute concentratiorts @anging physical conditions in the remainingiiitjphase during the
freezing process could promote conformational aowfigurational changes of DOM molecules as wellpasticle and
complex formation depending on DOM composition a@asnple type (Zaritzky, 2006; Edward and Cresser21.99ne
potential technique for minimizing these effectaldobe fast freezing with liquid N by radically reducing the freezing

time.

Whereas studies on sample preservation of marinersvéDel Castillo and Coble 2000, Yamashita eR@ll0a, Conmy et
al. 2009) showed only a small freezing effects ddMDfluorescence characteristics, research withraetyaof freshwater
samples produced inconsistent results. Fellmanh. 088 measured DOC concentrations and UV absorpti fresh and
frozen/thawed Alaska stream water samples and tegbaa significant decrease of DOC concentration apdcific
ultraviolet absorption at 254nm (SUVY#). They recommended freezing as an acceptablegstareethod for freshwater
samples with low DOC concentration and/or low SU¥Avalues. In contrast, Yamashita et al. 2010 obskordy minor
changes in absorption based indices after freemmigthawing of Venezuela river water but significalterations (decrease
and increase) for PARAFAC component intensitiedre®ze/thaw experiment with water samples fromrgelaaumber of
UK locations conducted by Spencer et al. 2009 sdolagge and variable changes (decreasing and siogdain DOM
fluorescence intensity and absorbance after frgeaind thawing. Likewise Peakock et al. (2015) fowtbng and
inconsistent effects of freezing and thawing onoals@nce properties of cDOM in water from bog pofds, ditches and
lakes. In a study of sample preservation on raieiaDOM fluorescence, Santos et al. (2010) foudgeease of protein-

like fluorescence intensity due to freezing.

While many studies investigated the influence dfedént soil sample pre treatments on DOC concéaira and DOM
composition (e.g. Christ and David 1994; Sun et28l15) only few studies focused on the influencetlese properties
when using different preservation methods for th&aeted soil solutions. Otero et al. (2007) corddcfreeze/thaw

experiments on salt marsh pore water and founchaages in characteristics of synchronous fluoresesnans.

The impact of sample preservation like freezingrseaighly variable depending on sample and DOMattaristics. While
most studies focused on samples from marine ohvdrater ecosystems, there is a lack of informatiansample pre-
treatment effects on cDOM properties of water sasflom terrestrial ecosystems, especially soiltgmi. Due to different
sources of DOM in land and water environments (Bataal. 2011) and therefore different chemicalrabigristic, it is
unlikely that insights regarding the alterationsafmples during storage can be transferred fronsamgple type to another.
To help closing this gap, we investigate in thisdstthe influence of freezing and thawing on DO@aantration, spectral
absorption and fluorescence properties for a waage of water samples (throughfall, litter leackatd soil solution) from
different terrestrial ecosystems (grasslands amdsfs). We tested in how far fast-freezing withuitj nitrogen might
prevent concentration and partitioning effects amdimize structural changes of DOM. We hypothesidethat sample
type affects freeze/thaw effects on DOC concemtngtiand DOM properties, because of different playsaed chemical

DOM characteristics and therefore different respaieschanging conditions during freezing and igttfast-freezing with
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liquid nitrogen reduces these freeze/thaw effdots;ause it minimizes the freezing time and thuveges partitioning

effects and their physical consequences.

(page 13, line 25 to page 16, line 8)

2.

Sampling and sample preparation:

The approach for sampling, replication, and defgithe subject for the analysis needs to be clatifithe existing
description is hard to follow. It might help to pide a diagram for where the samples originate Hredr fate, with a clear

identification of what is composited and analyZEuis will clearly highlight the mixing of the grdasd and forest samples.

We did not mix sample solutions from forest andsgland plots for obtaining composite samples foendbal or
spectroscopic analysis. All samples were analyzgdrately in the laboratory. We used replicatedpdiagn devices per
sample type (e.g. topsoil solution or throughfal) the individual plots (forest: W1, W2, W3, W5 aw; grassland: G3,

G5 and G39) in order to gain composite samples suifficient volume for the experiment.

We will rearrange the description of sampling aachgle preparation for clarification.

While the forest and grassland samples were predessparately in the laboratory, the results weralyaed in one
statistical analysis. This analysis did not reveainificant differences between grassland samptes farest samples
(PERMANOVA, R2 =0.05184, p = 0.2401).

(page 16, line 23-29)

3.

The freezing procedures are somewhat tedious.idsofierational? What happens if a large quantitywatter is stored? Is
there a potential difference given the small amswisied as test subjects in the study?

The procedure for freezing samples at -18°C coomedp to the routine procedure in the above merdidECYCLES
project. We commonly keep the sample volume thatdsed frozen as small as possible because oé dipaitations in deep
freezers. We think that increasing the volume ofgles that are subjected to freezing also incretsesisk of artifacts,

because of increasing concentration effects destended freezing time.
We will include a short discussion of this in tle¥ised manuscript.

(page 22, line 12-15)

4,
Results:
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The overall average change of 6% (1.6 mg L-1) sesmadl given the high DOC concentrations in the gi@s Is the lower
average a result of the composite?

This comment may be a misunderstanding of the ndstlamplied in the study. We did not produce contposamples
across different sample types, as we tried to é@xpléth the answer of your comment to Sampling aathple preparation
(above).

A good point is to test the influence of the idiXOC concentrations on the changes of DOM proesrtiue to different
treatments. We found a significant correlation lesw initial DOC concentration of the fresh sampte ghe absolute
changes of DOC concentrations for the -18°C freghieatment (Spearmans rank r = -0,447, p = 0,018} indicates a
larger decrease of DOC concentration during frepzh -18°C for samples with higher initial DOC centration.
Additionally we run a new PERMANOVA extended witlOIZ concentrations (NPOC concentration in the foihmatable)
of the fresh samples as factor:

Als Fig.1 eingeflgt

Df SumsOfSqgs MeanSqgs F.Model R2 Pr(>F)
treatment 2 3241 16.2066 2.3584 0.05065 1e-04 ***
treatment:npoc.factor 3 92.21 30.7358 4.4728 0.T441e-04 ***
Residuals 75 515.38 6.8717 0.80528
Total 80 640.00 1.00000

Signif. codes: 0 “*** 0.001 **'0.01 *"0.05‘70.1""1

The interaction between the freezing treatmentéeiat -18°C or with liquid By and DOC concentration of the
fresh sample explains a reasonable part of thamweeiof DOC concentrations (R2 = 0.14) and is kighl
significant. However, the fraction of the variatibrat is explained by the main treatment is asdsvwefore (R2
= 0.05). It is important to note that the testepgafalent variables of the PERMANOVA were the DOM
composition variables without DOC concentrationefdfore, fast-freezing with liquid Mtill eliminates the
significant effect of freezing on DOC concentratoAltogether initial DOC concentration well expiaithe
different strength of the effect of treatment onNd@omposition. In other words, the higher the alibOC
concentration, the stronger the effect by freeendOM composition. But, (as before) there are nvamgables,
which may add to the explanation.

We will add the new statistic and their result$hi® results section.
(page 19 line 26-29 + page 20, line 17-20)

5.
L30: This doesn’t make sense. SUVA values incress@romatic compounds or aromaticity increase., Butmification

index decreases?

10
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SUVA is an absorbance-based indicator, reflectimgnaticity, whereas HIX is a common indicator ofrification based
on low-Stokes shift fluorescence (protein-like)lative to high-Stokes shift fluorescence (humie)ik Therefore, both
indicators allow different interpretations and d#@ve opposite tendencies within a dataset. In fdkX,is not necessarily
linked to aromaticity but rather to a wavelengtliftsim the emission of so-called humified DOM (FaHln et al. (2010)
Limnology and Oceanography 55:2452-2462). Theakyidand in an extreme case), if a sample is adgsistent of
amino acids with aromatic groups (Tyrosine, Tryap, Phenylalanine), it could have a high SUVAd&uery low HIX.

6.

Conclusion:

There needs to be some discussion of the resudttedeto very high DOC concentrations in the samplhat are the

implications for changes in the DOM character withezing?

We will include a discussion of the results of tieav statistic, showing that higher initial DOC centrations lead to higher
losses of DOC during freezing at -18°C . This firglis consistent with results of Fellman et al. @tho suggested
freezing as preservation method only for water sasmwith DOC concentrations < 5mgL-1. Our resutlts fast-freezing

with liquid nitrogen show the opportunity of freegias conservation method for samples with highacentrations without
altering the bulk DOC amount.

(page 21, linel1-12 + line 17-18)

7.

Also, is freezing with N2 practical?

Of course, in field freezing with liquid nitrogenowid take some extra effort concerning material emgts and is probably
only applicable for small sample volumes. The ofdjecof our experiment was testing if the increas@drt and cost of

using liquid nitrogen in the field is justified advantages regarding the minimization of freezirgazts. We will add this

consideration to the conclusion section of thesedimanuscript.

(page 13, line 12-15)

8.

Figure 1: Is cDOC an accepted convention? A lalidd@C with the units usually implies a concentratibsuggest adding
‘in’ for Change in DOC concentration, Or DOC change

Graphs a and b in Figure 1 show the DOC conceotrsitdf the samples before freezing them. We wiinge the label of
the y-axis of these graphs into “DOC concentrafiog L™)”. The label of the y-axis of graphs ¢ and d wi# changed into
“change in DOC conc. (mg1)”. The label of graphs e and f will be changea ifthange in DOC conc. (%)”.

(page 30)

11
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Abstract. Freezing can affect concentrations and spectpisqaroperties of dissolved organic matter (DOM)viater
samples. Nevertheless, water samples are regdtaden for sample preservation. In this study watete the effect of
different freezing methods (standard freezing &°€l and fast-freezing with liquid nitrogen) on DO&bncentrations
measured as organic carbon (DOC) concentrationsoandpectroscopic properties of DOM from differe¢atrestrial
ecosystems (forest and grassland). Fresh and efitfgr frozen throughfall, stemflow, litter leacha#ed soil solution
samples were analyzed for DOC concentrations, Wvabisorption and fluorescence excitation-emissiatrioes combined
with parallel factor analysis (PARAFAC). Fast-freey with liquid nitrogen prevented a significantcdease of DOC
concentrations observed after freezing at -18°dtlmeless, the share of PARAFAC components 1 (EX«2&0 nm (340
nm), EMmax: 480 nm) and 2 (EXmax: 335 nm, EMmax8 4in) to total fluorescence and the humificatiodeix (HIX)
decreased after both freezing treatments, whilestiaees of component 3 (EXmax: <250 nm (305 nm)ptalt 438 nm) as
well as SUVAgs, increased. The contribution of PARAFAC componentEXmax: 280 nm, EMmax: 328 nm) to total
fluorescence was not affected by freezing. We rewend fast-freezing with liquid nitrogen for presation of bulk DOC
concentrations of samples from terrestrial souredgreas immediate measuring is preferable to presgpectroscopic

properties of DOM

Keywords

freezing, dissolved organic matter, fluorescenbspgption

1 Introduction
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In addition to dissolved organic carbon (DOC) canications, properties of dissolved organic matisD) are crucial for

its role in biogeochemical cycles of carbon andiants as well as for its effect on pollutant dymesnBolan et al., 2011).

Spectroscopic_methods like UV-vis absorption angbriéscence spectroscopy used as single excitaii@s®n scans,

synchronous scans and excitation-emission matieedls) in combination with different indices and/oarallel factor

analysis (PARAFAC) are increasingly applied to eléerize chromophoric dissolved organic_matter (M)Qn various
environments (e.g., Murphy et al., 2008; Yamasgital., 2010; Stedmon and Markager, 2005; Gradhar,2012; Otero et
al., 2007, Traversa et al., 2014, Kalbitz et 8899).

The applicability of optical methods for characterg DOM and the comparability of results in muliciplinary studies

relies on the preservation of samples prior tortlegialysis. DOM properties depend on many physieotibal and

biological boundary conditions, so that artifacksiged by sample storage or sample pre-treatmenbea@yoduced easily.

14
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For these reasons it is recommended to directigrfdamples after collection and store them incihld and dark prior to

measurement as soon as possible (Santos et d.;, 8p&ncer and Coble, 2014;). However, immediatasomement is often

not possible for practical reasons such as a laugeber of samples, remote or separated samplieg, Sb that freezing of
filtered DOM samples is often the selected stonagghod (Murphy et al., 2008; Yamashita et al., 20&6aeber et al.,

2012). Freezing can affect the physicochemical amsitipn of samples (Edward and Cresser, 1988)that improved

conservation techniques, which avoid or minimizéeptal artifacts of freezing, are required. Durihg freezing process,

DOM is preferentially excluded from the ice phasel &nriched in the remaining liquid phase (Beleiel., 2002; Xue et

al., 2015). The increasing solute concentratiorts @manging physical conditions in the remainingiiijphase during the

freezing process could promote conformational aowfigurational changes of DOM molecules as wellpasticle and

complex formation depending on DOM composition a&agnple type (Zaritzky, 2006; Edward and Cresse®2190ne

potential technigue for minimizing these effectsildobe fast freezing with liquid N by radically reducing the freezing

time.

Whereas studies on sample preservation of marinersvéDel Castillo and Coble, 2000, Yamashita et2il10a, Conmy et

al., 2009) showed only small freezing effects onNDfluorescence characteristics, research with @&tyaof freshwater

samples produced inconsistent results. Fellmah €2@08) measured DOC concentrations and UV abisorin fresh and

frozen/thawed Alaska stream water samples and tembaa significant decrease of DOC concentration apécific

ultraviolet absorption at 254 nm (SUY4#). They recommended freezing as an acceptablegstareethod for freshwater

samples with low DOC concentration and/or low SUyAalues. In contrast, Yamashita et al. (2010) olesbionly minor

changes in absorption based indices after freemmgthawing of Venezuela river water but significalterations (decrease

and increase) for PARAFAC component intensitiedre®ze/thaw experiment with water samples fromrgelaaumber of

UK locations conducted by Spencer et al. (2009)&ablarge and variable changes (decreasing andasicrg) in DOM

fluorescence intensity and absorbance after frgeaind thawing. Likewise Peakock et al. (2015) fowsiobng and

inconsistent effects of freezing and thawing onoabance properties of cDOM in water from bog pofds ditches and

lakes. In a study of sample preservation on raianelDOM fluorescence, Santos et al. (2010) foud@aease of protein-

like fluorescence intensity due to freezing.

While many studies investigated the influence dfedént soil sample pre treatments on DOC concgéalrst and DOM

composition (e.g. Christ and David, 1994; Sun et2015) only few studies focused on the influenpethese properties

when using_different preservation methods for tlgaeted soil solutions. Otero et al. (2007) coriddcfreeze/thaw

experiments on salt marsh pore water and foundchanges in characteristics of synchronous fluoreseenans.

The impact of sample preservation like freezingrsehighly variable depending on sample and DOM anttaristics. While

most studies focused on samples from marine ohvvater ecosystems, there is a lack of informationsample pre-

treatment effects on cDOM properties of water sa&silom terrestrial ecosystems, especially soiltsmi. Due to different

sources of DOM in land and water environments (Baaal., 2011) and therefore different chemicalrahteristic, it is

unlikely that insights regarding the alterationssamples during storage can be transferred fronsammple type to another.

15
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To help closing this gap, we investigate in thisdstthe influence of freezing and thawing on DO®@asmtration, spectral

absorption and fluorescence properties for a wathge of water samples (throughfall, litter leaclstd soil solution) from

different terrestrial ecosystems (grasslands amdsts). We tested in how far fast-freezing withuigh nitrogen might

prevent concentration and partitioning effects amdimize structural changes of DOM. We hypothesidethat sample

type affects freeze/thaw effects on DOC conceminagtiand DOM properties, because of different playsamd chemical

DOM characteristics and therefore different respotaschanging conditions during freezing and igttfast-freezing with

liquid nitrogen reduces these freeze/thaw effeoésiause it minimizes the freezing time and thuvemes partitioning

effects and their physical consequences.

2 Material and methods
2.1 Study sites

The study was conducted on experimental plots & $ichorfheide Chorin Exploratory of the German ‘tBiersity
Exploratories”, which were established as platfdomlarge-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 t ®@n. The forest plots are dominated either by [§ifiaus
sylvestrisL.) or beech Fagus sylvatical.) on Cambisols (IUSS working group WRB, 2014heTgrassland plots are
meadows, pastures and mown pastures on Histodelgsd@ls and Cambisols.

2.2 Sampling and sample preparation

three grassland plots on 17 and 18 June 2014 wathinweekly 2 day sampling routine of above anibWweground water

samples in the DFEG priority programm “BiodiversiBxploratories”. Together we collected 27 samplastfe freezing

experiment including six throughfall (TF), five stow (SF), five forest litter leachate (LL) as Wwalk six top- and five

subsoil solution samples. Volume-weighted composit@ples for the experimewere produced from replicated samplers

of the same type (e.g. throughfall collectors, Ishalsuction cups) of one plot in “aged” 500L PE bottles. The bottles

were bi-weekly used in the field for the same sawsphfter washing in the dishwasher and with deemhiwater-TF was

sampled with funnel-type collectors (diameter Orh2polyethylene) 0.3n above soil surface. We pooled five replicates at

grassland and 20 replicates arranged in two life$0osamplers in a cross shaped form at foress.sif®@ minimize

16
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alterations of the sample and contamination suctvaporation, photo chemical reactions and algaedtty; the sampling
bottles were wrapped with aluminium foil and closeith a 1.6 mm polyester mesh and a table-tenrls $& was sampled
with sliced polyurethane hoses (diameter: 0.04 srg aollar sealed with a polyurethane-based gltketdark of three trees
per site at approximately 1% height and connected with a polypropylene (PR)alyethylene (PE) barrel via a PE tube.
LL was collected with three zero-tension lysimetees site (28@n? sampling area) consisting of polyvinyl chloridetels
covered with a PE net (mesh width Grim) connected with PE hoses to 2 L PE bottles dtorea box below ground. We
sampled soil solution with nylon membrane (0.45 psumtion cups (ecoTech, Germany). Three samplers imstalled
beneath the A horizon (Top) at approximately 10 depth. Another three were installed in the B hariZ&ub) in
approximately 50 cm depth in the forest plots aBd670 cm depth in the grassland sites. Suctigs eeere connected to 2
L PE bottles in an insulated aluminium box placat ia soil pit. Soil water was extracted by apgyamvacuum of 50 kPa
to the PE bottles with an electric pump after esanpling.

After mixing, the samples were transported on @éhe laboratory and stored overnight at 5°C. Wasue=d pH (Knick,
Germany) and electrical conductivity (WTW, Germaiypgll samples prior to filtration through ~ 0.Tglass microfiber
filters (Whatman GF/F). The filters were washedhwitO0O mL deionised water and 1L of sample before sample
filtration. The filtered sample was split in thrakquots for different preservation treatmentsnag) preservation (fresh) for
which samples were stored at 5°C in the dark andCD®@ncentrations were measured 24 h after samplinde
fluorescence as well as absorbance were measuthih W8 h; ii) preservation by freezing for whichet samples were
stored at -18°C for four weeks, and iii) fast-fiegzwith liquid nitrogen (M), for which 1 mL sample aliquots were filled in
pre-rinsed 1%nL (5 mL sample) PP falcon tubes, dipped in lignistogen for 3G and then stored at -18 for 42 days.
Fresh samples and samples frozen at -18°C weredstor20 ml PE scintillation vials (NeolLab) thatregre-rinsed with 5
ml sample before filling. Fluorescence, absorbaaegd DOC concentration from all frozen samples wasasured after
defrosting over night at 8 in the dark. For all preparation steps and mneats control samples of ultrapure water

(EVOQUA, Germany) were analyzegdhowing no release of DOM (DOC concentration &@M fluorescenck from

laboratory equipment.

2.3 Laboratory analysis

We measured the concentration of DOC as non-pulg@aganic carbon on a Shimadzu TOC-5050A (DuishGgymany)
with a limit of quantification of 2 meC L™. Absorption spectra of DOM were scanned at wawghefrom 400 to 600nm
using a Lambda 20 UV-vis spectrometer (Perkin EJrs$A) and a 1 cm quartz cuvette. Absorbance measemts were
baseline corrected using ultrapure water. All fesmence EEMs were measured on a Hitachi F-4500e8uence
spectrometer (Hitachi, Japan) directly after abSonpmeasurement in the same cuvette. We measwoiateon from 240
to 450 nm (5 nm steps) and emission from 300 to 68 (2 nm steps) with a slit width of Bm and scan speed 1200eh
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) usiMatlab (Version Matlab2011b, The MathWorks Inde used the
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supplies provided by the manufacturer for the eticih and emission correction factors. We measutedpure water
fluorescence spectra for blank correction and toved EEMs to Raman units by normalizing them te #énea under the
Raman peak at 350 nm excitation wavelength (Lawaetz Stedmon, 2009). In order to apply the innlggrficorrection of
Lakowicz (2006) integrated in the drEEM toolboX, aiquots were diluted with ultrapure water to @ste an absorption of
<0.3 at 254nm (Ohno, 2002). For this reason, not all treats)\@f one sample were diluted with the same ditufactor.
To test the possible influence of different dilumsoon the pH-related changes in fluorescence @Sateéntino et al., 2002;
Baker et al., 2007), dilution series with samples 14) from the same plots and same sample types bhtdifferent
sampling dates where measured for pH, absorptiah feuorescence according to the protocol describbdve. We
compared the differences of 31 dilutions and caleal the mean absolute deviation (MAD). These werapared to the
MAD of measurement precision, determined by anatydil samples in three replications. For the PARBFAmMponents
%C1, %C2 and %C3 and SUYA the MAD caused by dilution were less or equal than precision MAD, so that there
was no influence of dilution on the three humielidomponents and the specific UV absorbance atrzB4For %C4 and
HIX the effect of dilution could exceed the preeisiof fluorescence measurements. For detailedrimdtion see supporting

information.

2.4 Spectroscopic indices and PARAFAC modelling

Based on the absorbance spectra, we calculatedfispdtraviolet absorbance (SUVAs) as the absorbance at 254n
divided by the DOC concentration. The SUMAis reported in Img* m*, and is associated with bulk aromaticity
(Weishaar et al., 2003). Moreover, we calculatedhthmification index (HIX) from fluorescence EEM3Hhno, 2002). The
HIX ranges from 0 to 1 and allows characterizingngkes based on their degree of DOM humification.

In addition to the calculation of indices, we ugeatallel factor analysis (PARAFAC) to mathematigallecompose the
trilinear data of the EEMs into fluorescence comgraa of DOM (Stedmon et al., 2003). Further prezpssing steps of
EEMs (smoothing of Rayleigh and Raman scatter ardpte normalization), as well as the PARAFAC anialysere
conducted with the drEEM toolbox (version 2.0, Muypet al., 2013). We chose a four component PARARAGel
(components referred as C1-C4), visually checkedrémdomness of residuals and the component spkcdings, split-
half validated the model and generated the bebyfiandom initialization. For comparison in statial analysis we used the
relative percentage distribution of the four PARAEAomponents (% of the sum of total peak fluoreseeaf all
PARAFAC components), so that percentage valuethéocomponents will be given as %C1 to %C4.

2.5 Statistical analysis

The DOM composition variables used for statistiealalysis were the PARAFAC components %C1 %aC4, the
spectroscopic indices HIX and SUY# as well as the DOC concentration. For all siatiftanalysis the variables were

scaled and centred. We conducted a pair-wise (®mmpbk strata) permutational multivariate analydisvariance
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(PERMANOVA) with DOC concentrations of the fresh samples etfdased on Euclidean distances in R (Oksanen et al.,

2015; R core team, 2015). The adonis function vl uo assess the influence of sample prepardtiesh( frozen, fast-

freezing)and of the initial DOC concentratian DOM variables. To investigate preservation a@ffem single variables we

conducted linear mixed-effect models (sometimesedainulti-level models, Ime function, Linear and riinear Mixed
Effects Models package for R, Pinheiro et al., 204Bh samples as random intercept on each of @& Ocomposition
variables. These were used instead of simple limeatels or ANOVASs, since we could not expect thaeantercept for all

samples due to different sample concentratidnstest the influence of the initial DOC conceritvaton single preservation

treatments we performed Spearman Rank Order Ctomeldo assess the influence of sample type (TF, SF,Tidp or

Sub) on the relative change of DOM composition ttutast-freezing with liquid nitrogen or freezing-48°C in relation to
the measurement of fresh, cooled samples, we us@dN®VA with the sample type as fixed factor (aomtion in R). To
remove sample concentration-related effects amdlmulate relative changes, the differences betwleemwo preservations
(either fast-freezing or freezing at -18°C) relatito the measurements of fresh samples were ceddular each sample
before the ANOVA. This was only done for variabl&s, which we found strong, significant effects lwvithe linear mixed-

effect models.

3 Results
3.1 DOM concentrations

The samples covered a wide range of DOC concemtisa(iFig. 1a, b). Fresh TF samples showed the lbgegsentrations
ranging from 5 to 17 n@ L™, SF samples had the highest DOC concentratiorgngrirom 12 to 138 mg L™ (Fig. 1b).
High concentrations up to 75 @d-" were also found for LL samples, but average vaiuee smaller than for SF (Fig.
1b). In the mineral soil, concentrations decredsmah 13 to 124 mg L™ in topsoil samples to 9 to 47 @d-" in subsoil
samples.

We found a significant treatment effect (linear edxeffect models (Ime), p<0.05) on DOC concentratitnen comparing
the fresh and frozen samples (Fig. 1c). In 24 ofs@imples DOC concentrations decreased after fipe#tin18°C and
subsequent thawing, with an average change of mgBL™ or - 6% respectively. The maximum decrease that fmand
equalled - 6 mg L™ and - 25%, respectively. In contrast to freezihgl®8°C, fast-freezing with liquid nitrogen did not

result in significant changes (Ime, p>0.05) of D@@ncentrations (Fig. 1c)This different behaviour between normal

freezing and fast-freezing was also found for tifRience of the initial DOC concentration on chasgé DOM properties.

Only the -18°C treatment showed a significant catieh (Spearmans rank r = -0.447, p = 0.0194) catitig a larger

decrease of DOC concentrations due to freezingdoiples with higher initial DOC concentrations.
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3.2 PARAFAC fluorescence components

The analysis of fluorescence spectra using PARAFégLilted in four components that were characteramerding to the
review of Fellman et gl(2010) (Table 1). C1 exhibited its main excitatmaximum at <250 nm, a secondary maximum at
340 nm and an emission maximum at 480 nm and wearided as UVA humic-like fluorophore with a tetréd source
and a high molecular weight (Murphy et al., 200&d®on et al., 2003; Shutova et al., 2014; Felletaa., 2010). C2 had a
maximum excitation at 335 nm and an emission mawxinati 408 nm and was named also UVA humic-like,dagociated
with low molecular weight (Murphy et al., 2006; Fehn et al., 2010; Stedmon et al., 2003). C3 wde@ by an
excitation maximum at < 250 nm, a secondary maxinti®05 nm and an emission maximum at 438 nm. ddnsponent
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 tryptophiem-las its
fluorescence resembles free tryptophan. Theretbre,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, %@8ldad to increase from TF to Sub, whereas %C4 shawvedcreasing
trend (Fig. 2).

The conducted PERMANOVA was highly significant (p0<001), indicating that the preservation signifitya affects the

DOM composition.The interaction between treatment and initial DOC cotregion of the fresh treatment explains a

reasonable part of the variance €R0.14) and is highly significant (p < 0.001). Téfere the original DOC concentration of

the fresh sample well explains the variable stiewdthe treatment effect.

Similar changes in component distribution were fbais a consequence of freezing at -18°C and festifig with liquid

nitrogen (Fig. 3). We observed a significant (Ip€0.05) decrease in all samples for the relatigetfon of the humic-like
components %C1 and %C2 after freezing at -18°Cfastdfreezing compared to the fresh control samf#as 3a, b). The
contribution of %C1 to the total fluorescence dasesl on average by -3% with maximum changes offeB%eezing at -

18°C and -6% for fast-freezing with liquid nitrogérhe average decrease of %C2 was -3% and the maxi®% for both

treatments.

In contrast to %C1 and %C2, the share of %C3 tadta fluorescence intensity increased upon fregZFig. 3e, f). All

samples frozen at -18°C showed an increase inefhéve intensity of the %C3 signal, with an averagcrease of +6% for

both treatmentsFhe-maximum-inerease-was—+10%&C)and-+12%(M--The maximum increase was 10% (freezing at -
18°C) and 12% (freezing with liquid N No significant effects of sample preservation (Impe0.05) were found for %C4,

the protein-like-component (Fig. 3g, h).
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3.3 Aromaticity and humification index

We found SUVAs,values ranging from 1.1 L rifign™ up to 4.5 L mg m™ for fresh samples (Fig. 4a, b). Samples frozen at
-18°C and fast-frozen samples showed a significarease (Ime, p<0.05) of their SUVA (Fig. 4¢). The average change
was +0.4 L mg m*equivalent to +20% for samples frozen at -18°C #0& L mg* m™ equivalent to +24% for samples
that were fast-frozen with liquid nitrogen.

The humification index of the freshly measured siampanged from 0.806 to 0.931 in TF and SF sangidsrom 0.849 to
0.975 for Sub, Top and LL samples (Fig. 5a, b).fdlend a significant decrease (Ime, p<0.05) of tth& When 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% #onples fast-frozen with liquid nitrogen. The maximdecrease was -
0.128 or -15% for -18°C samples and -0.076 or -884iquid nitrogen samples (Fig. 5 c, d, e, f).

4 Discussion

We found that freezing at -18°C significantly reddcDOC concentrations across all sample types that the effect is

higher with higher initial DOC concentratiariBhis is in line with results of Fellman et al0@B) investigating the effect of
freezing and thawing on Alaskan stream water sasnflhis loss of DOC concentration might be duedgregation and

irreversible particle formation (Giesy and Brie$878) induced by partitioning and concentratioret during the freezing
process (Belzile et al., 2002; Xue et al., 2015fekd, our results indicated that fast-freezindhiuid nitrogen can

prevent significant reductions bfilk DO
were-less-affected-than-during-freezitgl®8°C. for samples with a large range of DOM concentration

In contrast to effects on DOC concentrations, wanébsimilar significant effects of fast-freezing &ell 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 SU¥WAvalues indicates a stronger removal of non-araf2®M during freezing and

thawing. On the other hand, the decrease in the $llgests a preferential removal of humified cDGDhe potential
explanation for the fact that fast-freezing in ljmitrogen resulted in significant changes of D@WMbrescence properties,
but only small changes of bulk DOC concentratiassthat cDOM reacted stronger to freezing and thagwthan the
remaining DOM so that spectroscopic properties vedfected, but bulk DOC concentrations were nostFaeezing may
have failed to prevent changes of cDOM compositiesause i) cDOM changes occurred not only durirggfthezing
process (-18°C or -196°C in liquid nitrogen), blsgoain frozen state at -18°C in the freezer dustarage or ii) cDOM was
affected by the thawing process that was identionlboth freezing treatments. The fommemight be supported by a
recrystallisation of ice crystals in frozen stdteyet, 1967; Meryman, 2007).

No significant changes of protein-like fluoresceli#€C4) due to freezing and thawing were observéis iB in contrast to

| the results of Spencer et al. (20@nd Santos et al. (201@yhich could be related to similar fluorescencarebteristics, but
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different chemical composition of proteinaceousfscence material from aquatic sources and thicos from terrestrial
ecosystems tested in this study.

In our experiment we used relative small sanvolemes (fresh, -18°C: 20 mL,,N12 mL) because we commonly keep the

volume that is stored frozen as small as possibke td space limitations in deep freezers. We thirdt increasing the

volume of samples that are subjected to freezisq alcreases the risk of artifacts, because ofasing concentration

effects due to extended freezing time.

5 Conclusion

Freezing and thawing affected the DOC concentratipectral absorption and fluorescence propertiesaber samples
(throughfall, litter leachate and soil solutionprn different terrestrial ecosystems (grasslandsfaresbts). In contrasfast-
freezing with liquid nitrogen minimized the changefsbulk DOC concentrations but not the changespEctroscopic
cDOM properties. Different thawing protocols formmizing sample storage effects on DOM should ket in future

studies. We suggest the use of fast-freezing fesgnwation of bulk DOC concentratiorespecially for higly_concentrated

samples, when the increased effort and cost ofgusiuid nitrogen in the field is justified by advwages regarding the

minimization of freezing artefacts. To preserve dDCharacteristics of samples from terrestrial searmormal freezing or

fast-freezing should be avoide

eh%aetensﬂes—e‘samples—ﬁrem—te%smal—seumdastead filtration, cooling and measurements safter the sampling

should be the method of choice, if possible.
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Tables

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

Component Maximum exitation ~ Maximum emission
wavelength(EXa) wavelength (EMay

(nm) (nm)
C1 <250 (340) 480
C2 335 408
C3 <250 (305) 438
C4 280 328
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Description

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

tryptophan-like
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Figure captions

Figure 1: Absolute DOC concentrations (measurefiesh samples) and changes of DOC concentratidas faéezing (-
18°C) and fast-freezing with liquid nitrogen; a,ec,all samples (n= 27); b, d, . ordered by santgbe (throughfall (TF)
n=6, stemflow (SF) n=5, litter leachate (LL) n=6ptsoilsolution (Top) n=6, sub-soilsolution (SuxB); gray dashed line:
analytical reproducibility; *** significant changdfinear 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-fiegzavith liquid
nitrogen; a, c, e, g: all samples (n=27); b, dy §rdered by sample type (throughfall (TF) n=6npdtew (SF) n=5, litter
leachate (LL) n=5, top soilsolution (Top) n=6, sdilsolution (Sub) n=5); gray dashed line: anabjitieproducibility; ***

significant changes (linear mixed models (Ime), 5) ;Boxplots: solid line: median, dashed line:ame

Figure 4: Absolute values (measured in fresh sash@lad changes of SUVA254 after freezing (-18°QJ &ast-freezing
with liquid nitrogen; a, c, e: all samples (n= 2[@);d, f: ordered by sample type (throughfall (TEpB, stemflow (SF) n=5,
litter leachate (LL) n=5, top soilsolution (Top) &i=sub-soilsolution (Sub) n=5); gray dashed limalgtical reproducibility;

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

Figure 5: Absolute values (measured in fresh sashad changes of HIX after freezing (-18°C) arst-feeezing with
liquid nitrogen; a, c, e: all samples (n= 27); bf:cbrdered 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: anabjitieproducibility; ***

significant changes (linear mixed models (Ime), 5y, Boxplots: solid line: median, dashed line:ame

28



Figures

& (1] B :
@ ] (] ] -
& 1 . :
= T (1] [T :
B | _ | -

= 11 T ] 1

g | " _ - -
Bir T 11 [T ] T :
i m 1] 1] :
- il - :
1 I ee | oo [T 14 o |
e {11 1= o ﬂm_u]_. o HIIHe o}
8 $§ 8 8 8 8 ¢ TEEBEg THE 8 € © &2 8§ §

(;-1.6w) o0@°

(;-1.Bw) 00Q ebueyd

(%) 00Q ebueyn

Figurel

TF SF LL Top Sub

All

29



3] (L] ]
" ol = |00 i
g (1] 1]
h Ll (1] [T
" | _ | -
R - I T
| | _ | T[]
"1 15 T 17 [T ] T
=11 10 -
- H [ ]
= o H{I+— oo | oo {T e o
< | o o _|! o ® _Iu_.nm_“_|_l . L LHDL . o

A_‘-._ Bw) uonenuesuo0d HOJg

;-1 Buw) 2u00 50Q W 2bueyn

(%) *0u02 9OQ U ebueyd

-30

TE SF . Top Sub

All

30



50 50
2%C1 %C2
40 - X 40
30 4 30
R 1 -
20 1 20
10 4 10 1
0 0
50 50
%C3 %C4
40 4 -[ 40
30 - T 30 4
=
20 4 20
T
10 A 10
: i 0 i =
TF SF LL Top Sub TF SF LL Top Sub
Figure 2

31




SF LL Top Sub

TF

"sE LWL Top

"TF

AL

c

ei—{ T

Al

b G @ b L @

10% @beuyd

[ ]
0
dedede  |deded
24
-4 4
84
[ ]

-8 4

Z0% 8bueyn

£0% 9bueyd

2
04
2

¥0% @bueyd

Sub

Figure 3

32



SF LL Top Sub

TF

I fresh

T 1 [T
[T L] 1

All

o0 _|mDH_H_I.T . » . F—{T ] Je
eo | [IL——$ o 'y O_M_HEH_.l_io . e T TH»

© o [H)
- o N - o o o w o uo 9 2o 9 9 9 2 @ © o
(|-w,, Bw,7) ¥Seyans
e (,-W, Bui,) PS2yANg obueys (%) PS2vANS Bueyd

Sub
33

TF SF LL Top

All

Figure 4



All TF SF LL Top Sub

1100 1 1 1 1 1 1 1 1 1 1 1 1
a
098 -
0,96 -
094 -
092 -
> 090
T 088
0,86 1
0,84 -
OR2 1 [ fresh
res
ogo{ ®
Cc
[ ]
0,05 - .
- ® ’_l U
= 000 *@*i . Ll = M
(]
2 0054 —
o - .
4 e
0101 o ] = -18°C
 — P
®
o
[ ]
5
[ ]
[ ]
I = F’ 1
g 04 p - s BEE Bl e
x Izl = ] ﬁ =50H E
T
o Y1 =
g s
S 101
. -
-15 4
2L < - - - .
All TF SF Ll Top Sub
Figure 5

34



