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Résumé

Production et devenir des matieres organiques dissoutes dans les hydrosystemes
faiblement anthropises.

Les matieres organiques dissoutes (MOD) constituent un paramétre essentiel de la
qualité des milieux aquatiques et du fonctionnement des écosystémes. La production de MOD
dans les sols et leur devenir lors de leur transfert dans les bassins versants ont été étudiés au
cours d’expérimentation réalisées a différentes échelles, du microcosme de sol au bassin
versant, a 1’aide du tracage isotopique des formes stables du carbone (5'°C). A I'échelle du
bassin versant, nous avons mis en évidence le role des zones humides dans la formation du
carbone organique dissous (COD). Lors d’événement de crues nous avons néanmoins observé
la mobilisation de plusieurs sources de COD pour alimenter les rivieres. Au cours
d’expérimentations de laboratoire, nous avons démontré que le type d’essence forestiere
influence le devenir du carbone extractible a I’eau contenu dans les sols. La substitution de
foréts natives par des plantations de Douglas diminue les apports de carbone dans le sol et les
vitesses de minéralisation du carbone organique du sol lesquelles dépendent aussi de la
température. Pourtant, I’évolution du carbone extractible a 1’eau des sols de forét,
conditionnée par le type d’essences, ne dépend ni des vitesses de minéralisation du carbone ni
de la température. Nous avons donc conclu que dans les horizons de surface des sols
forestiers, le COD ne provient pas principalement de la décomposition de la matiére
organique du sol mais de la végétation par 1’intermédiaire des lessivats de liticre.

Mots clés : matiére organique dissoute, carbone organique dissous, carbone organique extractible,
enrésinement, solution de sol, minéralisation, **C, eau des rivieres

Abstract
Production and fate of dissolved organic matter in ecosystems with low human impact.

Dissolved organic matter (DOM) is an essential parameter of quality and aquatic
ecosystem functioning. The production of DOM in soils and its fate as it moves through the
catchment were studied during experiments conducted at different scales, from the soil
microcosm to the catchment, using natural abundance tracing of stable carbon isotopes (5'°C).
At the catchment scale, we highlighted the role of wetlands in the formation of dissolved
organic carbon (DOC). During discharge events we nevertheless observed the mobilisation of
several sources of DOC to feed rivers. During laboratory experiments, we demonstrated that
forest type influences the fate of water extractable organic carbon content in soil. The
substitution of native forests by Douglas plantations reduces carbon inputs into the soil and
mineralisation rates of soil organic carbon, which also depend on temperature. However, the
water extractable organic carbon content of forest soils, which is influenced by the forest type,
depends neither on carbon mineralisation rate nor temperature. We have therefore concluded
that in the surface horizons of forest soils, the DOC mainly originates, not from the
decomposition of soil organic matter but rather, from the vegetation via litter leachate.

Key words: dissolved organic matter, dissolved organic carbon, extractable organic carbon, land use
change, soil solution, mineralisation, 3¢ stream water
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A D'interface entre 1’eau et le sol, les maticres organiques dissoutes (MOD) constituent
un parametre essentiel du fonctionnement des écosystémes et de la qualité des milieux
aquatiques ou elles assurent de nombreuses fonctions. Au niveau des sols, les MOD
représentent un substrat et une source de carbone pour les micro-organismes (Marschner and
Kalbitz 2003; Maurice et al. 2002). La mobilité des polluants dans le systéme sol-eau est aussi
affectée par la présence de MOD qui permettent le transfert sous forme de complexes
organiques de composés réputés peu mobiles comme les éléments traces métalliques ou les
composés organiques hydrophobes (Kalbitz and Wennrich 1998; Piccolo 1994; Zsolnay
1996). Les MOD ont également un réle dans les milieux aquatiques ou elles filtrent le
rayonnement solaire, atténuent la pénétration des UV et se trouvent partiellement
transformées au cours de réactions photochimiques (Dahlén et al. 1996; Zuo and Jones 1997).
Enfin, les MOD sont un élément incontournable du cycle biogéochimique du carbone. C'est
sous cette forme que le carbone organique dissous (COD), représentant environ la moitié du
poids des MOD (Buckingham et al. 2008), est transféré par les riviéres et les fleuves vers les
océans, constituant ainsi environ 30% des apports annuels mondiaux de carbone aux océans
(Ludwig et al. 1996a; Ludwig et al. 1996b). Le COD est le produit de la décomposition des
MOD dans les sols et est constitu¢ d’une large gamme de molécules, allant des simples acides
et sucres aux substances humiques complexes. Les quantités et la nature du COD dans les
solutions de sol résultent de divers mécanismes de production, de dégradation et de transport.
La production et la dégradation sont largement influencées par les conditions
environnementales comme le climat, la production primaire et la nature de la communauté
microbienne (Kalbitz et al. 2000; Maurice et al. 2002). L’augmentation depuis une vingtaine
d’année des concentrations en COD mesurées dans les environnements aquatiques (Morel
2009) est un enjeu écologique majeur. C'est pourquoi de nombreux travaux scientifiques ont
été réalisés ces vingt derniéres années afin d'étudier I'origine, le devenir et les propriétés des

MOD dans I'environnement.

Dans le Morvan, les études sur le sujet sont récentes, peu nombreuses, (Amiotte-
Suchet 2000; Amiotte-Suchet and Andreux 2003; 2004) avec pour principal objectif
d'améliorer notre connaissance concernant les relations entre les écosystemes forestiers et la

qualité des sols et des eaux. Elles ont permis, entre autre, de mieux caractériser les propriétés
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des MOD dans les solutions naturelles et de développer des approches et des outils originaux,
comme [’utilisation de Ioutil isotopique (*C/**C) (Amiotte-Suchet et al. 2007; Linglois
2003). Cette thése poursuit la démarche initiée en 2000 avec la these de Nathalie Linglois
(Linglois 2003) sur la relation entre la physico-chimie des caux d’écoulement et I’occupation
des sols dans le Bas-Morvan granitique. Ce travail avait notamment mis en évidence 1’effet
des substitutions de feuillus par des résineux sur les caractéristiques des MOD. L’étude avait
aussi montré la pertinence de 1’approche isotopique (**C/*?C) dans la détermination des
sources de MOD en liaison avec la dynamique de dégradation des matiéres organiques des
sols (Amiotte-Suchet et al. 2007). Ainsi, la nature de I'occupation du sol (résineux vs feuillus),
parce qu'elle influence la dégradation des matiéres organiques dans les sols, marque
difféeremment les MOD : sous résineux les MOD dans les solutions naturelles (solutions du
sol, ruisseaux) seraient moins transformées et moins abondantes que sous feuillus (Amiotte-
Suchet et al. 2007; Linglois et al. 2000). Ce résultat a son importance quand on sait que
depuis 1950, chaque année les surfaces boisées augmentent de prés de 30 000 ha et que la
principale essence replantée est résineuse. L’introduction du Douglas, essence résineuse
américaine de reboisement qui s’est particulierement bien adaptée aux conditions
morvandelles, fait du Morvan la premiére région productrice en France avec une prévision
d’augmentation progressive de la production de pres de 300 % d’ici 2030 (Parc Naturel
Régional du Morvan). 11 est important de souligner que cette pratique d’enrésinement n’est
pas typique du la region morvandelle. Des essences arborées a croissance rapide ont été
introduites dans toutes 1’Europe, comme en Espagne, en Europe de I’Est et en Europe

occidentales (Linglois 2003).

Le Morvan granitique et plus particulierement le bassin versant du Cousin et les
bassins amont de I’Yonne et de la Cure ont été choisis pour cette ¢tude. En effet, les eaux
drainent des zones favorables a la production de MOD, d’une grande homogénéité morpho-
climatique, dont I’occupation du sol est dominée par des foréts et des zones humides reposant
sur un substrat granitique acide et soumis a un climat frais et humide. Deuxiémement, la forét
climax constituée de feuillus (chénaie-hétraie) a été marquée par un enrésinement
essentiellement sous forme de peuplement de Douglas au cours des 50 derniéres années et les
substitutions d’essences feuillus/résineux affectent de fagon significative la physico-chimie
des eaux, y compris les MOD en qualité et en quantité (Linglois 2003). De plus, les teneurs en
matieres organiques et en MOD dans les sols forestiers sont parmi les plus élevées si 1’on

compare aux terres agricoles et aux prairies (Chantigny 2003) et ainsi I’impact de ces sols sur
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les flux exportés devrait donc étre tres fort. A I’exception des questions de substitutions
d’essences, la pression anthropique est faible. Les zones urbanisées représentent une
proportion inférieure a 2% de 1’occupation du territoire pour les bassins versants étudiés. Les
eaux d’écoulement sont de ce fait de trés bonne qualité et constituent des masses d’eau de
référence a préserver tant dans le cadre de la Directive Cadre sur I’Eau qu’au niveau régional.
Cette qualité reste cependant fragile dans un contexte de sols acides comportant en plusieurs
secteurs de fortes teneurs naturelles en ¢léments traces métalliques comme le plomb, 1’arsenic
ou le cadmium, l’influence des MOD sur les transferts de ces éléments dans les
hydrosystéemes restant une question de premier plan par rapport a la gestion de la ressource en
eau. Et dernier point non négligeable, le site expérimental de la forét de Breuil-Chenue,
appartenant a ’ORE ECOFOR et géré par l'unité de Biogéochimie des Ecosystemes
Forestiers de I’'INRA de Nancy, se trouve dans cette région et va constituer une base
opérationnelle de choix pour notre approche tout comme la tourbiére de Montbé qui a fait

I’objet d’un suivi par le Parc Naturel Régional du Morvan.

Le principal objectif de ce travail est d’améliorer nos connaissances sur les
mécanismes de production et de transfert des MOD dans les hydro-écosystemes faiblement
anthropisés des régions tempérées en ayant comme atout le contexte de changement de
couvert forestier. Il s’agira d’évaluer ou de mesurer quelles quantités de MOD transitent par
I’hydro-systeme, quelles en sont leurs origines et comment elles sont produites puis
dégradées. Nous nous intéresserons particulierement aux mécanismes producteurs,
essentiellement liés a la dégradation des matiéres organiques, ainsi qu’a I’influence des
changements d’occupation du sol et des conditions climatiques sur la quantité mais aussi la

qualité des MOD produites.

Afin de répondre a nos objectifs, trois systéemes producteurs seront etudiés en
parallele : un sol forestier sous peuplement de feuillus, un sol forestier sous peuplement de
résineux et un sol hydromorphe de zone humide. Nous procéderons a un suivi annuel des
guantités de COD dans les solutions de sol et les eaux de nappes libres. Nous mettrons aussi
en place une expérimentation en laboratoire afin d’isoler et de maitriser les paramétres
climatiques (température, précipitation, humidité), ceci dans le but d’étudier plus précisément
I’impact des différents couverts forestiers sur les concentrations et flux de COD dans les

bassins versants. Enfin, a une plus large échelle spatiale, les exportations de COD par les eaux
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d’écoulement seront quantifiées puis mises en relation avec 1’occupation des sols dans Six

bassins versants dont I’occupation du sol est dominée par ces trois systemes producteurs.

Les questions majeures auxquelles nous tenterons d’apporter une réponse dans cette

étude sont :

- Quelles sont les sources de MOD dans I'environnement ? Quels sont les mécanismes
producteurs ?

- Les propriétés des MOD sont-elles reliées a I'occupation du sol, a la dynamique de
dégradation des matiéres organiques dans le sol ? Quelle est alors l'influence des
substitutions d'essences ?

- Comment les MOD sont dégradées au cours de leur transport dans I'hydro-systéme ? Ces
transformations affectent-elles leurs propriétés, notamment en termes de transfert de

polluants ?

Cette these est organisée en quatre chapitres. Le premier présente une synthése
bibliographique en anglais résumant 1’état des connaissances sur les systémes producteurs de
MOD ainsi que sur les facteurs pouvant influencer les quantités produites et transférées. Les
aspects méthodologiques seront aussi développés. Les trois chapitres suivant sont écris sous la
forme d’articles. Le deuxiéme chapitre, écrit en anglais, étudie la variabilité saisonniére et
spatiale des concentrations en COD dans 5 bassins versant du Morvan granitique et tente d’en
établir les causes a I’échelle de ces basins versants de tailles comprises entre 50 et 350 km?
Le troisieme chapitre traite de trois systémes potentiellement producteurs de COD : une forét
de TSF, une forét de Douglas et une zone humide. Nous mettrons en paralléle les
concentrations et flux de COD mesurés et calculés au cours d’une année de prélévement.
Enfin, le quatrieme et dernier chapitre écrit sous la forme d’un article publié dans la revue
internationale Plant and Soil, présente et analyse les résultats issus d’une incubation de sol. Il
montre les relations entre la température, le couvert forestier et les quantités et qualités du

COD extractible a I’eau retrouvé dans les sols.
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Chapitre 1

Literature review: production and transfer of
dissolved organic matter in  continental

environments.

*k*k

1. Role of DOC in the environment

At the interface between water and soil, dissolved organic matter (DOM) is an
important and dynamic fraction of soil organic matter (SOM). Taking into account DOM
movement through soils is essential to understand the distribution and stabilisation of soil
carbon as well as the activity of microorganisms within soil profiles (McDowell and Wood
1984; Trumbore et al. 1992). DOM includes dissolved organic forms of carbon (DOC),
nitrogen (DON) and phosphorus (DOP) (Michalzik et al. 2001). Many of the studies of DOM
sources, transport and fate have focused on DOC. Recently, increasing attention has been paid
to the dynamics of DOC, DON and DOP (Mattsson et al. 2009; Stutter et al. 2008). DOM’s
significance is largely due to its mobility, both within the soil and from the soil into
groundwater or surface water bodies. At a soil scale, DOM serves as a substrate and carbon
(C) source for microorganisms (Marschner and Kalbitz 2003; Maurice and Leff 2002; Neff
and Asner 2001). DOM is also a significant source of carbon and energy in stream ecosystems
(Ludwig et al. 1996a; Ludwig et al. 1996b; Maurice and Leff 2002; Tipping et al. 1997) and it
filters solar UV and visible radiation (Dahlén et al. 1996; Zuo and Jones 1997). DOM also
enhances the mobility of pollutants such as trace metals and hydrophobic organic compounds
(Cabaniss and Shuman 1988; Piccolo 1994). The organic acids present in DOM can act as
chelating agents, which enhance the mobilisation of toxic heavy metals (Kalbitz and Kaiser
2003). In addition, DOM forms a critical link in the biogeochemical cycling of carbon,
nitrogen and phosphorus, which are the basis of all life and which regulate climate. DOM is a
vector for the loss of C, N, and P from ecosystems. Over long time scales, small but
consistent losses of DOM containing limiting or essential elements can reduce the capacity of

ecosystems to support primary productivity (Hedin et al. 1995; Vitousek et al. 1998).

29



Chapitre 1

DOC fluxes are an important component of the biogeochemistry of terrestrial
ecosystems (Figure 1-1). DOC comprises about 20 to 25% of the 1 x 10*° g of carbon that is
annually transferred by rivers from the continents to the oceans (Ludwig et al. 1998; Ludwig
et al. 1996a; Ludwig et al. 1996b; Meybeck 1993). Jobbagy and Jackson (2000) estimate that
carbon stored in the upper metre of mineral soils is around 1.5 x 10*° kg, which is about twice
the amount in the atmosphere. DOC mainly comes from the degradation of organic matter in
the soil (Bishop and Pettersson 1996; Hongve 1999; Ludwig et al. 1996a; Ludwig et al.
1996b) and, to a lesser degree, from the contribution of biological processes arising in the
stream (Meybeck 1993). DOC fluxes in soils are several times larger than stream DOC fluxes,
and in some cases soluble C transport from terrestrial environments represents a substantial
component of the ecosystem C balance (Kling et al. 1991; Waddington and Roulet 1997).
DOC transfer is influenced by climate (Moore 1989a; b; Tipping et al. 1997; Worrall et al.
2004), soil type (Dawson et al. 2001; Grieve and Marsden 2001), vegetation cover (Hongve
1999; Moore 1989a; b; Neal et al. 2005; Ross et al. 1999) and microbial activity (Aiken et al.
1985).

2. Definition

The easiest way to estimate DOM concentration is to measure DOC concentrations.
The boundaries between dissolved, colloidal and particulate organic matter are not well
defined. As described by Baldock and Nelson (2000) “the term ‘dissolved’ refers to materials
in solution that do not settle out under the influence of gravity. The definitions are usually
made operationally. DOC is generally defined as organic carbon that has passed through a
particular suction cup or filter or that occurs in the supernatant after centrifuging a soil
suspension at a given relative centrifugal force for a given period.” Filtration pore sizes are
usually 0.2-0.45 pum, but other pore sizes have been used, from 0.2 um up to 1.2 um, and even
up to 25 um (Bolan et al. 2004; Michalzik et al. 2001). Filtration separates the particulate
organic fraction which is retained by filters and the dissolved fraction which passes through
the filter (Figure 1-2). Grossman and Udluft (1991) added that “these operational parameters
should be clearly stated in discussions of DOC in soil, and it is important to note that

processes such as adsorption onto or clogging of filters or suction cups may significantly
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influence the nature and amount of material obtained”. In soil studies the term, ‘water soluble
organic matter’ (WSOM) or ‘water extractable organic matter’ (WEOM) is also used. These
terms represent the fraction of the SOM extracted with water or dilute salt solution that has
passed through a 0.45 um filter (Zsolnay 2003).
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Figure I-1: DOC as an element of the carbon cycle (Schimel et al. 1995). Stocks and

fluxes are respectively expressed in GtC and GtC. a™.

The chemical structure of soil DOC is complex and varied (Baldock and Nelson
2000). Molecular weight ranges from a few hundred to several hundred thousand daltons
(Homann and Crigal 1992). Simple compounds and easily identified structures include
carbohydrates, lignin, lipids, hydrocarbons, polyphenolic compounds, and amino, aliphatic
and aromatic acids (Stevenson 1994). Complex materials that are not easily identified are
commonly referred to as humic substances, most of which can be classified as fulvic acids
because they remain dissolved at low pH (pH<2) (Figure I-2). They have a large molecular
weight (>500 Da) and are elaborated by soil and water microorganisms.
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Figure 1-2: Particle size distribution and molecular weight of the main components of

organic matter in natural waters (Petitjean et al. 2004).

3. DOC in forest and agricultural soils

3.1. Sources and sinks

DOC originates mainly from the decomposition of SOM that has accumulated through
vegetation and the addition of waste materials, the release of root exudates, and the lysis of
microorganisms and plant litter (Bolan et al. 2004). Microbial uptake, decomposition and
mineralisation are the major mechanisms determining the concentration and nature of DOC.
The addition of biological waste materials, such as livestock manure and sewage sludge
increases the concentration of DOC in soils (Bolan et al. 2004). Biological waste materials act
as a direct source of DOC, especially after decomposition, or enhance the solubilisation of the
SOM. DOC is lost through biological uptake, mineralisation, sorption, precipitation and as
leachate into surface water courses or groundwater (Baldock and Nelson 2000). The sources
and the sinks of DOC in soils are presented in Figure I-3. Most soil DOC is the final product

of microbial metabolism of organic residues and fresh litter (Bolan et al. 2004).
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Figure 1-3: Sources and sinks of DOM in soils (Bolan et al., 2004) (Sources: 1.
Throughfall; 2. Root exudates; 3. Microbial lysis; 4. Humification; 5. Litter and root
decomposition; 6. Organic amendments. Sinks: 7. Microbial degradation; 8. Microbial
assimilation; 9. Lateral flow; 10. Sorption; 11. Leaching).

Carbon at the soil surface, originating from litterfall, can be incorporated into the
mineral horizons by leaching of DOC and/or biological and physical mixing. In addition,
carbon is added directly to the mineral horizons via root exudation and root death. DOC
leaching is a significant means of transporting carbon into the mineral soil (Michalzik et al.
2003). Sanderman and Amundson (2008) found that DOC movement into the mineral soil
constitutes 22% of the annual C inputs below 40 cm in a Californian coniferous forest,
whereas only 2% of the C inputs below 20cm in a prairie soil could be accounted for by DOC
leaching. The relative importance of DOC compared with direct root inputs and biogenic
mixing in redistributing carbon within the soil profile depends on several factors. These
include climate (amount and timing of rainfall), soil structure/texture, nutrient status and pH,

and vegetation type, which determines root distribution and litter quality. In forest soils, litter
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and throughfall are the major source of DOC while in agricultural soils plant residues are the
major source of DOC (Bolan et al. 2004). In forest soils, DOC represents a significant
proportion of the total carbon stock: for a test case, DOC contributed to 25 % of the total soil
profile carbon, whereas roots provided the remainder (Liu et al. 2002; Neff and Asner 2001).
Liu et al. (2002) calculated the total carbon budgets of Ontario's forest ecosystems to be 12.65
x 10%g, including 1.70 x 10%g in living biomass and 10.95 x 10™°g in DOM and soil.
Grasslands are commonly assumed to be dominated by direct root inputs (Jackson et al.
1996). In contrast, coniferous forests produce higher fractions of C inputs as annual litter fall,

and fine roots are concentrated in the litter or in the near soil layers (Uselman et al. 2007).

Don and Kalbitz (2005) showed that the biodegradability of DOC from fresh litter was
higher than from degraded litter. In their experiment, the biodegradability of DOC from fresh
litter range from 30 to 95% mineralized carbon and DOC from degraded litter was on average
34% less mineralisable than DOC from fresh litter.

3.2. Spatial distribution

Concentrations of DOC clearly decrease from the A horizon to the C horizon (Figure
I-4). This fast decrease of organic matter with depth is due to the fact that the inputs of
organic matter arrive directly from the surface as shown in Figure I-3. In a review based on 42
North American and European forest ecosystem studies, Michalzik et al. (2001) compiled
DOC concentrations for throughfall, Oa leachates (Oa = humic layer) and soil solution from
A horizons which represent the transitional zone between the C-rich forest floor and the
deeper mineral soil and B horizons. In throughfall solutions, mean annual concentrations of
DOC ranged between 3 and 35 mg I*. Mean annual concentrations of DOC in solutions of the
Oa layer ranged between 20 and 90 mg I'. Nelson et al. (1993) measured high DOC
concentration of 182 mg I in O horizon leachate in forest soils from Victoria, Australia.
Concentration of DOC typically ranges from 0-50 mg I in surface and litter horizons
(McDowell and Likens 1988). In the A horizon, concentrations of DOC were highly variable,
and ranged from 18 to 75 mg I}, which was similar to DOC concentrations in Oa leachates. In
the B horizons, DOC concentrations varied between 2 and 35 mg I or less and in C horizons
they ranged from 0.5 to 5 mg 1™ (McDowell and Likens 1988).

34



Chapitre 1

3.3. Transport and fluxes

Only few data are available on fluxes of DOC in the upper layers of the forest floor
(Oi = litter and Oe = fermented layer) and in the A horizon. In their review, Michalzik et al.
(2001) also compiled DOC fluxes, which ranged from 40 to 160 kg DOC ha™ y* in
throughfall and 100 to 400 kg ha™ y™through the Oa horizon (Figure 1-4). Neff and Asner
(2001) reviewed further data, and quoted a range of 20 to 840 kg ha™ y* for DOC fluxes
through soils under a variety of vegetation cover, although mostly eucalyptus, coniferous and
deciduous forest. Monitoring 21 sites during the period 2000-2006, Buckingham et al. (2008)
also found DOC fluxes ranging from 22 to 222 kg ha™ y* with a mean of 111 (+ 57) for
moorland sites, from 13 to 163 kg ha™ y™ with a mean of 85 (+ 47) for forest sites and from
281 to 435 kg ha™ y™* with a mean and standard deviation of 350 (+ 88) for peat bog sites at
10 and 15 cm depth. Fluxes decreased rapidly from the forest floor to the A horizon, where
they were within the range of those in B and C horizons. DOC fluxes leaving the B horizons
of these soils were often one or two orders of magnitude lower than in the O horizon and
range between 10 to 200 kg ha™ y™* (Michalzik et al. 2001). Both recent litter and humified
organic matter contribute significantly to the leaching of DOM from the O horizon (Fréberg
et al. 2005; Sanderman et al. 2008). Froberg et al. (2005) noticed a removal of DOC from the
Oi and Oe horizons and a substantial production of DOC in the Oa horizon. DOC leaving the
Oe horizon to a large extent had its origin within the Oe horizon itself (Froberg et al. 2003).
The Oi, Oe and Oa horizons contributed respectively approximately 20, 30 and 50% to the
overall leaching of DOC from the O layer (Fréberg et al. 2003; Froberg et al. 2005). DOC in
mineral soil is not simply the fraction of surficial leachates that have not been adsorbed or
decomposed. Rather, exchange reactions with a portion of the more stabilised SOM pool exert
the strongest control on both the concentration and composition of DOC found in these soils
(Sanderman et al. 2008). DOC leaching plays a significant role in transporting carbon from

surface horizons and stabilising it within the mineral soil.

Processes of adsorption/desorption and dissolution/precipitation are governed by the
nature and concentration of DOC as well as other solutes, pH and the nature of the solid phase
material (Kalbitz et al. 2005). Sorption is greatest at low pH. Large or hydrophobic molecules
are preferentially adsorbed compared to small or hydrophilic molecules (Kaiser et al. 1996).
In soils with high specific surface area or high clay content, concentrations of DOC are kept
low by adsorption of organic molecules onto mineral surfaces (Nelson et al. 1993). DOC
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concentrations are kept low because organic complexes of multivalent cations do not ionise
readily and are of relatively low solubility where multivalent cations (Fe, Al, Ca) are
abundant. In soils with low specific surface area or in soils with a high proportion of
monovalent cations, a higher proportion of organic carbon tends to be dissolved (Nelson and
Oades 1998).
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Figure 1-4: Concentrations and fluxes of DOC in temperate forest ecosystems
(Michalzik et al. 2001) (a) Mean annual concentrations of DOC and (b) annual fluxes of
DOC along a vertical profile (bulk = bulk precipitation; TF = throughfall precipitation;
Oi = litter, Oe = fermented, Oa = humic layer; A, B and C = horizons of the mineral

soil).

3.4. Factors controlling DOC concentration and quality

Factors controlling DOC fluxes, concentration and quality are important for
understanding the role of the soil in a number of local and global biogeochemical processes.
Natural factors such as vegetation cover, microbial activity and climate (temperature,
precipitation, and soil moisture) all influence the amount and nature of DOC in soils as do
management factors such as acidification, tillage and application of fertilizer, lime, or manure
(Herbert and Bertsch 1995).
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3.4.1. Vegetation and soil microbial activity

The vegetation cover and the activity of soil microorganisms and fauna and their
ability to mix these residues into the surface mineral horizons (Baldock and Nelson 2000) are
important parameters controlling DOC concentration and quality. In a laboratory experiment,
Khomutova et al. (2000) found that soils under coniferous forest produced more DOC than
deciduous forest, which produced more DOC than pasture. They related the difference of
DOC production to the nature of carbon compounds in the original residues. The residues
from the coniferous forest were found to contain high levels of easily oxidisable organic
components. Kaiser et al. (2001a) showed contrasting results, with an increase of DOC in
summer slightly more pronounced at a beech site than at a pine site. Sanderman and
Amundson (2008) studied DOC transport and stabilisation in forest and grassland soils.
Results showed a difference between the two ecosystems, with DOC movement into the

mineral soil higher in the coniferous forest than in the grassland.

3.4.2. Climate (temperature, precipitation and moisture)

In most temperate forest ecosystems, litter fall peaks in autumn and winter, resulting
in an increased substrate supply at the coldest time of the year. Even in ecosystems where
litter input is constant throughout the year, the available substrate is depleted faster over the
warmer summer months and accumulates over the cooler winter months with less decomposer
activity (Kirschbaum 2006). Concentrations of DOM in the forest floor are controlled mostly
by leaching of freshly disrupted biomass debris in winter and spring and by the decomposition

processes in summer and autumn (Kaiser et al. 2001a).

The chemical composition of DOM differs markedly between seasons. Kaiser et al.
(2001a) indicated that the chemical composition of DOM in forest floor seepage water in
winter and spring shows greater mobility and degradability, and less interaction with metals
and organic pollutants than that released during summer and autumn. In summer and autumn,
the decomposition of DOM results in the production of strongly oxidised, water-soluble
aromatic and aliphatic compounds whereas in winter and spring DOM is composed mostly of

bacterial and fungal-derived carbohydrates and amino-sugars (Kaiser et al. 2001a). Moreover
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wetter incubation conditions increased the proportion of hydrophobic acids, whereas warmer
incubation conditions increased the proportion of hydrophilic acids (Christ and David 1996b).

Soil moisture is a key factor influencing the amount and composition of DOC in
incubations. DOC concentrations and C mineralisation rates increase in soils subjected to wet-
dry cycles during incubation (Chow et al. 2006; Kalbitz et al. 2000; Lundquist et al. 1999).
Hypotheses have been proposed to explain this phenomenon. Christ and David (1996b)
proposed that an increase in DOC production with moisture is the result of DOC
accumulation in the forest floor, or to lysis of cells during extremely dry periods. For Tipping
et al. (1999) warming and drying can accelerate the production of DOM which are
qualitatively similar than DOM leached under current ambient conditions. For these authors,
the quantities of DOM released after a wet-dry cycle could be positively correlated with the
intensity of the dry conditions and the temperature. Thus, DOC content of soils should
increase after a drying event.

Temperature dependence of SOM decomposition is clearly a point of major
importance as it is the central link between climate change and the global carbon cycle.
Seasonal variations of DOC concentrations depend on variations in moisture, temperature and
leaching conditions. Temperature affects DOC concentrations in two ways: directly via an
effect on the microbial-mediated processes governing the production of DOC and indirectly
by affecting the amount of litter produced and decomposed in the ecosystem. Laboratory
experiments have found increased DOC production at higher temperatures, suggesting
biological control on DOC generation: production of DOC increased exponentially with
temperature (Christ and David 1996b). Losses of DOC from the litter layer increase with
temperature, and relationships between DOC production and CO, evolution in the forest floor
suggest a link between overall microbial activity and DOC generation (Neff and Asner 2001).
In a laboratory experiment, Christ and David (1996b) noticed that the production of DOC was
relatively fast in the first 2 days of incubation and that production rates in the first 2 days of
incubation were higher under warmer conditions. In contrast, Chow et al. (2006) found no
dependence between temperature or soil water content and DOC production. Similarly, in the
review by Michalzik et al. (2001) based on 42 North American and European forest
ecosystem studies, no correlation was found between mean annual temperature and DOC
concentrations and fluxes in the forest floor even if temperature ranged between 1 °C to 16°C.

A reason for the non-existent correlation with mean annual temperature on field data may
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have been the large variations in ecological conditions between sites and differences in
temporal and spatial scales of the studies. Although Chow et al. (2006) did not find a
correlation between DOC concentration and incubation temperature or soil water content,
there were linear correlations between C mineralisation rates and DOC concentration, and
these correlations were temperature and water content dependent. Temperature dependence of
DOC production and degradation is of interest for the Earth’s response to climate change. If
global warming leads to significant losses of soil carbon, it will constitute a dangerous

feedback that can significantly increase future warming (Kirschbaum 2006).

In previous studies, effects of temperature on generation of DOC may have been
masked by interactions between parameters such as site-specific properties (nutrient status,
litter quality and microbiology) or inter-seasonal variations in the amount or quality of litter.
Precipitation and temperature may interact, particularly in warmer climate. Peak
concentrations of DOC occurred after rain events following short dry periods in summer
(Scott et al., 1998; Kaiser et al., 2001). High temperature combined with low or moderate
precipitation may impose water stress on vegetation, limiting tree growth and litter
production. Numerous field studies supported that there are seasonal variations in DOC
concentration in O horizon leachate, with the highest concentrations during summer or
autumn (Buckingham et al. 2008; Clarke et al. 2007; Froberg 2004; Kaiser et al. 2001a). Net
primary production may be a parameter that better explains DOC leaching difference between
seasons. A higher net primary production results in a higher litter production rate and
consequently in a higher amount of the substrate needed for DOC production.

3.4.3. Management

DOM can also be generated from added biosolid amendments. In a number of
countries, a large amount of DOM is introduced to soil through the addition of organic
amendments such as poultry and animal manures or effluent irrigation. Another factor
impacting DOM is change in land use. For example, modifications from forests and wetlands
towards intensive agriculture and urbanization, would generally change the composition of
DOM load by increasing DON and DOP export (Mattsson et al. 2009).
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4., DOC inrivers

Rivers and streams transport C from soils to the oceans. It has been suggested that
riverine losses of organic C may regulate future changes in soil C storage (in Dawson and
Smith 2007). After C enters headwater streams, C is continually recycled and additional C is
acquired from bank seepage and streambeds as rivers progress to estuaries, coastal
environments and deep ocean. DOC in surface waters could have two possible origins;
autochthonous or allochthonous. Allochthonous DOC is the DOC produced from the
degradation of terrestrial plants and transferred from soil to stream water by ground water and
surface flows. It also comprises anthropogenic DOC from dung, urban or industrial waste
material or utilisation of phytosanitary products. Anthropogenic sources in areas with higher
population densities and pollution influence DOC concentration in streams. Autochthonous
DOC is the DOC directly produced in streams, through the activity of photoautotrophic
organisms (phytoplankton, algae, macrophytes), or by the degradation of these organisms by
browser organisms and bacteria. In headwaters, DOC is assumed to be of mainly
allochthonous origin for several reasons listed by Morel (2009) and Dawson and Smith
(2007). First, the age of the DOM in rivers reinforced the idea of allochthonous DOC.
Second, the composition of the DOM clearly shows macro-molecules typically from humic
acid found in soils. Third, the 3*3C of the DOM has values between -26 and -30 %o, which
correspond to terrestrial plants. Finally, the synchronicity between flow events and DOC
concentration also indicates that river DOC is mainly from allochthonous sources; DOC
concentrations tend to be highest near the peak flow, when stream water originates from

surface layers of catchment soils.

The concentration of DOC in streams and rivers ranges from about 0.5 to 50 mg I™* for
most systems (Mulholland 2003). DOC concentration appears to be influenced by climate
(precipitation), landform (presence of wetlands) (Mattsson et al. 2009; Mulholland 2003) and
soil type (Nelson et al. 1990). In a review of C loss from UK soil, Dawson and Smith (2007)
reported DOC fluxes in the range 7.6 to 309 kg ha™ y* for 24 upland streams and rivers.
Precipitation appears to be an important determinant of river DOC concentration at the largest
spatial scale. Meybeck (1988) reported DOC concentrations typically range from lows of 1-3
mg 1™ in rivers of arid and semiarid regions to highs of 7-8 mg I™* typical of rivers from taiga
and wet tropics. Meybeck (1988) estimated a global discharge-weighted mean DOC
concentration of 6.3 mg I". In an analysis of 20 of the world’s largest rivers, Spitzy and
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Leenheer (1991) (in Mulholland 2003) DOC

concentrations of 2.5-16.1 mg I*, with both mean and median values of approximately 6 mg I

reported discharge-weighted mean

! In contrast, Aitkenhead et al. (2007) suggested that there was no tight link between DOC
concentration and precipitation in 16 watersheds in Scotland. They presented average DOC
concentrations between 1.39 mg I* and 7.34 mg I™. Coynel (2005) reported average
concentrations of DOC for the Congo River and smaller watershed of the Congo basin from 2
to 11 mg I'™.

A number of regional analyses showed that stream and river DOC concentrations
appear to be highly influenced by the flow path of water across the landscape. A relatively
large amount of variability in stream DOC concentrations can be explained by either the
percentage of wetlands in the catchment or average channel slope, a parameter that tends to

vary inversely with the importance of wetlands in the catchment (Table 1-1).

Table I-1: Regional analyses of stream and river DOC concentrations and significant
predictors (Mulholland 2003).

Region DOC concentration  Predictors Reference

range (mg I™)
Scotland 0.8-10.6 Soil C, peatlands (Aitkenhead et al.
(n=32) (12 weeks means) (r*=0.87) 1999)
Nova Scotia 2.5-63 % wetlands (Gorham et al. 1998)
(n=42) (r* = 0.49)
Quebec 3.5-40 % wetlands (Eckhardt and Moore
(n=42) (8 months means) (r* = 0.26-0.67) 1990)
Wisconsin <1-45 % wetlands (Gergel et al. 1999)
(n = 24) (r* = 0.57)
North America 0.7-30.6 Channel slope (Mulholland 1997)
(n = 31) (annual means) (r* = 0.44)
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5. DOC in wetlands

From the literature, wetland and peatland soils have high DOC concentrations, and
water flow paths through wetlands and peatlands result in high DOC concentrations in river
water. This relationship between wetlands and high DOC concentrations in rivers was
observed in Finland by Mattsson et al. (2009), where cold climate associated with flat
topography provide favourable conditions for organic matter accumulation. The presence of
DOC in surface waters, particularly in regions draining wetlands, peatlands and hydromorphic
soils could influence the mobility of heavy metals such as copper, chromium and mercury
(Belger and Forsberg 2006; Kalbitz and Wennrich 1998).

In wetlands, degradation and storage of C are different from drier environments
because of the anaerobic conditions resulting from high water contents. Anaerobic conditions
promote the formation of DOC, slow the decomposition rate of organic matter, and can also
significantly affect the quantity and types of decomposition products, including DOC in
interstitial water. The production of DOC tends to decrease with depth (Table 1-2) (Bossio et
al. 2006). The lack of mineral sorbents in peats encourages the rapid escape of DOC.
Buckingham and Tipping (2008) suggested a typical value for DOC fluxes from such sites of
250 kg ha™ y*. They measured DOC fluxes of 350 (+ 88) kg ha™ y* and DOC concentrations
of 25.7 (+ 4.0) mg I'* in a UK peat bog between 2000 and 2006.

Table 1-2 : Distribution of DOC in wetland soils (Bossio et al. 2006).

Wetland site Horizon DOC inmg I
(standard error)
vegetative area Top 26.6 (2.93)
Trans (15 cm depth) 49.2 (3.58)

Bottom (30 cm depth) 60.9 (4.04)

open water Top 13.3(1.89)
Trans (15 cm depth) 30.6 (3.49)
Bottom (30 cm depth) 36.8 (2.32)
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Contrary to these results, Kalbitz and Wennrich (1998) found that DOC concentration
decreased with increasing depth in soil profiles in German wetland (Table 1-3). Recently, Xi

et al. (2007) observed a similar depletion with depth between 0 and 60 cm depth.

Table 1-3 : Concentration of DOC in aqueous extracts of two soil profiles in wetland
(Kalbitz and Wennrich 1998).

Wetland site Depth DOC DOC
(cm) (mg I) (mg kg™)

Keller 0-10 65.0 110.7
10-25 26.4 25.6
25-45 24.4 17.1
45-65 23.2 15.5
65-75 19.9 14.1
75-115 17.8 9.1

Spittel 0-20 46.3 60.1
20-35 25.5 23.4
35-55 11.4 7.5
55-100 8.9 5.1
100-130 10.2 5.8
130-150 9.4 9.5

6. Carbon isotopes as a tracer of DOC sources and dynamics

Measuring the dynamics of organic matter in soil is of major importance to understand
all the functions of DOM and in particular their role in the nitrogen, carbon and phosphorus
cycles. Stable carbon isotope ratios can be used to study these cycles (Boutton 1991). For
example, shifts in the §*3C can be used as an indicator of heterotrophic microbial metabolism.

The §'3C value is calculated from the measured carbon isotope ratio of the sample:
813C (%0) = [(R sample™ R standard)/ R standard]* 103

where R is the *C/*?C ratio and Rangarg is 0.0112372 (for Pee Dee Belemnite).
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Isotopic fractionation occurs when isotopic composition of the product of a reaction differs

from that of the reactant.

The isotopic composition of soil organic carbon (SOC) is the result of the quality of
the initial material (Agren et al. 1996), the degree of its degradation (Blair et al. 1985) and the
nature of decomposers (Andrews et al. 2000). In the soil, *C tends to be taken up
preferentially by microbes during decomposition (Blair et al. 1985). Thus, DOC and CO,
produced during decomposition should be depleted in **C compared to SOC. The isotopic
composition of DOC may therefore be a useful means of identifying DOC sources. As shown
by Kaiser et al. (2001a), seasonal variations of the *3C values of DOC may be correlated with
the variations in the proportions of hydrophilic and hydrophobic matter. Hydrophilic matter

was enriched in *3C by about 3 %o compared to hydrophobic matter.

Temperature has a direct effect on the microbial activity and on the diversity of
microorganisms. Microorganisms generally have an optimum activity between 20 and 40 °C
but all the microbial communities do not react the same way (Andrews et al. 2000; Zogg et al.
1997). Andrews et al. (2000) studied microbial communities of soil incubated at three
different temperatures. They counted 67 communities and only 8 were active at each
temperature, added to 6 which were active only at 4 °C, 17 at 22 °C and 18 at 40 °C. Their
results showed that high soil temperatures increased the diversity of the microbial
communities. Andrews et al. (2000) also indicated that mineralisation rates increased

exponentially with temperature.

Concerning the change in the isotopic composition of DOM with depth in a soil
profile, observations tend to show enrichment in *3C with depth. Billings and Richter (2006)
examined the isotopic signature of SOM within the soil of an old-field pine forest. They
noticed an increased in §°C of SOM with depth. SOM at depths of 0-7.5 cm, 7.5-15 cm, 15-
35 cm and 35-60 cm had 8°C values of -26.3 %o, -26.0 %o, -25.3 %o and -24.5 %o,
respectively. They explained that these increases in 5°C of SOM with depth will likely persist
into the future, for several reasons. The combustion of **C-depleted fossil fuels has diluted the
8"3C of atmospheric CO, by about 1.3%. This **C-depleted C is incorporated into vegetation
and into SOM, resulting in a lower §**C in surface soils relative to the older, more *C-

enriched material deeper in the profile. 5*C of SOM also may become enriched through time
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due to increased contributions of organic compounds derived from microbial cells, which tend
to be more *C-enriched relative to microbial substrate (Tu and Dawson 2005). Linglois
(2003) showed the same trend, with enrichment in *C with depth for samples from a
deciduous and a mixed catchment. Values ranged from -26.6 %o in the upper layer to -25.7 %o
at 55 cm depth and from -26.3 %o t0 -25.1 %o at 55 cm depth, for the deciduous and the mixed
catchment respectively (Figure I-5). Catchments planted with coniferous vegetation had a
different trend, showing no significant enrichment with depth (-26.5 to -26.2 %o), proving that
different degradation processes occurred under deciduous versus coniferous vegetation.
Kaiser et al. (2001b) found similar results, with a *C enrichment from -27.8 %o to -26.3 %o
with depth under deciduous and only 0.2 %o (-26.2 t0 -26 %o) under coniferous vegetation.
Therefore, it is clear that vegetation cover plays a role in the isotopic composition of SOC and
DOC. Agren et al. (1996) showed that **C enrichment of SOM is stronger when it comes from
deciduous vegetation. Thus, CO, and DOC should be more depleted in **C in soils under
deciduous vegetation than under coniferous vegetation. Concerning soil CO,, it is often
observed that its isotopic composition is nearly the same as that of the SOM from which it
comes (Amundson et al. 1998; Andrews et al. 2000; Crow et al. 2006). Crow et al. (2006)

found 83C CO, ranging between -34 %o and -24 %o during an incubation experiment.
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Figure 1-5 : Seil 8*3C profiles in four catchments. F: deciduous vegetation, R1 and R2:

coniferous vegetation, M: mixed vegetation (Linglois 2003).

Hagedorn et al. (2004) used *C to show differences between dissolved and water

extractable organic C. The **C values of DOC were closely correlated with those of C

45



Chapitre 1

associated with finer particles, smaller than 50um, which strongly suggests that the major
source of DOC was humified old C. The §"*C values of the WEOC corresponded to those of
coarse particles, sand fractions, which consisted of little decomposed organic carbon. Kaiser
et al. (2001a) presented 8*3C DOC values of hydrophilic and hydrophobic fraction from a pine
forest and a beech forest. Both fractions were more enriched in **C for the pine forest than for
the beech forest. The §'°C value of the hydrophilic fraction of DOM from the pine forest was
-24.8 %o whereas 5"°C value of the hydrophobic fraction was -27.7 %o. For the beech forest,
the 5"°C value of the hydrophilic fraction was -26.0 %o and that of the hydrophobic fraction
was -29.1 %o. Amiotte-Suchet et al. (2007) measured §3C DOC in stream water; it ranged
from -30.0 %o to -27.1 %o, reflecting the isotopic composition of SOM, without seasonal
trend. There was a significant difference between the deciduous catchment, which had §*C of
DOC of -28.2 %o to -30.0 %o, and the deciduous and mixed catchments, with 3**C of DOC
values of -27.1 %o to -29.5%o. Under beech and oak forest, DOC in litter and soil was always
depleted in **C relative to solid litter and soil. Conversely, under coniferous vegetation, litter
leachate DOC had the same isotopic composition as litter C, whereas the soil solution DOC
was very slightly enriched in **C compared to SOC (Figure 1-6). As a result, soil DOC was
richer in **C in coniferous catchments than in the deciduous catchment. Amiotte-Suchet et al.
(2007) explained that in the mixed catchment, DOC exports could be partly the result of a
mixing of litter and soil leachates from both forest types. In the coniferous catchment, and to a
lesser extent in the deciduous catchment, the DOC that was produced during litter

decomposition contributed little to DOC exports by stream water.
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Figure 1-6 : Carbon isotopic composition (6*>C) of solid and dissolved organic matter in
the different compartments of catchments with mixed vegetation and coniferous
vegetation. In catchment M (scheme (a), mixed vegetation), isotopic composition of solid
and dissolved organic matter of the litter and the upper soil layer were measured on
material sampled under oak trees. The isotopic composition of organic matter of litter
from coniferous vegetation is shown nearby to allow easy comparision (Amiotte-Suchet
et al. 2007).

7. Methods of DOC extraction and related errors

Recovery of DOC from solid samples such as soils is highly dependent on the
sampling and extraction methodologies, but no standard protocols have been established for
extracting DOC from soil. The amount of DOC, nitrogen and phosphorus extracted are
affected by factors such as soil sampling strategy. Soil sampling strategy considers the
number of samples over space and time, sample preparation like sieving and drying, soil
storage, extraction temperature, shaking time, and soil-to-extractant ratio (Chapman et al.
1997; Christ and David 1996a). The parameters employed for laboratory extraction
procedures to quantify DOC often differ (Michelsen et al. 2004; Smolander et al. 2005;
Zsolnay and Gorlitz 1994). Based on freshwater and marine studies (Peltzer et al. 1996; Sharp
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et al. 1995; Sharp et al. 2002; Urbansky 2001), sample preparation and method of analysis can
have a significant impact on the amount of nutrient recovered. Before measurement or
characterisation, DOC must be extracted from the soil. As explained in Baldock and Nelson
(2000), “while extraction at or near the water content of interest is desirable, such a procedure
may result in very small volumes being collected. At low soil water potential (drier),
extraction becomes impractical, but at high soil water potential (near saturation), sufficient
volumes are often easily obtained. In the field, DOC has been extracted by tension or zero
tension porous cups or plates, or by wick lysimeters (Grossman and Udluft 1991). In the
laboratory, DOC can be extracted by forcing solutions out of the soil through a porous
membrane using a vacuum or centrifugal force or by leaching repacked columns or
undisturbed cores (Dunnivant et al. 1992). For convenience, many studies have used extracts
made by shaking soil with water or dilute salt solutions, followed by separation of the solution
by centrifugation and filtration.” Standardised extraction procedures have been tested to
compare results and significance of experiments and to allow direct and valid comparison
between independent studies because minor changes in extraction methodology (such as
extractant-to-soil ratio) can have a serious effect on the apparent amount of DOC (Jones and
Willett 2006).

DOM samples from the field vary considerably in time and space. As Zsolnay (2003)
said: “One man’s sample is another man’s artefact”. Spatial and temporal variability needs to
be considered, especially when samples came from regions with different climates, geology or
vegetation. Comparisons between results could be problematic and difficult to interpret,
especially if different methods have been used to extract DOC. For example, DOM in
lysimeter water and WEOM in extracts are chemically different (Zsolnay 2003). This reflects,
in part, the different physical origins of mobile DOM and extractable organic matter.
However, the substrate from which they originated was probably similar, as indicated by their
similar **C content (Fréberg et al. 2003). Care should be taken when using WEOC as
surrogate for DOM in mobile soil water. Spatial and temporal variations make it difficult to
collect representative samples. It is more problematic in unsaturated soils because DOM
quantity and quality is strongly influenced by soil moisture and water content (Zsolnay et al.
1999). This effect of soil moisture can be seen when changing extractant to soil ratio. Zsolnay
(2003) extracted 50% more DOC with an extractant to soil ratio of 4 ml g™ compared to a
ratio of 2 ml g™*. Seasonal variations were also observed. Less water extractable organic

carbon was obtained in winter and in areas with lower crop yield (Zsolnay 2003). Zsolhay
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(2003) proposed three different approaches to reduce the influence of sample’s water content,

depending on the environmental question under investigation :

- Analyse samples at the in situ water contents.
- Use a standard moisture level, for example 60% of the maximum water holding
capacity.

- Air dry the samples for a specific period of time until stable conditions are reached.

Other parameters such as filters and concentration effects are sources of errors in
interpretation. Filters can release or adsorb organic matter, can cause gas cavitation, which
can result in an artificial transformation of DOM to particulate organic matter (POM). These
alterations may affect interpretation about ecological functions such as the interaction with
pollutants and microorganisms (Zsolnay 2003). To obtain sufficient DOM for analyses, DOM
is often concentrated using ultra-filtration or reverse osmosis (Sun et al. 1995). Concentration
can have an effect on the tertiary structure of organic compounds because with increasing
concentration, the net result is a shift from lower molecular weight to higher molecular weight
(Zsolnay 2003). Proton concentration also can have a strong effect on the tertiary structure of
DOM. So it is necessary to determine at which pH the investigation will be done. The effects
of centrifugation time and force, storage temperature, filtration and extractant ratios and
extraction times on the amounts of DOC recovered were tested by Rees and Parker (2005).
Their work shows that the nature of filtration and extraction procedures have an important
effect on the quantities of WEOC extracted.

In conclusion, different extraction conditions and sample conservation conditions will
produce different results. Soil sampling strategy and methodology have a significant impact
on recovered DOC concentrations. It is worthwhile following a standard extraction protocol,
such as that proposed by Jones and Willet (2006), or the restrictions proposed by Rees and
Parker (2005) about sample preparation and WEOC extraction use of such standard

procedures will facilitate reliable comparisons between different studies.
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8. Conclusion

DOC exists in numerous ecosystem compartments such as soil, biomass, surface and
sub-surface water and sediment. DOC is involved in important environmental and ecological
problems such as global change, erosion/desertification, pollutant impact, and water quality
and reuse. The diverse behaviour and environmental implications of DOC emphasize the need
for developing interdisciplinary studies. There is an urgent need to characterise and quantify
DOM because DOC controls a number of physical, chemical and biological processes in both
terrestrial and aquatic environments. Precipitation, runoff and temperature affect
accumulation, decomposition and transport of DOM in surface waters. Differences in
vegetation cover, such as deciduous versus coniferous vegetation, strongly modify
concentrations and fluxes of DOC as well as its chemical composition. Mean annual DOC
concentrations and fluxes are lower in streams having catchments dominated by coniferous
vegetation than in those with deciduous forest in their catchments. The quality of the DOC
seemed also to be affected by vegetation, as revealed by the isotopic composition of dissolved
and solid organic matter in different compartments of each system (Amiotte-Suchet et al.
2007). Finally, even though the isotopic composition of DOC seems to be a promising means
of identifying DOC sources, further investigations should be carried out to characterise the
processes and factors which control the 8*3C of the DOC produced in soils.

50



Chapitre 2

Chapter Il: Dissolved organic matter in Morvan
stream waters: production and transfer
dynamics in relation to catchment vegetation

cover and characteristics.
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L’étude a pris appui sur le Morvan granitique, région dont les eaux drainent des milieux
favorables a la production de matieres organiques dissoutes. En effet [’occupation des sols
est dominée par les foréts, les sols hydromorphes sont tres présents et le climat y est frais et

humide.

Comme dans les zones rurales et montagneuses de la plupart des pays industrialisés, de
nombreux changements d’occupation des terres ont affecté le paysage durant le siecle passé.
Afin de permettre un maintien des paysages et une colonisation accelérée des zones
abandonnées par les exodes ruraux, mais aussi d’'un point de vu économique, des essences
arborées a croissance rapide ont été progressivement introduites dans toute |’Europe, depuis
le sud de I’Espagne jusqu’a |’Europe de I’Est en passant par |’Europe de I’'Ouest avec
principalement la France (Linglois 2003). La pratique la plus commune a été de substituer
les foréts natives de feuillus au profit de plantations de résineux. La végétation montre un
contréle direct des quantités et de la qualité des matieres organiques présentes dans le sol.
Ainsi cette gestion de [’espace rural par les reboisements ou les enrésinements ne sera pas
sans conséquence sur les écosystemes. Les sols vont étre les premiers affectés mais ensuite
suivront les milieux aquatiques alimentés par les eaux en provenance des parcelles

forestieres.

L’étude a cette échelle des bassins versant a été mise en place dans cette optique de
changement d’essence forestiere dans la région du Morvan. Nous combineront les
caracteéristiques physiques des bassins versants avec [’occupation des sols pour tenter

d’expliquer les concentrations et les flux de COD retrouvés dans les rivieres.
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Dissolved organic matter in Morvan stream
waters: production and transfer dynamics in
relation to vegetation cover and and other

characteristics of catchment.

**k*

1. Introduction

The influence of vegetation cover on dissolved organic carbon (DOC) concentration
and quality is difficult to evaluate (Kalbitz et al. 2000; McDowell 2003). In a review,
Chantigny (2003) showed that DOC concentrations tend to decrease in the order forest >
grassland > agricultural soils. He also noted higher concentrations of DOC in soils under
coniferous forest than in soil under deciduous forest, probably because of a greater
accumulation and a slower degradation of litter at the soil surface of a coniferous forest.
Others have reported contrasting results, arguing that degradation is slower under coniferous
forest, leading to less dissolved organic matter (DOM) (Hongve 1999; Kaiser et al. 2001a).
Khomutova et al. (2000) found that soils under coniferous forest produce more DOC than
deciduous forest due to higher levels of easily oxidisable organic components while Kaiser et
al. (2001a) observed that an increase of DOC in summer was slightly more pronounced at a

beech site than at a pine one.

Identification of the origin of DOM and particularly DOC in streams is essential for
understanding the functioning of aquatic ecosystems. But this identification and the relation
between DOM in stream and DOC produced in soil is made difficult because hydrological
processes delay transfer between soil and streams, mix solutions of different origins and give
time for the DOM to evolve between its production in the ground and its transport in the
stream. In France, the natural region of Morvan Mountains feeds the Seine River, which

provides water for millions of people. Currently, a large proportion of the native forest in this
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region is being removed and replaced by plantations, mainly Douglas fir. The general topic of
this study is to investigate consequences of this change on the production and fate of DOC in

soils and water at the catchment scale.

Relationships between vegetation cover and land use and quality of DOM in streams
are poorly documented. This study furthers the research initiated in 2000 in Nathalie Linglois’
thesis (Amiotte-Suchet et al. 2007; Linglois 2003) on the relationship between the physical
chemistry of water flow and land use in lower-Morvan granite. Her work particularly
highlighted the effect of replacement of hardwood by softwood on the characteristics of the
DOM. Linglois (2003) and Amiotte-Suchet et al. (2007) measured higher DOC
concentrations in stream and extracted soil solution in deciduous catchments than in
coniferous catchments. That study also demonstrated the usefulness of the isotopic approach
(**C/*2C) in determining sources of DOM in conjunction with the dynamics of degradation of
SOM. The isotopic composition of soil DOC differed between vegetation types. Soil solutions
were enriched in **C compared to the bulk soil under deciduous forest but not under
coniferous forest. Consequently, river DOC was more depleted in *C in watershed covered
by deciduous forest than in those covered by coniferous forest, although SOM showed very
similar isotopic compositions whatever the vegetation cover was. These results were in
agreement to those of Kaiser et al. (2001a) who showed that the isotopic composition of DOC
in soil solution was enriched in **C for samples coming from a pine forest compared to those

coming from a beech forest.

This study aims to improve our knowledge about spatial and temporal variations of
DOC transfers in catchments where human activities do not directly affect the river DOC. In
particular, the objectives were to establish relationships between DOC concentrations and
fluxes on one hand and catchment vegetation cover and other properties on other hand. In this
framework the concentration of DOC and stream discharge were monitored over a complete
hydrological cycle (one year) in six rivers located in the Morvan region. In addition to DOC,
the following physical and chemical attributes were analysed: temperature, pH, major
inorganic component concentrations, total dissolved solids concentration (TDS), total
suspended solids concentration (TSS), particulate organic carbon concentration (POC) and

613CDOC-
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2. Materials and methods

2.1. Site description

The six studied catchments are located in the north eastern part of the Massif Central
in the Natural Regional Park of Morvan, in Burgundy, France (Figure 1I-1). The climate is
continental, with oceanic influence, with a mean annual rainfall of around 1240 mm a™ in the
2006-2007 period and contrasting temperatures (2.5°C in January and 19°C in August with a
mean annual temperature of 10°C over the 1990-2000 period) (data from Météo France). We
collected water from the Cousin River at Avallon, from the Romanée River at Bussiére, from
the Cure River at Crottefou (Marigny-1"Eglise), from the Yonne River at Chassy (Montigny
en Morvan) downstream of the Pannessiere-Chaumard dam, from the Houssiére River at
Chaumard and from the Yonne River at Corancy, upstream of the Pannessiére-Chaumard
dam. Stream discharge was continuously monitored by the DIREN Bourgogne in each of
these six gauging station. Sampling places correspond to "head basin" substrate with a
relatively homogeneous geology, dominated by granites and metamorphic rocks, and land use
consisting mostly of forest and grassland.

2.2. Watershed characteristics

Main watershed characteristics are presented in Table IlI-1. The land cover of each
watershed was characterised using the Corine Landcover database (European Environmental
Agency, CORINE Land Cover 2000). ArcGIS was used to consult this database and to

calculate the area under different types of land use.

The presence of wetlands and hydromorphic soils, likely to produce large amounts of
DOC, were mapped using the topographic index of Beven-Kirkby named Compound
Topographic Index (CTI) (Chaplot et al. 2004; Curie et al. 2007) allowing identification of
zones where water is likely to accumulate (Equation 11-1). We allocated to the CTI a threshold
value from which there would be effectively accumulation of water. The map obtained has not
yet been validated in the field. After calibration this value was fixed to 12.3 for all the areas

with acidic soils on granitic or volcanic substratum (Exbrayat 2007; Godard 2008). For areas
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having metamorphic or sedimentary substratum (mainly Cousin and Romanée watersheds),
CTI threshold values were fixed at 11.6 and 13 respectively (Exbrayat 2007; Godard 2008). A
second parameter named ‘“hydromorphic soils” was defined using existing maps and data

from the IGCS® - BD “Sols et territoires de Bourgogne” ® (Table 11-1).

Cousin catchment at Avallon, which includes the Romanée catchment, is the largest
catchment with an area of 342 km? (Table 11-1) and the most urbanised (2 % of its area). Its
morphological characteristics are a low elevation and slope. This catchment is the least
forested (47 % of the area), and deciduous forest is dominant (34 % of the area). Other
catchments are dominated by forest, and particularly deciduous forest, except Yonne at
Corancy where coniferous vegetation covers a larger part of the catchment area than
deciduous forest. Houssiere at Chaumard is the most forested catchment (82 % of the area)
and it is the smallest, with an area of 61 km?. Grassland comprises between 14 % (Houssiére
at Chaumard) and 41 % (Cousin at Avallon) of the catchment areas. The three catchments of
the upstream Yonne (Yonne at Chassy, Yonne at Corancy and Houssiére at Chaumard) have
the highest mean slope and mean elevation, between 547 and 610 m. The Cure catchment has

intermediate slope and mean elevation.

CTI = |n(taf]‘ﬂ) (Equation 11-1)

a: area drained upstream of each point

f: local slope at each point
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Bussléres

Crottefou (Mrsigny- Egise)

B o
B 750 - eoo
i [ 510- 850
[ ]e60-900
[ |o10-950

-

Chassy (Mcntignysen-Morvan)

5000 ;#8000 15000

—\EfreS

Figure 11-1: Location and elevation of the 6 catchments.
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As regards land use, all the catchment areas are dominated by forest, followed by

grassland. Two different groups of catchments can be distinguished: the 3 catchments of the

Yonne and the Cure have considerable forested areas (from 62 to 82 % of their total area),

whereas forest occupies less than 50 % of the area of the Cousin catchment (including

Romanée). Coniferous vegetation is clearly more common in the Yonne and Romanée

catchments (25 and 35 % of the total area) and less common on the Cure, the Romanée and

especially the Cousin catchments (Table 11-1).

Table 11-1 : Morphological characteristics and proportion of various land uses in the six

catchments.
Outlets and rivers Avallon  Bussiéres  Crottefou Chassy Chaumard Corancy
m Cousin Bussiére Yonne  Houssiere Yonne

Area (km?) 342.3 94.2 220.1 229.2 60.9 99.9
Perimeter (km) 137.0 65.3 104.1 115.0 495 66.4
Mean discharge (m®s™) 3.98 1.02 481 5.26 1.54 2.79
Mean specific discharge (mm a™) 366.6 341.3 689.3 723.8 797.5 880.8
Mean slope (%) 7.55 7.30 11.23 14.68 14.48 14.85

Max 700 625 757 908 799 908
Elevation (m)  Min 177 305 311 262 344 331

Mean 413 457 581 547 610 596
Land use (%)
Urban area 2.1 0.9 0.9 0.7 0.8 1.0
Agricultural area 9.8 7.1 4.1 5.0 3.3 25
Grassland 40.5 34.3 31.3 29.0 14.0 31.8
Water area 0.7 1.7 2.1
Deciduous forest 34.1 35.3 34.9 30.3 40.1 24.1
Coniferous forest 8.1 18.7 17.8 24.6 35.6 30.0
Mixed forest 3.8 3.4 8.5 7.1 5.6 8.5
Forest & shrubby vegetation 1.0 0.3 0.9 1.3 0.67 2.0
TOTAL forest 47.0 57.7 62.0 63.3 82.0 64.7
CTI 33.3 32.1 26.0 20.8 18.7 21.0
Hydromorphic soils 15.6 8.9 15.6 4.8 1.8 4.7
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3. Filed collection of water samples

The 6 rivers were sampled twice a month between March 2006 and March 2007
(n=27) at the outlet defined in Table I1-1. Three litres were collected in polypropylene flasks
with double caps previously washed and rinsed with deionised water in the laboratory and
rinsed with river water in the field. Rivers were sampled north to south in the same order,
within one hour. Temperature, conductivity and pH of the water were measured in the field.
Water flow was derived from the French National Hydrology database and water flow at the
precise time of sampling was given by the Diren Bourgogne (Diren Bourgogne, D. Léveque,
personal communication). The samples were transported to the University of Burgundy in a
coolbox during the summer months and without during the rest of the year. Water samples

were stored in the laboratory at 4°C in the dark.

4. Laboratory analysis of water

4.1. Total suspended sediments and particulate organic carbon

Water samples were filtered on the day of sampling, firstly through a Whatman GF/B
filter to obtain total suspended sediment (TSS). Up to one litre was filtered depending on the
TSS concentration and the capacity of the filters. TSS concentration was obtained by
weighing the filters before and after fitration (Equation 11-2) using the AFNOR norm n° T
90 013.

Ml_MO)

[TSS](mgl™) = ( *1000 (Equation 11-2)

M;: weight of the filter after filtration (mQ)
Mo: weight of the filter before filtration (mg)

V: water volume used during filtration (ml)
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Filters and samples were then ground and powders were analysed for C and N contents
by dry combustion on a NA 1500 NCS elemental analyser (Carlo Erba Instruments, Milan,
Italy). C content of the TSS sample was calculated by subtracting the average C content of the
filters (0.19% £0.02, n=8, Equation 11-3). C content was used to determine POC concentration

using Equation 11-4.

* Pfilter -C filter * (Pfilter - TSS)

C
CTSS (%) = TSS

(Equation 11-3)

C: carbon content determined by elemental analyser (%)
Priier: Mass of the filter and sediments after filtration and drying (mg)
Criier: mean carbon content of the filters before filtration (%)

TSS: mass of sediment contained on the filter after filtration (mg)
[POC](mgl™) = C,ss *[TSS] (Equation 11-4)

Isotopic analyses of POC were carried out using a VG Isochrom stable isotope ratio
mass spectrometer (Micromass, Manchester, UK) in continuous flow mode with an internal
precision of 0.2 %o, calibrated with a standard of graphite having a §°C value of -16.1 ( 0.2)
%o. Each sample was analysed three times and the result was an average of these replicates.
Results are expressed as 813C (Equation 11-5). To avoid “size effects”, weights of samples

were adapted to contain approximately the same quantity of carbon.

R

R —
57C (%o) = {( Sa'“’;:

standard ):| XlOS (Equation 11-5)

standard

where R is the *C/*2C ratio and Rangara is 0.0112372 (for Pee Dee Belemnite).

For TSS samples, we subtracted §'*C value of the filters, which contained C (Equation 11-6).
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[513Ctotal * ((C filter * I:)filter )+ (CTSS *TSS ))]_ [5130 filter *C filter * Pfilter]
Cres *TSS

5°C o (%0) = (Equation 11-6)

83Ciotar: 63°C of the filter plus sediment (%o)

8"3Crora; Mean 8*3C of the filters (n=8) (%)

Cirier and Crss: carbon content of the filter and TSS respectively (%)
Priler: filter mass (mg)

TSS: TSS mass (mg)

4.2.Dissolved organic carbon

Following the filtration through Whatman GF/B filters described above, water samples
were filtered through 0.45 um Millipore cellulose ester membranes pre-rinsed with 100 ml of
pure water. A filtered subsample was acidified with 2N HCI, decreasing the pH to values
lower than 3, so that all dissolved inorganic carbon (aqueous CO,, HCO3 and COs%) was

removed. DOC concentrations were then measured using a Shimadzu TOC 5000 analyser.

Two litres of filtered and acidified water were concentrated to 100 ml using a rotary
evaporator and then freeze-dried (using a Heto FD3 device) to obtain solid samples. Freeze-
dried samples were analysed for C and N contents and for isotopic composition (Equation 11-
4) by dry combustion on the NA 1500 NCS elemental analyser (Carlo Erba Instruments)
coupled with the VG Isochrom stable isotope ratio mass spectrometer (Micromass) in

continuous flow mode.

Transfer budgets in catchments were estimated according to a classical approach in
which the concentration of DOC and stream discharge were measured over a complete
hydrological cycle. Daily and instantaneous stream discharges were obtained from the
Burgundy DIREN. We reported DOC concentrations in mg 1™ and fluxes in kg C ha™ a™ for

consistency.

To calculate specific DOC fluxes, we used several different methods.
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In first method, named “A”, the annual specific flux was obtained by adding the
fortnightly fluxes. Fortnightly fluxes were obtained by multiplying the DOC concentration by
the water discharge at the times of sampling and the numbers of days between two samplings
(Equation 11-7). With this method, DOC concentration was considered constant between

sampling times.

Method B (Equation I1-7) is a variant of method A, using daily instead of fortnightly
discharge values (Buckingham et al. 2008).

In the third method, method C, annual average DOC concentration was multiplied by

the annual water discharge (Equation 11-8) (Buckingham et al. 2008).

Methods D, E and F used Equation II-7 with concentrations and/or discharges
estimated by linear interpolation between sampling times (Tipping et al. 1997). In method D
we linearly interpolated DOC concentrations and discharges measured at sampling times
between sampling dates. In method E we linearly interpolated DOC concentrations and daily
discharges between sampling dates. In method F daily discharges were used and daily DOC
concentrations were extrapolated linearly between sampling dates.

In the last method, named “G” (Equation 11-9), we calculated annual specific fluxes
for each sampling date, considering DOC concentration and discharge at the times of
sampling, and to average.

> (Q, *[DOC]; *t;, *3600* 24) .
Fooc (kgCha™ a™) == 10° X A (Equation 11-7)
[Doc], *Q, | 1
10° A
[DOC]i: DOC concentration (mg I™) at time of sampling

Fooc(kgCha™a™) = (Equation 11-8)

[DOC].: annual mean DOC concentration (mg 1)

ti: time between two sampling dates (days): t = sampling date (n) — sampling date (n+1)
Qi: discharge (m® s™) at the time of sampling (method A) or daily discharge (method B)
Q.: annual water discharge (m* a™) calculated from daily data.

A: catchment area (ha)
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n

> (bock*q)

Fooc = — - (Equation 11-9)

n: number of sampling campaigns

4.3. Total dissolved solids and major inorganic components

TDS concentration is the sum of all major inorganic component concentrations in
water. Concentrations of major ions were measured by ion chromatography. Cations (sodium
Na*, ammonium NH,", potassium K*, calcium Ca?*, magnesium Mg?*) were measured using
a CS12 column on a Dionex DX-100, and anions (chloride CI', nitrate NO3’, phosphorus PO4>
, sulphate SO,%) were measured using with a AS11 column on a Dionex 1CS-1500. lon

concentrations were expressed in p mol 1™

The concentrations of HCO3; & organic anions (OA) were obtained by the

electroneutrality equation (Equation 11-10).

HCO; & OA = ([Na'J+[K]+[Mg**]+[Ca*]+[NH,4"]) - ([CIT+[NO5]+[SO.,*]+[PO.*]) (Equation 11-10)

4.4. Flow event

A flow event was sampled with an automatic sampler between the 25 and the 27
November 2006 in the Houssiere River at Chaumard. Five samples of 100 ml were collected
every 24 min and combined to form one sample representative of 2 h of water flow. A total of
24 samples of 2 h were collected to cover the whole event. In the laboratory we measured
DOC and POC concentrations and carbon isotopic compositions.
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4.5. Data analysis

We tested the hypothesis that results obtained from the 6 different hydrometric stations
were homogenous. This hypothesis was tested for physical parameters, DOC, POC, TSS,
TDS concentrations, major inorganic components and loads. The non parametric test of
Kruskall-Wallis followed by the Dunn post test was used to determine if samples belonged to
the same population (rather than analysis of variance) because data were not normally
distributed for all parameters.

Statistical significance for all tests was set at P<0.05. Statistical analyses were performed
using XLSTAT®.

5. Results and discussion

5.1. Discharge

Discharges ranged between 0 and 61 m® s and variations were seasonal (except for
Yonne at Chassy), with low values during spring and summer months (May to November)
and high values between January and April, during winter months (Figure 11-2 A). Yonne
River at Chassy is situated directly downstream of Pannessiére — Chaumard dam, so that the
discharge is under human control and discharge variations are not natural. Discharge

measured at the outlet of this catchment at sampling times ranged between 0 and 17 m®s™.

We calculated a specific discharge for each catchment (Figure 11-2 B) dividing the
discharge by the catchment area. Flow events in catchments with a mean slope of about 14.5
% had higher specific discharges than catchments such as Cousin at Avallon and Romanée at
Bussiere, which had mean slopes of about 7.5 %. The Cure, Houssiéere and Yonne catchments
have the highest elevation and therefore the highest precipitation (Linglois (2003).
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Figure 11-2: A - Rainfall at Montsauche-les-Settons (data from Météo France),
continuous discharge (lines) and discharge at the times of sampling (black points) at the

outlet of the 6 catchments. B - Specific discharge at the outlet of the 6 catchments.
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5.2. Physico-chemical properties of water

5.2.1. Temperature

Chapitre 2

Water temperature ranged between 2 and 23°C during the year of sampling (Figure

I1-3 and Table 11-2). Similar to discharge, there was a seasonal control, with maximum values

during summer (June to September), and minimum values during winter (December to

March). Water temperature correlated with seasonal variations in air temperature (Figure

I1-4). Yonne at Chassy was different to the others, with lower temperature amplitude (between

4 and 16°C). This could be due to the water arriving directly from the bottom of the dam,

colder than the water from the rivers during summer months.
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Figure 11-3: Water temperature in the 6 streams over the course of the year.
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Table 11-2: Mean pH, temperature and electrical conductivity. Values followed by the

same letter are not significantly different.

Temperature (°C) o Mean specific
Conductivity )

Catchment pH : 1 discharge

min mean max (S cm™) 1

(Iha™s™)
Cousin 7.12 2.2 11.5% 20.9 137¢ 0.136
Romanée 6.9% 2.2 11.82 23.4 93¢ 0.138
Cure 7.12 1.8 10.62 19.3 523 0.234
YonneCh 7.0 3.6 9.9 16.6 58" 0.248
Houssiére 7.1° 2.9 10.22 18.5 512 0.324
YonneCor 7.0° 3.3 11.1% 21.4 61° 0.226
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Figure 11-4: Daily minimum and maximum air temperature at Montsauche-Les-Settons

during the sampling period (data from Météo France).

5.2.2. Electrical conductivity

The electrical conductivity did not vary seasonally, but differed between catchments,
with the highest values in the Cousin and the Romanée Rivers, followed by Yonne, Cure and
Houssiére Rivers (Figure 11-5). Values ranged between 47 and 73 pS cm™ for the Cure, Yonne
and Houssiére Rivers, with means between 52 and 61 puS cm™ (Table 11-2). These values are
characteristic of water with low ionic charge draining granitic, plutonic or metamorphic rocks
(Meybeck 1986). Electrical conductivity was highest in the Cousin River and Romanée River,
with means of 137 and 93 pS cm™ respectively. This difference between catchments is
presumably due to their different geology. Cousin and Romanée catchment contain small
outcrops of limestone and shale, which contain soluble minerals, unlike the Yonne, Houssiere

and Cure catchments, which are totally situated on granitic and metamorphic rocks.
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Figure 11-5: Electrical conductivity of the 6 streams.

5.2.3. pH

pH values ranged between 6.3 and 7.6. Means did not differ significantly between

catchments, but variation occurred during the year, with values less than 7 between January

and April and greater than 7 between April and January (Figure 11-6). Seasonal variations

seem to be related to hydrology. During autumn and winter, when the vegetation needs less

water and when water is abundant, pH values decreased and were the smallest. Precipitation,

always more acidic than river waters, were not swabbed and thus throughfall and the new

contributions of litter were then convenient to the export of diverse organic acids (Feller and
Kimmins 1979; Linglois 2003).
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Figure 11-6: Water pH in the 6 streams.
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5.2.4. Total dissolved solids

The TDS of the waters differed significantly between catchments (Figure 11-7). Cousin
River and Romanée River had significantly higher TDS concentrations than the other rivers,
with values of 91.5 + 15.5 mg I and 60.3 + 11.8 mg I respectively. Yonne River had the
second highest TDS values, with 39.1 + 2.8 mg I"* for Yonne at Chassy and 41.1 + 4.8 mg I
for Yonne at Corancy. The other two catchments were not significantly different from each
other, with mean concentrations of 33.9 + 5.5 mg I™* for Cure River and 32.9 + 2.6 mg I"* for
Houssiére River. Total ion concentrations were between 770 and 2000 p mol, I for all rivers.
Cousin River and Romanée River had ion concentrations of 2000 g mol. I'* and 1369 p mol, I
! respectively. Yonne River at Chassy and Corancy had values of 892 and 913 p mol, I
! respectively. Cure and Houssiére were the most dilute rivers, with values of 795 p mol I
and 771 pu mol. I"', respectively. The similarity between the Cure, Yonne Chassy, Houssiére
and Yonne Corancy catchments is illustrated in Figure 11-8, which shows TDS concentration
as a function of electrical conductivity (R> = 0.98). TDS is highest in the Cousin River,

intermediate in Romanée and lowest in the other 4 catchments.

140
—&— Cousin
e #---- Romanée
---&-- Cure
e YonneCh
o | — - — Houssiére
~ o YonneCor
< 80 | A )
= X Wk KN
X . S
-~ " e e
» e *w*éam B X2
e} 40 . 0 — ,"‘E e \g = B
a e N 5*‘““@*83 s
20 A A «
0

F-06 M-06 A-06 M-06 J-06 J-06 A-06 S-06 ©O-06 N-06 D-06 J-07 F-07 M-07

Figure 11-7: TDS concentrations in the 6 streams.
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Figure 11-8: TDS concentration as a function of electrical conductivity in the 6 streams.

5.2.5. Total suspended sediment and particulate organic carbon

During the period of sampling, TSS concentrations ranged from 1 mg 1™ to 143 mg I"*
(Table 11-3). Two distinct periods stood out (Figure 11-9). In the first, during the flow events
on 20 June in the Cure, Houssiére and Yonne at Corancy, TSS content rose sharply in all
three rivers, with the largest increase in the Cure River; from 6 mg I™* to 143 mg I, The
second period concerned the Romanée River between August and September, where we
identified an algal bloom. During this period, water was more concentrated in TSS than the
annual mean and we can speculate that this difference was due to suspended algae, as

proposed by Tipping et al. (1997), and not to sediment.

The organic carbon content of the TSS (POC%) was high during August and
September in the Romanée River (Figure 11-9), while during the flow event of 20 June POC
contents were not significantly different to the rest of the year. Material transported during the
20 June flow event was mainly suspended sediment. River POC content varied markedly
through the year, especially in the Romanée River, which had the highest and lowest values
(7.8 % and 45.8 %). Mean contents for the rivers ranged from 15.3 % for Yonne at Corancy to

20.7 % for the Cure River. There was no relationship between DOC and POC concentrations.
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Mean POC concentrations (Table 11-3) were not significantly different between

catchments, ranging from 1.3 to 2.3 mg I except for the Yonne at Chassy which had the

lowest values (0.4 mg I™). These values are in the same range as those of the world’s major

equatorial rivers (Amazon, 2.83 mg I™%; Zaire 2.00 mg I'*) (Coynel et al. 2005; Ludwig et al.

1996h).

Table 11-3: Mean, minimum and maximum values of TSS and POC concentration and C

content of TSS. Values followed by the same letter are not significantly different.

Standard deviations are in brackets.

Cousin  Romanée Cure YonneCh Houssiere YonneCor
min 2.4 2.0 1.3 0.9 2.1 2.9
o o max 28.4 26.3 1426 9.9 59.3 75.8
E 2 9.6 10.4°  10.5% 4.4° 9.82° 11,5
= Mean
(1.2) (1.9) (21) (0.6) (1.7) (2.0)
- min 9.8 78 156 10.8 13.1 11.8
o
= max 25.8 458 256 26.7 24.5 21.4
£ 3 <
S - < 15.2% 16.2*  20.7° 17.8%° 18.5™ 15.3
© mean
O (3.7) (9.1) (2.3 (4.7) (3.1) (1.8)
min 0.5 0.3 0.7 0.1 0.5 0.5
O o max 4.1 214 251 0.8 4.8 9.2
e 2 1.3° 23> 20° 0.42 1.5 7"
~ mean
(0.8) (4.0)  (4.6) (0.2) (1.2) (1.6)

72



Chapitre 2

150
4
'/' ' —&— Cousin
100 A e *---- Romanée
= ,‘ i ---&-- Cure
- o = YonneCh
g’ J — -© — Houssiére
£ @ 8- YonneCor
» 50 A ' v
[72] ' \
hid '
0 -
F-06 M-06 A-06 M-06 J-06 J-06 A-06 S-06 O-06 N-06 D-06 J-07 F-07 M-07
30
—&— Cousin
25 ----%----- Romanée
?\‘ =l = =GN
H X wemes YonneCh
20 A s —-© — Houssiére
& R @ YonneCor
> 15 1
E oA
Q 10 - i
o PR
o \
5
0
F-06 M-06 A-06 M-06 J-06 J-06 A-06 S-06 ©O-06 N-06 D-068 J-07 F-07 M-07
50
% —&— Cousin
£ --------- Romanée
40 - e ---k-- Cure
S it YonneCh
— - — Houssiére
30 A X 8- YonneCor

F-06 M-06 A-06 M-06 J-06 J-06 A-06 S-06 O-06 N-068 D-06 J-079 F-07 M-07

Figure 11-9: TSS concentrations, POC concentrations and POC contents in the 6

streams during the sampling period.
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5.3. Dissolved organic carbon

5.3.1. Spatial and temporal variations in DOC concentrations

During the study period, DOC concentrations ranged from 1.5 to 11.6 mg I™* (Figure
11-10). Between June and December the temporal variability was high whereas between
January and May, the variability was lower. Even though the temporal resolution is low, flow
events were clearly identifiable, with the highest DOC concentrations being observed during
high flow events such as the 20th of June and 23rd of October for the Cure, Yonne and
Houssiére Rivers. On the 20th of June, DOC concentrations in the streams rose from 2 (values
measured during the previous sampling) to 8.7 mg I in both the Houssiére River and the
Yonne River at Corancy. During the flow event of the 23rd of October, DOC concentrations
reached 9 mg 1™ in these two rivers. We noticed statistical differences between catchments,
with Cousin River, Romanée River and Cure River having the highest concentrations during

the sampling period (Figure 11-10).
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Figure 11-10: DOC concentrations in the 6 streams during the sampling period.

The relationships between specific discharge and DOC concentration are weak when
all rivers are considered together, but analysing the rivers independently we noticed two
distinct relationships. For the Cousin and Romanée Rivers, DOC concentration decreased
with increasing discharge, as shown by Buckingham et al. (2008) (Figure 11-11). Moreover,
samples collected in the Romanée River between July and October had higher DOC
concentrations than samples collected in autumn and winter. The samples collected in the
Romanée between June and October do not correspond to flow events, so high concentrations

are not correlated with high discharge (Figure 11-11). An algal bloom occurred in this river
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during the hot and dry summer period when the level of the river was low. Autochthonous
DOC was produced and added to allochthonous DOC. All rivers had a fairly constant
minimum concentration independent of discharge. This was between 4 and 6 mg I for the
Cousin, the Romanée and the Cure Rivers, but was lower for the Yonne and the Houssiére in

which it ranged between 2 and 4 mg I™* (Figure 11-11).
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Figure 11-11: Relationships between DOC concentration and specific discharge for each
river. Circles (oe) are for samples from June to October, squares (om) for samples from
November to June. White colour (oo) represents samples collected during flow events

and black symbols (em) represents samples collected during inter-flow event periods.

5.3.2. Spatial and temporal variations in DOC fluxes

Specific DOC fluxes are shown in Figure 11-12. There were no significant differences
between rivers. Data for the Yonne at Chassy must be examined with caution because of the
effect of the dam on discharge. The specific DOC fluxes (Figure 11-12) and the cumulative
fluxes (Figure 11-13) show two trends. First, for the Cousin, the Romanée and the Cure
Rivers, specific DOC fluxes were low between June and October and increased steadily
between November and April. These changes can be interpreted in terms of water dilution and

hydrology. From July to October, when the precipitation decreased, the rivers’ discharges
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decreased. Rivers were thus fed mostly by groundwater which had almost constant DOC
concentrations. From November to April, precipitation increases and DOC from the soil and
the non-saturated zone is transported into the river by sub-surface flow. The river water is
thus less concentrated because of the high inputs of water, but the fluxes and specific fluxes
are highest (Tipping et al. 1997). On the other hand, the Houssiére and the Yonne Rivers had
cumulative fluxes without such a significant difference between the two periods of the year.
Fluxes seemed to be more constant, certainly due to the configuration of catchments which
had a higher slope and a higher total forest cover than the others. It seems that we sampled

flow events preferentially in the Cure River compared to other rivers. These flow events

appeared clearly in the representation of the DOC fluxes (Figure 11-12).

4000
—&— Cousin
s 4 %---- Romanée o A
---&-- Cure "\
Z" 3000 A - YonneCh ; t ?',f.‘
» X — -© — Houssiére 0 '-‘:-.‘\
- 4 N el a YonneCor i
% 2500 b A \ A
& 2000 - ‘
e
’é 1500 A
= 1000 - "
9 X
a 500 B
0 = — e

Figure 11-12: Daily mean specific DOC fluxes in the 6 streams during the sampling

period.
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Figure 11-13: Cumulative DOC fluxes for the 6 streams.
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5.3.3. Average DOC concentrations and fluxes

Mean DOC concentrations (Table 11-4) show two significantly different groups: on
one hand Cousin, Romanée and Cure Rivers, in which mean DOC concentrations ranged
between 5.9 and 6.7 mg I}, and on the other hand Yonne at Chassy, Houssiére and Yonne at
Corancy Rivers, in which mean DOC concentrations ranged between 2.8 and 3.4 mg I™.

Mean DOC fluxes also differed significantly between the 6 catchments. DOC fluxes
ranged between 164 t a* for Houssiére River and 915 t a™ for the Cure River. When fluxes
were expressed as a function of catchment area (Figure 11-12), differences between
catchments were not as large. On average, Cure at Crottefou had the highest specific flux (42
kg C ha™ a™), followed by Yonne at Corancy (29 kg C ha™ a*) and then the other rivers ( 23
to 26 kg C ha™* a™). These values of DOC specific fluxes are within the range of those found
in other studies (Buckingham et al. 2008; Coynel et al. 2005; Dawson and Smith 2007). In a
review of rivers throughout the world, Hope et al. (1994) shown that specific DOC fluxes
range from 0.1 to 440 kg C ha™ a™, the highest values referring to catchments with forest or
bogs, and with lowland rivers generally having values in the range 10 to 100 kg C ha™ a™.
Dalzell et al (2007) highlighted the fact that flow events clearly contributed to DOC exports,

so specific flux estimations from bimonthly sampling did not reflect DOC quantities exported.

The inverse relationship between mean DOC concentration and catchment slope (Figure
11-14) suggested that Cousin, Romanée and Cure Rivers had the highest DOC concentrations
because their topography was related to the presence of wetlands, which provide favourable
conditions for organic matter accumulation and high DOC (Mattsson et al. 2009). Positive
correlations existed between CTI and the hydromorphic soils parameter, and DOC
concentration in streams (R? = 0.906 and 0.716, respectively, Figure 11-14).The 6 catchments
did indeed have different proportions of wetlands (Table I1-1), with CTI and the
hydromorphic soils parameter being highest for the Cousin, Romanée and Cure catchments

and lowest for the Houssiere catchment.
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Table 11-4: DOC concentrations, fluxes and specific fluxes calculated using methods

described in materials and methods section. For specific DOC fluxes, mean and

standard deviation were calculated using all methods. Values followed by the same letter

are not significantly different. Values in brackets represent standard deviations.

method Cousin Romanée  Cure YonneCh  Houssiere  YonneCor
—~ min 4.88 4.02 3.46 2.03 1.51 1.47
'?Em max 9.34 10.38 11.59 4.36 8.59 9.00
Y 6.54° 6.68° 5.89° 2.80° 2.93° 3.37°
2 mean (1.17) (1.89) (2.15) (0.64) (1.67) (1.96)
3 - 828.42°°  23573*  01517%  522.87" 160.68*  293.00™
O ' mean
S = (64.34) (18.09)  (25.76) (11.92) (18.85) (10.01)
()]
A 22.72 24.69 40.50 22.92 23.00 29.83
B 23.06 23.30 42.31 22.71 28.15 28.83
27.95 29.02 43.55 21.78 29.92 30.33
é — . (0.51) (0.79) (1.58) (0.51) (1.71) (1.78)
S H.: D 22.97 25.37 40.13 23.40 24.45 30.72
E, o E 23.33 24.00 41.31 23.20 29.19 29.11
'g 2 F 25.16 23.65 42.13 22.98 27.74 27.86
@ G 2351 25.06 41.17 22.71 22.25 29.52
24.10% 25.01% 41.58° 22.82° 26.38%° 29.46™
mean (1.88) (1.92) (1.17) (0.52) (3.10) (0.96)
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Figure 11-14: Relationhips between mean DOC concentration and mean catchment slope
and proportion of wetland calculated either from compound topographic index (CTI) or

directly (hydromorphic soils parameter). Legend: see previous figures.

5.3.4. Isotopic composition of DOC

8'*C-DOC values ranged from -29.7 %o to -26.8 %o (Figure 11-15) reflecting the
isotopic composition of the C3 plants of the vegetation cover. Those values were in the same
range measured in small catchments near this study area by Amiotte-Suchet et al. (2007) and
Linglois (2003). They did not differ significantly between catchments, except for particular
periods, such as for the Romanée River, which had **C-enriched DOC between August and
October during the algal bloom. This **C-enriched DOC confirmed the hypothesis explaining
the high DOC concentrations during this sampling period. The flow event of 20 June also had
a clear impact, with DOC enriched in **C for the Cure, Houssiére and Yonne at Corancy
Rivers. Land use differences between these catchments are not sufficiently contrasted to

significantly influence the DOC isotopic composition.

There was significant seasonal variation in §'*C of DOC in the Cousin, Romanée and
Cure Rivers (p = 0.003, 0.008 and 0.027, respectively), with DOC being impoverished in *C
from April to June (spring) and from November 2006 to March 2007 (autumn and winter),
and enriched in *3C between June and October (summer). Winter 2006 and winter 2007 had
contrasting 8*3C-DOC values, being enriched in 2006 compared to 2007. It is important to
note that samples from the flow event of 20 June were not included in the statistical test to

determine seasonal variations.
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8"3C-DOC values were not correlated with DOC concentrations (Figure 11-16) or with
stream discharges, except for the 20 June flow event, which must have transported DOC
enriched in *C from another source. Dalzell et al. (2007) did not find seasonal variations in
8*3C-DOC, but they showed a positive relationship between stream flow and 5*C values.
Taking into account data from Amiotte-Suchet et al. (2007), we could pose the hypothesis that
in summer (between June and October), stream DOC is mainly influenced by the transport of
soil solution in groundwater, enriched in *C compared to stream water, whereas in spring
(between April and June) and autumn (between October and December), when discharge and
the precipitation are highest, that stream DOC originates from overland flow, leaching the

degradation products of leaves or needles, which have depleted §*3C values.
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Figure 11-15: Isotopic signature of the dissolved organic carbon in the 6 streams over the

course of the study period.
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Figure 11-16: DOC isotopic composition as a function of DOC concentration.
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5.4.Flow event of the 26 November 2006 on the Houssiére River

5.4.1. DOC and POC concentrations

The thunderstorm of 26 November 2006 in the Houssiere catchment was one of the

largest storms registered during the year of sampling (Figure 11-17).
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Figure 11-17: Rainfall at Montsauche-Les-Settons (data from Météo France), discharge
and position of the flow event of the 26 November 2006 in the Houssiére River.

During the flow event, DOC concentration ranged from 3 to 7 mg I*, POC
concentration from 2 to 30 mg I and the TSS concentration from 20 to 176 mg I™* (Figure
11-18). Stream DOC concentration responded rapidly to discharge. The peak discharge
occurred between 6 and 8 hours after the start of sampling and we measured maximum DOC
concentration after 8 hours, at the same time the discharge started to decrease. Wagner et al.
(2008) proposed that overland flow and the quick transfer of surface water to tile drains are
the two main sources of water to the streams during flow events that could be associated with
an increase in DOC concentration in the stream. DOC flux was estimated at 3.6 t and specific
flux at 0.6 kg ha™* a* during the 48h of the sampling period, which represented approximately
2.3% of the annual flux of the Romanée River. Dalzell et al. (2007) estimated that between 70
and 85% of the total annual organic carbon was exported in flow events occurring during less
than 20% of the time in a 850km? agricultural watershed. This highlights the importance of
short-duration, high-discharge events, which are common in small watersheds, in controlling

annual organic carbon export.
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Maximum TSS and POC concentrations occurred just before the peak discharge, 6

hours after sampling commenced (Figure 11-18).

8 A —Discharge | 180
—a—DOC - 180
& -4 POC
6 | ak % POC% - 140
& TSS
& - 120
D 5
ES - 100 B o
354 558
G O 80 @ Oa
£ 0 wo
20 3, Fao
o 60

40

time (hours)

Figure 11-18: Hourly discharge, DOC, TSS and POC concentrations during the flow

event.

The DOC versus discharge relationship showed a clockwise loop, with higher DOC
concentrations on the ascending limb of the hydrograph compared to the descending limb
(Figure 11-19). That implies the mobilisation of more concentrated DOC sources during the
rising limb of the flow event than during the descending limb. Similar clockwise loop
relations occurred for POC and TSS concentrations. Coynel et al. (2005) reported the same
pattern for POC concentrations during autumn flow events in the Nivelle River and they
suggested that POC is primarily riparian litter/resuspended river bed material, rich in organic
C content, easily erodible and/or originating from sources close to the sampling station. As
shown by Wagner et al. (2008), precipitation and stream response to precipitation are the

primary controls on stream DOC concentrations during thunderstorms.
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Figure 11-19: River DOC, POC and TSS concentrations as a function of discharge
during the flow event, showing a clockwise hysteresis patterns. Arrows indicate

chronology.

5.4.2. Isotopic composition of DOC and POC

Measured §'*C-DOC during the flow event was within the range of 8**C-DOC values
measured during bimonthly sampling over the course of the year in the Houssiere River
(Figure 11-20). We observed low §**C-DOC values during the flow event compared to after
the flow event. River 5"*C-DOC values started at -28.81 + 0.06 %o and reached -28.37 + 0.16
%o at the end of sampling. This observation indicates that the surface fast component that
creates the peak flow is depleted in *3C whereas the deeper component, less concentrated in
DOC, transports a relatively more **C-enriched DOC. There was no relationship between
discharge and §'°C-DOC; the latter increased linearly during the flow event at the time
resolution of our data. This linear and continuous isotopic variation could result from different

sources of DOC being mobilised during the flow event.

Significant variations in the isotopic signature of POC occurred during the flow event.
8"3C-POC values decreased during the ascending limb, to a minimum value of -29.08 %o
during the peak discharge and period of maximum of TSS and POC. Thereafter, §*C-POC
increased slightly and reached a maximum value after the flow event. Low values during the
ascending limb could reflect leaf or needle 8'°C values, which range from -31 to -30.5 %o
(Amiotte-Suchet et al. 2007), whereas values measured during the descending limb and after
the flow event (-28.7 to -28.5 %o) could reflect values of organic matter originating from the

soil.
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Figure 11-20: $*3*C-DOC and $**C-POC during the flow event. The grey zone represents
the range of °C-DOC and 6"*C-POC values in the samples taken fortnightly over the

course of the year.

6. Conclusion

Looking at the total area of forest as a percentage of catchment area, the more forested
catchments were expected to have high specific DOC fluxes. However, in reality, there were
no significant differences between catchments, even though the Cousin at Avallon had 47% of
its area covered by forest compared to 82% for the Houssiere at Chaumard. The dominant
factor influencing DOC fluxes and specific fluxes seemed to be the configuration of the
catchments and in particular their mean slope and the presence of wetlands. Wetlands
appeared to be the main factor explaining differences in river DOC concentrations at the scale
of this study (50 to 350 km?). At this scale the impact of vegetation cover may be hidden or
minimised by the catchment configuration and the presence of wetland. To see an impact of
coniferous versus deciduous vegetation, catchments planted essentially with one type of

vegetation and with the same proportions of wetland should be studied.

Methodological aspects need to be carefully considered when calculating loads and
fluxes. Bimonthly sampling was inadequate for calculating annual fluxes because of the
impact of relatively short flow events on DOC and POC concentrations. DOC concentration
was not correlated with discharge when we integrated samples from flow event and inter-flow

event periods, but during the flow event of 26 November 2006 we noted a hysteresis and a
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linear correlation between DOC concentration and discharge on the Houssiere River. Thus,
the dynamics of DOC export are influenced by the hydrological dynamics of the rivers, in
particular during periods of high precipitation, when flow events increase the quantities of
DOC exported.

At this scale of study, differences in land use were not contrasted enough to cause
differences in DOC isotopic composition. Differences in §C were too small to detect any
influence of vegetation on the quality of organic matter. However, at the scale of a flow event,
at high temporal resolution, the results of isotopic analysis show that several reservoirs of
DOC seem to be mobilised during flow events. The origin of DOC differed between the rising
and falling limbs of the flow. Sources of POC also appeared to change during course of the
flow event, initially originating from vegetation debris and thereafter from the soil organic

matter.
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Chapitre 111 : Production de carbone organique
dissous dans des systemes tempérés a faible
pression anthropique : le cas d’une tourbiére et

des ecosystemes forestiers du Morvan.
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La précédente partie prenant en compte les bassins versants dans leur intégralité n’a pas
permis de voir d’impact des différents peuplements forestiers sur les concentrations en COD
mesurées dans les riviéres. Cependant, cette étude a montré que les sols hydromorphes et les
proportions de zones humides dans les bassins pouvaient jouer un rdle majeur avec une
augmentation des concentrations en COD positivement corrélée aux proportions de zones

humides ou de sols hydromorphes.
C’est donc a une échelle parcellaire que nous avons suivi la production de COD dans

deux systémes potentiellement producteurs de MOD que sont les tourbieres et les systemes

forestiers.
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Production de carbone organique dissous dans des
systemes tempérés a faible pression anthropique :
le cas d’une tourbiére et des écosystémes forestiers

du Morvan.

**k*

1. Introduction

L’identification des zones productrices de COD est d’un réel intérét. Les
concentrations en COD dans les rivieres vont directement découler de la présence de zones
productrices riches en matiéres organiques (Mattsson et al. 2009). La concentration en COD
des riviéres et des lacs devrait grandement étre influencée par 1’occupation des sols des
bassins versants et plus particulierement par la présence de zones humides et de zones
forestiéres. La dynamique de la matiére organique des sols en milieux humides, et
particulierement en zone de tourbiére, est tres fortement influencée par les conditions
d’anaérobioses générées par I’omniprésence d’eau dans le systéme, favorisant ainsi la
production de COD et restreignant la minéralisation du carbone (Buckingham et al. 2008).
Les tourbiéres sont, de ce fait, des écosystemes qui accumulent de grandes quantités de
matieres organiques et laissent donc supposer qu’elles seraient a la fois des zones de fortes
productions de COD, mais aussi des zones ayant un grand potentiel d’exportation de COD
avec des valeurs typiques de flux pour de tels sites de 250 kg ha™ a* (Buckingham et al.
2008). Agissant comme une réserve importante entre les systemes terrestres et fluviaux, les
zones humides s’avérent étre les secteurs les plus déterminants pour expliquer les
concentrations en COD retrouvées dans les cours d’eau (Sachse et al. 2005). Dillon et Molot
(1997) et plus récemment Johnston et al. (2008) ont montré qu’il existait une forte corrélation
entre I’exportation de COD par les cours d’eau et le pourcentage de surfaces occupées par des
zones humides dans le bassin versant, suggérant ainsi que le COD exporté par les rivieres

proviendrait majoritairement des zones humides plutét que des horizons minéraux du sol.
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L’impact de la végétation et plus particulicrement du couvert forestier sur les quantités
de COD produites, et par la suite transférées dans les hydrosystémes, est un parametre
difficile a isoler et a mettre en avant tant les autres facteurs que sont les conditions
météorologiques et physiques des bassins versants peuvent interagir (Chantigny 2003; Kalbitz
et al. 2000; McDowell 2003). Chantigny (2003) et Khomutova et al. (2000) ont montré que
les concentrations en COD étaient plus élevées dans les sols forestiers sous couvert résineux
par rapport aux sols forestiers sous couvert feuillus. L’explication avancée par les auteurs est
Un taux d’accumulation supérieur, une dégradation plus lente de la litieére a la surface d’un sol
sous couvert résineux ainsi qu’un plus fort taux de matiére organique facilement oxydable
sous végétation coniféres. Les résultats sont contrastés avec des mesures de concentration en
COD supérieures sous feuillus chez certains auteurs (Hongve 1999; Kaiser et al. 2001a;
Khomutova et al. 2000) qui montrent que les taux de dégradation sont inférieurs sous forét

résineuses, aboutissant a des taux de matiéres organiques dissoutes (MOD) inférieurs.

L’objectif de ce chapitre est de mieux comprendre les facteurs (température de 1’air,
du sol, humidité du sol, précipitation, couvert végétal...) controlant les quantités de COD
présentes dans les solutions de sol ainsi que dans les eaux de surface. Les fonctionnements
d’une tourbiere du Morvan et de sols sous deux couverts forestiers feuillus et résineux ont été
suivis dans le but de mettre en évidence les variations temporelles (effets des cycles
saisonniers bioclimatiques) et spatiales (effet écosysteme) de la concentration en COD que ce
soit dans les eaux de la nappe et de drainage dans la tourbiére ou dans les solutions des sols
forestiers. Nous tenterons finalement de comparer ces trois systemes en termes de production
de COD.
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2. Matériels et méthodes

2.1. Présentation des sites

L’¢étude se base sur deux sites se trouvant dans le département de la Nievre, dans le
Parc Naturel Régional du Morvan (PNRM) en Bourgogne (Figure 111-1). La production des
MOD a été observée in-situ sur le site de la tourbiére de Montbé qui fait 1’objet d’un suivi
hydrologique par le PNRM depuis 2001 et sur lequel un plan de gestion a été mis en place en
2005, et parallelement sur le site expérimental de la forét du Breuil-Chenue géré par 1’unité

Biogéochimie des Ecosystémes Forestiers de I’'INRA de Nancy.
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Figure 111-1 : Localisation des deux sites : la tourbiére de Montbé et la forét de Breuil-
Chenue
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2.1.1. La tourbiere de Montbé

2.1.1.1. Localisation et caractéristiques du site

Le premier site d’étude correspond a I'une des 10 tourbicres identifiées du Morvan. Il
est composé d’un ensemble de prairies paratourbeuses humides en fond de dépression et
d’une tourbiére bombée dégradée. Il est situé¢ au lieu-dit «le Grand Vernet » entre les
hameaux du Grand Montbé, du Creusot et des Brocards, au Sud de la commune de Gouloux
(58), quelques kilometres au Nord de Montsauche-les-Settons et du lac des Settons
(coordonnées Lat. 47°11'54" N, Long. 04°0324" E). La tourbiere se trouve a une altitude
comprise entre 560 et 595 m. Elle occupe une grande partie de la dépression du Grand Vernet

qui est une des zones de sources du Caillot, affluent direct de la Cure.

Le climat est froid et humide avec des influences atlantique, continentale et
montagnarde. Sur la période 1951-1990, les précipitations moyennes annuelles atteignent
1420 mm a la station de Montsauche-les-Settons (PNRM 2005). Pour la période étudiée, le
cumul a atteint 1590 mm. Le printemps est tardif et I’automne précoce, avec une température

moyenne annuelle de 9.2 °C et 95 jours de gel en moyenne (94 jours sur la période d’étude)

(PNRM 2005).

Cette tourbiere, comme la plupart des tourbiéres morvandelles, se situe en pied de
versant et est donc alimentée par les eaux de ruissellement et 1’eau contenue dans les arénes
accumulées dans les fonds de vallon. A Montbé, la couverture superficielle est composée
d’arénes granitiques, formées de quartz et d’argiles, en contact avec la roche meére, un
microgranite du socle Primaire. Sur le site de Montbé, 1’aréne est fortement enrichie en argiles
issues de la dégradation de feldspaths. Les sols sont acides et dans les secteurs en dépression
ils sont hydromorphes (PNRM 2005). L’association de facteurs tels que ’acidité des sols, le
climat froid et humide, la présence d’une couche argileuse dans les fonds de vallons et
I’omniprésence de 1’eau, ont été propices au développement de tourbe ou d’horizons
organiques importants. La profondeur moyenne de tourbe pour les tourbiéres du Morvan est

de 1.2 m, mais elle atteint 2.24 m a Montbé. Elles n’ont été exploitées que jusqu’a la dernicre
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guerre pour la fauche et le paturage, avec la mise en place d’assainissements au moyen de
fossés (PNRM 2005). Depuis elles se sont en partie régénérées mais portent la marque de
cette ancienne utilisation. Les cours d’eau ont été transformés en fossés rectilignes en limites
de parcelles, alors que la densité des ruisseaux aux cours sinueux, typique des zones
paratourbeuses préservées, constituait le paysage de cette zone avant I’intervention de
I’homme entre 1950 et nos jours. Les niveaux piézométriques relevés par le PNRM en 2001,
2003 et 2004 varient de maniere importante et synchronisée avec les précipitations durant la
période estivale. Un rabattement de la nappe a proximité des fossés qui drainent la tourbiére a
été observé et plus particulierement en période estivale lorsque les précipitations ne sont plus
assez importantes pour saturer le sol en eau et que la végétation en pleine période de
croissance doit puiser 1’eau du sol dont elle a besoin (PNRM 2005). Le PNRM a réalisé 8
profils pédologiques afin de caractériser la zone, et trois types de tourbe (tourbe fibrique,
tourbe mésique et tourbe saprique) ainsi qu’un sol évolué (anmoor d’aprés la classification
américaine) ont été différenciés (PNRM 2005). Une carte de profondeur de tourbe a été
réalisée (Figure 111-2).

2.1.1.2. Echantillonnage et mesures

Les solutions ont été prélevees mensuellement entre mai 2007 et juin 2008 dans 5
piézomeétres de la tourbiere (4, 5, 6, 7 et 9) a 20 cm en dessous du niveau piézométrique et a
20 cm au dessus du fond du piézométre afin de réaliser un transect Ouest-Est du site suivant le

sens d’écoulement de la nappe (Figure 111-2).
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Figure 111-2 : Carte de localisation des piézometres sur la tourbiére de Montbé et

profondeur de tourbe (d'aprés PNRM 2005).

94



Chapitre 3

Les prélevements de fond ont ainsi été effectués entre 114 et 216 cm en dessous de la surface
de la nappe. Le fond des piézométres 4, 5, 6, 7 et 9 se situe respectivement a 156, 170, 181,
216 et 114 cm en dessous de la surface du sol. A chaque fois 1 litre de solution a été prélevé
dans des flacons en polypropyléne a double bouchon, rincés avec 1’eau du piézométre sur le
terrain. Le drain principal au Sud de la zone a également été échantillonné lors de chaque
campagne (2 litres) et le débit y a été mesuré par la méthode du jaugeage chimique par
injection ponctuelle comme suit : un volume (V) d’une solution de NaCl de concentration
(C4) est injecté dans le ruisseau ; apres melange complet dans le ruisseau, on calcule le debit

de la facon suivante :

M V*C,

Q= =——=
T*C,

_ jcz(t)dt

(Equation 111-1)

Q = débit du cours d’eau (1s™)

M = masse du traceur injecté (g)

V = volume de la solution contenant le traceur (I ou m°)
C; = concentration de la solution du traceur (g/l)

C, = concentration du traceur dans le cours d’eau au temps t (g/1)
C_2 = concentration moyenne du traceur dans le cours d’eau obtenue par intégration (g/1)

T = temps écoulé entre le début et la fin du passage du traceur (s)

Les piézometres 4, 5, 6 et 7 sont situés dans la zone interne de la tourbiere, la ou
I’épaisseur de tourbe varie entre 140 et 220 cm. Le piézométre 9 est situé a la limite de cette
zone et de la zone d’épaisseur 60-140 cm. Le drain est quand a lui situé a la limite de la zone

intermédiaire et de la zone la moins épaisse (15-60 cm).

Pour chaque campagne d’échantillonnage, le niveau d’eau dans chaque piézométre a
été mesuré avant de prélever les solutions. Chaque échantillon a éte caractérisé par son pH, sa
conductivité, sa température directement sur le terrain. Les concentrations en COD, en
éléments majeurs et en nutriments ont aussi été déterminées. De retour au laboratoire, les
solutions ont été filtrees sur des filtres en ester de cellulose mixte préalablement rincés avec

100 ml d’eau ultra-pure. 150 ml de solution filtrée sont congelées en prévision des analyses en
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éléments majeurs (Ca**, Mg®*, Na*, K*, CI, SO,, NO3) par chromatographie ionique
(Dionex DX 100 et ICS 1500). Les concentrations en COD sont déterminées dans les 24
heures suivant le préléevement par analyseur de carbone Shimadzu TOC 5000 apres
acidification par HCL 2N afin d’abaisser le pH a la valeur de 3 et d’éliminer le carbone

inorganique dissous.

Le bassin versant correspondant a I’exutoire du drain a été délimité sur la base de la
carte topographique au 1:25000 de I’Institut Géographique National. Le périmétre est estimé a
4.25 km et la surface & 0.73 km?. Les flux spécifiques de COD exporté par le drain sont
calculés en faisant la somme des flux pour chaque période d’échantillonnage. L’équation
utilisée prend en compte les débits du drain lors de chaque prélévement. Ce n’est donc qu’une

approximation étant donné la fréquence minime des campagnes d’échantillonnage.

4 n i* CcOD i*3600*24*Ti
CODspeCificﬂux (kgC ha ta 1) :Z{Q [ 1 o

}*l (Equation 111-2)
i=1 A

Q : débit du drain (I s

[COD] : concentration en COD (mg I™)

A : surface du bassin versant (km?)

Ti = to-t1: nombre de jour entre les 2 préléevements

Des échantillons de sol ont été collectés a 1’aide d’une sonde russe fin mai 2007 sur
une profondeur totale de 1 m a proximité du piézometre 9 afin de mesurer la teneur en
carbone organique extractible a I’eau (WEOC). Cette méthode de carottage permet d’obtenir
un échantillon de sol non remanié, lequel pourra étre subdivisé suivant la profondeur.
L’extraction a été réalisée par agitation-centrifugation avec le protocole standardisé proposé
par Jones and Willet (2006). La carotte a été découpée en parts de 10 cm et 20 g de sol
humide sont placés dans des fioles de 250 ml. Pour une dilution par 5 nous avons ajouté 100
ml d’eau ultra pure. Les fioles sont ensuite soumises a une agitation par retournement a 1’aide
d’un mélangeur/ secoueur orbital Reax 2 Heidolph pendant environ 16h. Les solutions sont
alors centrifugées durant 40 min a 7500 tours/min afin de séparer la phase solide de la phase
liquide. Le surnageant est récupéré par aspiration, filtré a 0.45 um sur des membranes en ester
de cellulose préalablement rincé avec 100 ml d’eau ultra-pure, puis acidifi¢ avec de ’'HCI 2N

pour passage a I’analyseur de COD Shimadzu TOC 5000.
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Le site se situe a une dizaine de kilometres au Sud de Montsauche-les-Settons et donc
nous utiliserons les données de la station Météo France de Montsauche-les-Settons (Yves
Richard, Centre de Recherches de Climatologie, UMR 5210 CNRS/université de Bourgogne,

convention Météo France/Université de Bourgogne).

2.1.2. La forét de Breuil-Chenue

2.1.2.1. Llocalisation du site

Le site expérimental est situé dans les parcelles 7 et 8 de la forét domaniale de Breuil-
Chenue dans le département de la Niévre (58) (coordonnées Lat. 47° 18°10°°, Long. 4°
4°44°°) a une altitude de 638 m. La situation morphologique locale du terrain est un plateau
legérement incliné vers le Sud. Le climat général est a dominante hivernale avec des
précipitations moyennes annuelles atteignant 1100 mm en 2002 et 2003 sur le site et une
température moyenne annuelle variant de 8.9 °C a 10 °C suivant le peuplement forestier
(données avril 2002 a avril 2004) (Ranger 2004).

Le substrat géologique est constitué par la granulite leucocrate a gros grains et deux
micas de la Pierre-qui-Vire. Une couche variable mais peu épaisse de limon éolien recouvre la
granulite et ’ensemble a subi une cryoturbation de surface variable mais généralisée au cours
du quaternaire (Aurousseau 1976; Ranger 2004). Les sols sont acides et désaturés de type
Alocrisols. La texture est sablo-limoneuse, souvent plus limoneuse en surface, et plus

argileuse dans 1’aréne en profondeur.

La forét native est un Taillis-sous-futaie (TSF) vieilli a réserves de hétres (Fagus
sylvatica L) et de chénes (Quercus sessiliflora Smith) et taillis de diverses essences (Quercus
sessiliflora Smith, Betula verrucosa Ehrh., Corylus avelana L.). Elle a été coupée a blanc et
remplacée en 1976 par des plantations de 6 essences feuillues et résineuses réparties en 9
parcelles individuelles de 10 ares dans une zone cartographiée comme homogene (Bonneau et
al. 1977). Un plan du site est présenté Figure I11-3. Nous nous intéresserons dans cette étude
au Douglas (Pseudotsuga menziesii Franco) et a la forét native.
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Figure 111-3 : Plan du site expérimental de la forét de Breuil-Chenue (Ranger 2004).

2.1.2.2. Echantillonnage et mesures

Les solutions ont été collectées in situ dans les parcelles a peuplement de Douglas
(Dg) et de forét native (TSF) entre juin 2007 et juin 2008 a raison d’un prélévement par mois.
Les solutions ont été prélevées aux profondeurs -15 cm, -30 cm et -60 cm par I’intermédiaire
de 5 répétitions de bougies micro-poreuses avec application d’une succion (vide d’environ
400 hPa) et sous la litiere par un systeme de plaques lysimétriques. Les pluviolessivats ont
¢galement été collectés sur les mémes blocs par I’équipe gestionnaire du site. La composition
chimique des solutions est représentative d’une période comprise entre 19 et 35 jours suivant

le délai entre 2 campagnes de prélevements et non d’un instant précis.

Les données concernant les températures (Ranger and Gelhaye 2003), I’humidité des
sols et les teneurs en carbone du sol (mesure sur 16 profils sous Douglas et 20 profils sous
TSF) proches des points de collection (Ranger et al. 2003) ainsi que le pH des solutions et les
données concernant les pluviolessivats (quantité, COD, pH...) (Ranger et al. 2004) ont eté

fournies par 1’équipe gestionnaire du site.
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Les données de climat sous couvert et de pédoclimat nous ont été fournies pour le
couple Douglas-Hétre. Malheureusement la parcelle TSF n’est pas équipée pour recueillir ses
données et nous nous servirons donc des températures et humidités sous hétre. Concernant
I’air, les sondes de température et d’humidité relative sont placées a 1.30 m du sol dans des
abris normalisés. Pour le pedoclimat, la température a été mesurée a 15, 30 et 60 cm de
profondeur par des guides d’ondes enterrés et reliés @ une TDR Trase BE via une station de

multiplexage. Les mesures ont été effectuées toutes les 4 heures (Ranger 2004).

Les pluviolessivats sont récupérés grace a 4 gouttiéres de 2 m par peuplement qui sont
remplacées par 4 bacs en hiver. Ces données sont complétées par 10 collecteurs de

ruissellement de troncs.

Les analyses de concentration en COD des solutions de sol ont été réalisées dans les
24h apres leur collecte suivant le méme protocole que celui utilisé pour les solutions de la
tourbiére de Montbé. Les flux spécifiqgues de COD ont été calculés grace au volume de
pluviolessivats. Cependant toute 1’eau de pluie traversant la canopée ne se retrouve pas a 30
cm et d’autant plus a 60 cm de profondeur dans le sol (pour cause d’évapotranspiration).
Malheureusement aucun modele hydrique n’a été développé sur le site du Breuil et nous ne
pouvons connaitre précisément les flux drainés dans le sol a partir des volumes de
plulviolessivats récupérés. D’autre part, certaines quantités de pluviolessivats ont du étre
corrigées car les collecteurs se sont parfois retrouvés pleins au moment du prélévement. Ainsi,
les quantités de pluviolessivats mesurées étant sous-estimées, nous les avons corrigées grace
aux quantités de précipitation. Les volumes totaux de pluviolessivat ont atteint 1215 mm sous
TSF contre 908 mm sous Douglas. Les flux de COD calculés sont donc trés surestimés mais
rendent compte de la dynamique des transferts de COD dans le sol en supposant que les flux
estimes sont grossierement proportionnels aux flux réellement exportes. Le flux spécifique
moyen annuel est calculé en faisant la somme des flux spécifiques de chaque période
d’échantillonnage. L’équation utilisée prend en compte les quantités de pluviolessivats

accumulées entre chaque échantillonnage :
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4oy - (Q*[cop]
CoDfluxspéciiquemoyen(kgC ha ' a l) - Z%O])
i=1

(Equation 111-3)
[COD]J; : concentration en COD en mg I™* pour la période i

Qi : hauteur de pluviolessivats en mm pour la période i

2.2. Analyses statistiques

La distribution des données ne suit pas une loi de normalité pour tous les paramétres
mesurés. Nous avons donc utilisé le test non paramétrique de Kruskall-Wallis suivi d’un post
test de Dunn pour comparer nos échantillons. Lorsque les comparaisons n’ont mis en jeu que
2 échantillons, le test U de Mann-Whitney a été utilisé.

Le seuil de significativité a été fixé a P<0.05. Les analyses statistiques ont été réalisées sur
XLSTAT®.

3. Résultats

3.1. La production de COD dans la zone humide de Montbé

3.1.1. Les conditions du milieu : température de I’eau, débit, pH,

conductivité

Les températures de I’eau de la nappe mesurées dans les piézométres ainsi que celle du
drain varient conjointement et saisonnié¢rement durant 1’année de prélévement (Figure 111-4).
Les minimums sont atteints durant les mois de novembre a avril, avec un minimum en
décembre, et les maximums durant les chauds mois d’été de mai a octobre. L amplitude
saisonniere des températures sur 1’année atteint 15.3°C dans le drain contre 11.7°C dans les
piézometres. Il n’y a pas de variation spatiale de la température de ’eau sur la tourbicre, les

seules différences mesurees concernent les valeurs en fond et en surface des piézométres. La
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partie superficielle de la nappe est soumise aux variations des températures de 1’air tout
comme le drain et donc les variations saisonniéres y sont les plus marquées. L’eau de la nappe
en surface a une température plus élevée en été et plus faible en hiver que celles mesurées au
fond des piézometres. L’amplitude des températures du niveau de surface de la nappe est plus

importante que pour le niveau du fond.
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Figure 111-4 : Variation de la température moyenne de I’eau en surface et en fond des
piézometres (avec écart type) et dans le drain de la tourbiere de mai 2007 a juin 2008 en
comparaison avec les températures journaliéres minimum et maximum de DPair a

Montsauche-les-Settons (Données Météo France)

Le débit du drain, méme s’il est de plusieurs ordres inférieur au débit des rivieres
drainant le Morvan, montre les mémes tendances que les débits journaliers relevés pour
I’Houssiére & Chaumard (Figure 111-5). Le débit du drain varie entre 3 et 22 | s, le débit
maximal ayant été mesuré en janvier alors qu’il pleuvait ce jour la sur la tourbiére. Le drain
est soumis aux variations climatiques comme nous ’avons vu pour la température de 1’eau
mais aussi a la dynamique de I’eau due a 1’écoulement et aux précipitations. Localement, les
niveaux piézométriques montrent des différences (Figure 111-6). Les niveaux diminuent de
juillet a début novembre 2007, puis fluctuent mensuellement jusqu’en février pour ré-
augmenter. L’eau de la nappe affleure parfois pour le piézometre 9, alors que la surface de la

nappe se trouve entre 25 et 55 cm sous la surface du sol pour le piézometre 5.
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Figure 111-5: Variation du débit mesuré sur le drain et du débit de I’Houssiére a
Chaumard. Les débits de I’Houssiére présentés ici sont les moyennes mobiles sur 7
jours. Nous avons aussi représenté les debits pour chaque journée de prélévement afin

de pouvoir comparer I’Houssiére avec le drain de la tourbiere.
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Figure 111-6 : Variation de la hauteur d’eau dans les piézométres. Les mesures ont été

effectuées en rapport avec la surface du sol.

Le pH de I’eau du drain présente les valeurs les plus élevées avec un maximum de
6.55 mesuré en mai 2008. L’eau du drain se distingue de I’eau de la nappe prélevée dans les
piézomeétres ou les pH sont nettement plus faibles et varient entre 4.3 et 5.9, témoignant du
contexte acide de la tourbiére (Figure 111-7). Les valeurs mesurés dans le drain se rapprochent
de celles qu’a pu mesurer Nathalie Linglois (2003) dans des petits bassins versants du Moran.
De maniére générale les eaux prélevées en surface sont plus acides que celles prélevées en
profondeur. Toutes les valeurs de pH suivent les mémes variations au cours des campagnes
d’échantillonnage, mais les piézométres 4 et 5 montrent une variation plus importante entre

octobre 2007 et mars 2008.
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Chapitre 3
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drain
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Figure 111-7 : Variations du pH de I’eau dans les piézométres et dans le drain de la

tourbiére.

Les conductivités électriques (Figure 111-8) sont relativement faibles et typiques des
eaux drainant des substrats difficilement altérables (Meybeck 1986). Les moyennes annuelles
varient entre 35 (£5) et 90 (+27) uS cm™. L’cau du drain présente les valeurs de conductivité
les plus faibles, mais qui restent cependant tres proches voire inférieures aux conductivités
mesurées dans 1’eau de surface du piézométre 5 (minimum : 