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Thesis Abstract

Organic matter mineralization hy sediment hacteria wa.' measured hy the

accumulation of OIC + CH4 in the water overlying intact cores Laken from litlllrai and

profundal sediments of 9 lakes. The variability in arcal carbon miner.llization was much

greater within lakes than among lakes. with the rate of organic matter minerali7.ation in

littoral sediments. on average. 3 fold higher than in the deeper sedimenl'.

Sixty per cent of the variation in summer carbon mineralization rates is explained

by site depth. a surrogate variable which incorporates the cffectllf temperature and ma)'

also be retlecting organic matter quality and/or supply. Lake-speciJic variables bccllme

useful predictors of carbon mineralization only after the site depth is considered. Those

lake-specific characteristics most strongly correlated to residuals of the regression with

depth are the catehment area tO lake area ratio (CA:LA) and the water residence lime. ln

lakes with a larger CA:LA and a shorœr water residence lime organic maner

mineralization in the sediments at a given depth is less. These IWO variables are

interchangeable and appear to be acting as surrogates for the amount and/or quality of

organic matter being supplied to the sediments. The rate of organic matter mineralization

in the sediments is independent of the a1ga1 biomass in the mixed layer and the IWO

measures of relative input of autochthonous material tO the sediment, the C:N and l)13C

ratios of organic matter in the top cenlimeter. The variation in total mineralization and the

mean areaI mineralization among lakes is primarily afunction of lake morphometry. Total

organic matter mineralization in sediments is greater in larger lakes but the rate per unit

area is less. refiecting the decrease in relative importance of the linoral zone.

A comparison of the mineralization in sediments overlain by epilimnetic water tO

the whole lake sediment mineralization demonstrates the overwheiming importance of the

littoral sediments in organic matter mineralization. with more !han half (54-100%) of the
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• mineralization in the sediments occurring in the littoral zone. However. the littoral

sedjmenl~ account for Jess than 20% of the gro>s respiration in the epilimnion. Epilimnetic

waters. which suppon a large plankton biomass. have 4 10 5 fold higher ralCS of oxygen

consumption pcr unit volume than hypoJimnetic water. Thus. the importance of the

sediments in whole Jake mctabolism is a funcùon of both the trophy and morphometry of

Jakcs.
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• Résumé

Le taux de minéralisation de la matière organique a été estimé par l'accumulation du

DIC + CH.; dans l'eau interstitielle de carottes non-penu~es receuillies dans les sédimenl'

des zones linorales et profondes de 9 lacs du Québec. La variahilité intra-\ac dans le taux

de minéralisation du C par unité de surface était supérieure à la variahilité inter-lac. Celle

dernière est l'effet d'un taux de minéralisation 3 fois plus élevés dans les sédimenl' de la

zone linorale par rappon à la zone profonde d'un même lac.

Soixante poureent de 1.. variabilité de la moyenne estivale du taux de minéralisation

était expliqué par la profondeur du site. étant donné que ce dernier réOète l'effet de la

température et la qualité et/ou la quantité de matière organique. Après avoir considéré la

profondeur du site. cenaines variables morphométriques du lac deviennent utiles pour

prédire la minéralisation du C des sédiments. Le ratio de l'aire du bassin ver.;ant versus

l'aire du lac (CA:LA) et le temps de résidence d'un lac étaient fonement corrélés avec

l'erreur résiduelle de la relation entre la minéralisation et la profondeur du site. Dans les

lacs avec un grand CA:LA et un coun temps de résidence. le taux de minéralisation de la

matière organique dans les sédiments était plus faible pour une même profondeur. Ce taux

de minéralisation était indépendant de la biviliasse phytOplanctonique dans la colonne d'eau

et l'apport en matière autochtone. Ce dernier a été estimé en déterminant les ratios de C:N

et le ô13C de la matière organique dans le premier centimètre des sédiments. TI semble que

la variation dans la minéralisation totale et la minéralisation moyenne par unité de surface

dans les sédiments soit une fonction de la morphométrie du lac. Le taux de minéralisation

dans les sédiments est plus élevé dans un grand lac. mais ce taux par unité de surface est

plus faible. ce qui réflète une diminution dans l'importance relative de la zone littorale.

Le pourcentage de minéralisation qui s'effectue dans les~ents sous-jacente de

l'eau de l'épüimnion est plus que la moité (54-100%) de la minéralisation des sédiments du
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•
lac entier, d';montrant l'importance significatiw de l'activit<: hact';rienœ dans les &dimenL'

de la wne littorale. CependanL les &dimenL' de la zone littorale repr';scntent moins de

207< de la respiration hrute dans l'';pilimnion par la biomasse planctonique de l'';pilimnion

consomme 4 à 5 fois plus d'oxygène par unit<: de volume que dans l'hypolimnion,

L'importance des &dimenL' dans le m';tabolisme d'un lac entier est une fonction du niveau

trophique du lac et de ses charactéristiques morphom.;triques,
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• General Introduction

Bacteria arc the major decomposers of organic maner in aquatic systems (Fenchel

and Blackburn 1979). Through consumption of oxidants and release of reduced products

they can have dramatic effecl~ on the chemistIy and biola of lakes. For examp)e. depletion

of dissolved oxygen (02) in hypolimnetic waters enhances phosphorus release from

sediments (review sec Bostrllm et al. 1982) and can result in summer and winter fISh !àlls.

while anacrobic respiration in the sediments generates alkaIinity (Kelly et al. 1982: Kelly

and Rudd 1984: Kelly et al. 1987). Recent work in the water column has a1s0 shown

bacteria to be an important Iink between dissolved organic maner and the rest of the biola

(Sherr and Sherr 1988.1991: Chrîstofferson et al. 1990: Pace et al. 1990). However. in

the sediments there is less grazing on baeteria than in the water column (Kemp 1990).

Therefore. the mast important role of the bacteria in the sediments is the mineralization of

organic matter.

The sediments may he the primary site for organic maner decomposition in shallow

aquatic systems. such as lakes. where the sediment area to lake volume ratio is high.

Bacteria are lWO to three orders of magnitude more abundant per unit volume in the

sediment than in the water column above (Duarte et al. 1988: Schallenberg et al. 1989:

Schallenberg and Kalff 1993). and although as few as 5 % of the bacteria in the sediment

may he active (Dufour and Colon 1992: Butorin 1989). as much as 85 % of 02

consumption measured in hypoIimnia of lakes is attributable to the sediment (Comen and

Rigler 1987).

Research on heterotrophic activity in aquatic systems has traditionally focused on

02 consumption (Thienmann 1926: Str0m 1931; Hutehinson 1938: Charlton 1980;

Hargrave 1973. 1979: Comen and Rigier 1980. 1987). Consumption of oxygen in
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•
hypolimneùc water wa$ fm;t idenÙIÏed in 1886 Py Hoppe-Seylcr (sc'e Hutchinson 1957J.

but the fm;t major advance in prcdicùng the rate of oxygen consumption in hypolimnelic

waten; and sedimenl~ W3$ made Py Thienmann (1926J. who argued that the hypolimneùe

0., consumpùon would depend on both the morphometrv of the ba.~in and the plank,onic- .
primary production. Str0m (1931) and Hutchinson (1938) devised trophic classification

schemes based on the areal hypolimneùc oxygen depleùon rates (AHOD). instead of

oxygen consumpùon per unit volume. to eliminate the bia.~ introduced by variability in the

thickness of hypolimnia among lakes. Hargrave (1973. 1979) argued that the amOUnl of

substrate available to the sediment microbial community wa.~ a function of the primary

production exponed from the surface water and the exposure of that organic material to

degradation in the water column. He showed that sediment oxygen consumpùon (SOC). in

both marine and freshwater systems, could be predicted from the ratio of primary

production to mixing depth.

More recent predictive models fail to identify the algal biomass in the surface water

as an imponant predictor of AHOD (Charlton 1980; Comett and Rigler 1987) and SOC

alone, is not significantly correlated with primary production (Hargrave 1979). lnstead

hypolimnetic oxygen consumption appeaIS to be primarily a function of lake morphometry.

Both Comett and Rigler (1980) and Charlton (1980) observed higher rates of AHOD in

lakes with thicker hypolimnia. Charlton (1980) suggested tha!, 3$ SOC W3$ fairly constant

(Graneli 1978). the higher AHOD ofdeeper lakes was the result of increased respiration in

the water column. His conceptual model points to a decreasing importance of the

sediments in the decomposition and storage oforganic matter in thicker hypolimnia (Fig.

1). Indeed. Comett and Rigler (1987) demonstrated a negative correlation between

hypolimnetic thickness and SOC. calculated 3$ the difference between AHOD and oxygen

consumption in the water column.
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Although the investigations of oxygen consumption provide a good structural

framework for further rcsearch of organic mauer minerdlization. the inferences that can be

drawn to carbon cycling are limited because acrobic respiration is only one. albeit the most

efficient. of severa! metabolic pathways employed by bacteria Ohle (1956) suggested the

use of carbon dioxide (COZ) accumulation as an indicator of the bioactivity of aquatic

systems in order to circumvent the limitations associated with anaerobic mineralization of

organic matter. Carbon dioxide is the end product of bath aerobic and anaerobic

respiration and. together with methane (CH4). is a1so an end product of fermentation. Rich

and Devol (1978) found accumulation of dissolved inorganic carbon (DIC) to exceed Oz

consumption in the hypolimnia in 4 oftheir 5lakes. and Kelly et al. (1988) showed that the

accumulation of OIC plus CH4 exceeds the consumption of Oz in the hypolimnetic waters

of 3 Ontario lakes. with between 78 and 97% of the organic matter decomposition being

associated with anaerobic processes. However. few studies have examined the production

(Ramlal et al. 1993: Sweens et al. 19,86: Schallenberg 199Z) or the flux (Carignan and

Lean 1991) of OIC and CH4 from 1ake sediments, and the processes which determine the

rate of organie matter nùneralization in the sediments remain unresolved.

Microbial ecologists have worked a1mast exclusively on profundal sediments. even

though the majority of Iakes are small and effectiveIy donùnated by the littoral zone. bath

in terms ofarea and primary production (Wetzell990). The historicaI focus on the pelagie

zone and the underlying sediments as the more biologically interesting zone oflakes was

reinforced by the influential work ofJones and Simon (1981). They found bacteria to he

less abundant and less active per gram of dry sediment in littoral than profundal sediments.

However. when the variables are more appropriately expressed per unit area or volume.

bacteria are both more abundant (Duarte et al. 1988; Schallenberg et aI. 1989;

Schallenberg and Ka1ff 1993) and more productive (Sander and KaIff 1993) in shallow

than profundal sediments.
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The aim of the thesis is w quantify and predict the rates of l)rganic malter

mmeralization in linoral and profundal &dimenL~ of lakc..~. A multilakc sampling regime

was used to investigate the importance of lake trophic Slatus and morphometry in

predicting areal rates of sediment organic matter mineralization. ln chapter 1. 1show that

areal orgarùc matter mineralization rates arc more variable within than among lakes

varying considerably in trophy. 1present a predictive model for sediment DIC + CH4

release based on site depth and the ratio of lake catchment area to lake area. Using this

model 1then estimate the total organic matter mineralization in the sedimenL~ for 8 of the

study lakes. A comparison of mineralization in the sedimenL~ with the mineralization in the

sediments overlain by epilimnetic water shows the overwhelming importance of the littoral

sediments in sediment organic matter mineralization.

The higher observed rates of organic matter mineralization in the linoral sediments

are at least in part due to the higher temperature of the overlying water. but the quality and

quantity of organic matter may aIso he Iimiting the sediment microbial community. Carbon

to nitrogen (C:N) and stable carbon isotope (ÔI3C) ratios of the organic matter in the

surface sediment were measured in an attempt to determine the relative contribution of

autoehthonous detritus to the substrate of the sediment microbial community. The utiIity

of these two measures of the autochthonous nature of the sediment orgarùc matter is

explored in chapter 2. Neither of these measures nor the algal biomass of the surface water

is related to the rate of organic matter mineraIization in the sediments. However. algal

biomass in the surface water determines the rate of gross respiration in lakes and thus the

relative importance of sediment mineralization in whole lake metabolism. In chapter 1.1

present two conceptual models of gross metaboIism in lakes to assess the relative

importance of the sediment mineralization firstly, as a function of mean depth and

secondly, as a function ofalgal biomass in the surface water.
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Fig. !. Conccptual mode! of areal hypolinetic oxygen depletion rates (AHOD) and the fate

of organic matter in lake hypolimnia of different thickness. The oxidation of organic matter

is proponioncd bctween water oxygen consumption and sediment oxygen consumption

(SOC) while rcmaining organic material is accumulated in the sediments (adapted from

Charlton 1980).
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Chapter 1.

Organic matter mineralization rates in lakc scdimcnl~:

A within and among lake slUdy.
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• Abstract

Organic matter mineralization rates were measured by the accumulation of DIC +

CH4 in the water overlying intact cores taken from littoral and profundal sediments of 9

Quebec lakes. The variability in areal carbon mineralization is much greater within Jakes

than among lakes varying in trophy. The rate of organic matter mineralization in littoral

sedimenl~ is more variable and, on average, 3 fold higher than in the profundal sediments.

SixtYper cent of the variation in summer carbon mineralization rates is explained by site

depth, a surrogate variable that incorporates the effect of temperature and may also be

reflecting substrate quality and/or supply. The lake-SpeCÜIC characteristics most strongly

correlated 10 residuals of the regression with depth are the catchment a.-ea to lake area

ratio (CA:LA) and the water residence lime. In Jakes with a larger CA:LA and a shorter

residence lime the amount and possibly the quality of organic matter settling to the

sediments at a given depth may be reduced. resulting in the lower observed organic matter

mineralization rates. Mineralization in the sediments is primarily a functiQR of Jake

morphometry. Total mineralization in the sediments is. not surprisingly, greater in larger

lakes but the rate per unit area of lake is smaller. reflecting the decreased importance of the

littoral zone. More than half (54-100%) of the DIC + CH4 produced in the sediments is

from the littoral zone. Yet, because of the high oxygen consumption in epilimnetic waters,

the littoral sediments account for less than 20% of the gross respiration in epilimnia. The

relative importance of the sediments in total respiration in Jakes is a function of both the

trophy and lake morphometry. A smaller proportion of total respiration occurs in the

sediments in eutrophic than in oligotrophic Jakes, and in deep Jakes the sediments account

for a smaller proportion of total respiration than in shallow Jakes.
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• Introduction

The recent interest in the global carbon budget has increased the amount of

research on the flux of carbon dioxide (C02) and methane (CH4) from surface waters.

Release of these gases provides not only a measure of the flux of carbon but a1so a

measure of the net heterotrophic activity of the community. Carbon dioxide is the end

product of both aerobic and anaerobic respiration and. together with CH4. is a1so an end

product of fermentation. Cole et al. (1994) calculated that 87% of lakes world-wide arc a

source of CO2. One interpretation of this efflux of carbon is that heterotrophy exceeds

autotrophy in lakes.

In shallow aquatic systems char:lcterized by high sediment area to water volume

ratio the sediments may be the primary site for organic matter mineralization. Bacteria arc

the major decomposers of organic matter in aquatic systems (Fenchel and Blackburn 1979)

and they are sorne two to three orders of magnitude more abundant in the sediment than in

the equivalent volume of overlying water (DUarle et al. 1988; Schallenberg et al. 1989;

Schallenberg and Kalff 1993). Furthermore, the sediments dominate hypolimnetic

metabolism with as much as 85% of oxygen consumption in the hypolimnia of lakes

occurrïng in the sediments (Cornen and Rigler 1987). However. only a few studies have

exaInined the act::urnulation ofdissolved inorganic carbon (DIC) (Rich 1975; Rich and

Devo11978; Rich 1979, 1980) or OIC and CH4 (Kelly et al. 1988) in the hypolimnia of

lakes. and the production (Schallenberg 1992; Ramlal et al. 1993; Sweerts et al. 1986) or

flux (Carignan and Lean 1991) ofOIC and CH4 in sediments.

Research on metabolism in lakes has traditionally focused on oxygen consumption

(Thienemann 1926; Stnlm 1931; Hutehinson 1938; Hargrave 1979; Charlton 1980;

Cornen and Rigler 1980, 1987) as aerobic respiration is the most efficient pathway for

13
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orgariic matter degradation. Originally il was bclieved thal the oxygen demand of

hypolimnetic walCr and sediments could be used as an indicalor of the trophic status of

lakes. However. neither the rate of areal hypolimnetic oxygen depletion (AHOD) (Comett

and Rigler 1980. 1987) nor the sedimenl oxygen consumption rate (SOC) is strongly

coupled to the algal biomass (chi a) in the mixed layer (Hargrave 1979). The relative

stability of the SOC (Graneli 1978) and the increase in AHOD in lakes with thicker

hypolimnia. allowed Charlton (1980) to develop a useful conceptual model depicting a

decrease in the relative importance of sediments in organic matter mineralization in lakes

with thicker hypolimlÙa. Indecd. Comett and Rigler (1987) reported lower SOC.

calculated as the difference !letween AHOD and water column respiration. in lakes with

tlùcker hypolimlÙa.

AHOD is also correlated with hypolimnetic temperature of the hypolimnion

(Comett and Rigler 1987). In stratified temperate Jakes the epilimnetic water overlying the

littoral sediments is about lOto 15 Oc warmer than the hypolimnetic water. Temperature

is an important factor deœnnilÙng microbial activity in both the water column (White et aI.

1991) and the sediment (Graneli 1978; Hargrave 1969). Reponed QIO values for sediment

oxygen consumption range from 1.3 (Graneli 1978) to 7.6 (Hargrave 1969).Yet. the

activity of microbial commUlÙties in sIUIIies of profundal sediments is lower in a more

shallow Jake than a deeper lake. even after correcting for the lower water temperature of

the deeper lake (Kelly and Chynoweth 1981).

Substrate quality is argued to !le a function of both the source and the refractory

nature of the organic material (WetzeI 1983). Exposure of detritus to microbial

degradation in the water column and sediment eau !le expected to deplete detritus of labile

components. Autocht!lonously produced material is considered the preferred substrate for
_/

heterotrophs as if is 1ess refraetory and is general1y higher in nutrient content than
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allochthonous terrestrial material. Fine organic matter scdimcnlcd in thc littoral zonc thal

is not immediately metabolized will bc resuspcnded during high energy periods and

ultimately transported to profundal sediments (Davis and Brubaker 1973: Davis 1973:

Rowan et al. 1992). As a result profundal sediments are not only chamcteristically finer

than littoral sediments (Rowan et al. 1992) but are also composed of organic matter which

has had greater exposure to degradaùon by bacteria while pan of the littoral scdimenL~ and

subsequently in the water column. Thus. the quality and the autochthonous nature of

organic material arriving at the sediment surfaee could be expccted to be higher in the

littoral sediments than in profunda! sediments. Furtherrnore. maerophytes and bcnthic

algae also provide substrate for the microbial eommunity of littoral sediments (Wetzel

1990).

The combination of higher temperatures and the higher quality substrate should

allow the highest microbial activity to occur in the littoral sediments. YCL research to date

bas focused almost exclusive1y on profundal sediments even though smaller 1akes.

dominated by the littoral zone. are much more common than deeper pelagie dominated

lakes (Wetze11990). The influential work of Jones and Simon (1981) contributed to the

bias towards pelagie sediments by showing bacteria to be 1ess abundant and 1ess active per

gram of dry sediment in littoral than in profundal sediments. However. when expressed per

unit area or volume the baeteria are, as expected, more abundant {Duarte et al. 1988;

Schallenberg et al. 1989; Schallenberg and Kalff 1993). more active (Ramlal et al. 1993)

and more productive (Sander and Kalff 1993) in littoral than profundal sediments.

The DIC + CH4 release rates from sediment cores taken from the littoral and

profundal zones of9 nonh temperate lakes were measured to address the following

questions: (1) Does lake morphometry affect the rate of carbon mineralization in

sediments? (2) What is the relative role of the littoral and profundal sediments in who1e

15
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lake sediment minerali7.ation ralCs? (3) Does the source of the organic material affect the

r<llC of carbon miner.ili7.ation in the sediments?
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• Methods

Study area and sampling regime

Nine Quebec Iakes in lhe Eastern Townships (SL Lawrence River Valley) and

Laurentians (Canadian Shield) were selected to maximize lhe range of chi a. water

residence lime and drainage basin characteristics. The inclusion of the three brown water

Laurentian lakes extended the humic range. The slUdy lakes have been used in a numbcr of

previous studies (e.g. DUarle et al. 1988: Rowan et al. 1992). providing important

background information on their morphometry. sediment characteristics and biology

(Table 1).

Each lake was visited between one and four times during the summer and carly fall

of 1993. Sarnpling took place during the flJ'St two weeks of June. July. August and

October. Alllakes were stratified during the June sampling. However. polymictic lake

Waterloo was completely mixed on the Juiy and August sampling dates with water column

ternperatures above 20 Oc and lak.: Brome was mixed to a depth greater than 7 m on the

August sampling date. By October alliakes had destratified and cooled to between 7 and

12 oC.

Three replicate cores were taken from up to three habitats per lake. using 5 cm

diarneter PVC tube. The habitats were: (1) the profundai sediments of the lake or bay. (2)

a linoral area with macrophyte growth. and (3) a linoral area with coarse grained

sediments and limited or no macrophyte growth. The profundal sites were sampled with a

gravity corer. while cores were collected from the shallow sites by SCUBA. Care was

taken to avoid inclusion of large macrophytes or macrofauna and only undisturbed cores

were kept for analysis. Cores were capped and returned 10 the lab on the day of collection.
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Table 1. Morphometric, hydrological and biological dala for 9 study lakes lakes localed in lhe

Laurcntians and Eastern Townships of soulhern Quebec. Morphometric and hydrological dala laken from

Schallenberg (1992). Chi Jl is Ihe mean summer concenlration (n=number of monlhs) for 1993 (present

sludy).

•

Lake Mean Max. Volume Drainage Lake Water chia
Depth Depth Area Arca Residence (n)

Time
m m 106 m3 km 2 km 2 yr Iig 1-1

laI/rentions
Achigan 12.1 25.0 60.08 90.44 4.98 1.30 1.9 (4)
Croche 4.6 10.0 0.21 0.19 0.19 1.88 2.2 (4).....
Cromwell 3.0 9.5 0.25 8.76 0.11 0.06 6.0 (4)00

Eastern Townships
Bowker 23.7 57.2 57.77 7.72 2.44 12.71 0.9 (3)
Brome 5.8 11.5 81.61 185.60 14.17 0.92 8.2 (3)
Hertel 4.7 9.0 1.69 3.30 0.29 0.65 4.6 (2)
Magog 7.7 17.5 70.90 1852.60 9.27 0.08 6.8 (4)
Memphremagog . . 2.35 3.9 (3)

(Oreen Bay)
4.9 4.30Waterloo 2.9 25.00 1.50 0.23 10.9 (3)
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Altogether 224 cores were collected and analyscd. For cach core the carhon minerali7.ation

rate of the sediment microbial community. the water content and the organic matter

content (g g-l dry weight) of the top centimeter were measured. Organic matter souree

was assessed by determining the stable carbon isotope ratio (S13C) and C:N ratio of

orgartic matter in the top centimeter of a subset of the cores.

Carbon mineralization rates

In the laboratory. the cores were sealed with rubber stoppers. A few milliliters of

lake water or CO2 free water was added to the cores so that no air was tr3pped. Cores

were stored in the dark at +/- 2 Oc of the in situ temperature. After a one or two day

equilibration period. 20 ml samples of the overlying water were removed for analysis of

C02 and CH4. The water overlying the sediments was gently mixed before and after

sampling. using a magnetic stining bar suspended from the stopper and the volume of

water removed was replaced with CO2 free water. Every sample was acidified with 2 ml of

O.IN H2S04 to conven bicarbonate to CO2•and then sparged with 20 ml of He by

vigorous shaking for 50 seconds (Stainton et al.1977; Schallenberg 1992). The

concentration of C02 and CH4 in 20 ml water samples was determined using a HNU gas

chromatograph. with a 0.306 mm x 1.118 m (118" x 4') Hayesep D packed column. UHP

He carrier gas (30 ml min-I ). and a far-UV deteetor. Gas standards were used for both

C02 and CH4. A sparging efficiency for CO2•of50%. was determined experimentally

using bicarbonate solutiotlS (Fig. 1). This estimate was also confll1lled with the method of

McAullife (1971). The McAullife method was used to caleulate the sparging efficiency of

CH4. N'mety-seven per cent ofdissolved CH4 is extraeted by my method. which is the

CH4 extraction efficiency caleulated by McAulliffe. The deteetion limit of this analysis was

0.16 J1M for CO2 and 0.028 J1M for CH4•
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Fig. l. Standard curve of 20 ml bicarbonate solution acidified with 2 ml of 0.1 N acid and

sparged with 20 ml of He. The x axis is lhe known concentration of carbonale in solution

and the y axis is the concentration delermined using a gas standard (see methods for

prolOCO!). The poinL~ rcprcscnt individual samples run on three separale days. The

inLCreepl is nol significantly differcnt from zero. and the slope of the rcgression is the

sparging efficiency.
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Rates of carbon mineralization wen: determined from the change in the volume of

DlC and CH4 in the waler following 2. 3 or 4 day incubations. For the cores taken in June

and July the r<ltes of mineralization were determined over two consecutive 2 day

incubations. The consecutive release rates were not weIl correlated (Fig. 2). and the less

variable 4 day incubations were used in anaIysis for all cores except for 25 cores that were

incubated for 3 days. An ANOVAshowed there to he no significant effect of 3 and 4 day

incubations on the carbon minera1ization rates. The detection limits for the DlC and CH4

accumulation rates are dependent on the volume of water overlying the sediments and the

duration of incubation. The method is more sensitive in cores with a smaller volume of

water and a longer incubation lime. The volume of water overlying the sediment cOres

ranged from 58 ml to 616 ml. With a 4 day incubation and 58 ml of water overlying the

cores. the minimum deteetable rates of DlC and CH4 accumulation were 1.5 and 0.25

mmol m-2 dol. respectively. The detection Iimits with 616 ml ofwater overlying the core

and only 3 days of incubation was 20.8 mmol m-2 dol for DIC and 3.49 mmol m-2 dol for

CH4. The best eslimate of the detection Iimits. calculated for the mean water volume (327

ml) and a 4 day incubation. are 9.4 and 1.56 mmol m-2 dol for DIC and CH4•respectively.

Only the net carbon release of DIC + CH4 was considered since the methods did

not prOtect against the introduction of oxygen during handling and incubation. ln the

presence ofoxygen CH4 can be oxidized by either chemical reaction or microbial activity.

The chemical oxidation of CH4 to C02 will not affect the release of DIC + CH4 because a

mole ofCO2 is produced for every mole of CH4 oxidized. However. the presence of

methanorrophs could result in underestimation of the carbon mineralization rate as

methanoIr0phs fix about 113 of the CH4 consumed with the balance being respired as CO2

(Hâkanson and Janssen 1983). The fixing ofcarbon by methanorrophs is unlikely 10 have

significantly affected my estimates oforganic matter mineralization becanse CH4 release
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Fig. 2. Rcleasc of ole + eH~ lmmol m-:~ d- l ) from 120 &dim~nt c,.xs incut>a!~d f,'r

two consecutive IWO day incut>ations al +/- 2 Oc. Approximalcly -I(l';; ,'f th" da~ arc

hidden.
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•
rates <X = 3 mmol m-:! d- I) were only about 20% of the relea.~e r.ltes of DlC (x = 1~

mmol m-2 d- I ). Introduction of oxygen to the incubating cores may also have inhibited

organic matter mineralization by strict anaerobes. Accumulation of reduced products in the

sediments may have buffered the sedimenl~ from the cffecl~ of oxygen introduction. These

assumptions appear to be warranted as the reponed rates of carbon mineralization are

comparable to published rates ofC02 accumulation (Table 7) and oxygcn consumption

(Fig. 7).

Sediment characteristics and organic matter quality

After determining the mineralization rates. the cores wcrc stored for up 10 2 weeks

at 4 oC. The top centimeter was removed from each core using a vertical extruder.

Water content of the surface sediment was determined by oven drying at 60 oC. The dried

sediment was ground to homogenize the sample, and subsamples were ashed ovemight at

550 Oc to determine the organic content of the sediments. To calculate the areaI

concentration oforganic matter, the bulk density (g mr1) was calculated from water

content and sediment dry weight (Rudd et al. 1986). The densities of water and sediment

particulate material were assumed to be 1 g mrl and 2.6 g ml-l, respectively.

Stable carbon isotope and C:N ratios oforganic maner in the top centimeter of

sediments were determined for 55 cores using a Europa Scientific Tracermass mass

spectrometer interfaced with a Roboprep-CN analyzer. The cores analysed for ôl3C and

C:N include both shallow and deep sediment from all 9 lakes. Five to 10 ml of dried

sediment was acidified with 10 ml of 2 to 3% phosphoric acid tO remove any carbonates

from the sediments. The acid sediment mixture was shaken and left ovemight to allow the

acid to reacL The samples were then oven dried at 60 Oc and subsequently ground with

mortar and pestle. Enough sediment to contain between 2 and 3 mg of organic mauer, was
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packed ioto duplicate titanium capsules. The mean standard error of the 013C ratio of the

duplicatcs. expressed as parl~ per thousand or per ml difference from PDB (Fry and Sherr

1984J. was 0.26 %0 (n=55J. And the mean standard error of the C:N molar ratio was 0.40

(n=53J. Five cores obtained from a shaIJow endosed bay of lake Bowker were removed

prior ta statisticai anaiysis. as they reflected the particular bay rather than the lake.

Lake and site characteristics

Tempera!UI'C and oxygen profIles were obtained using an Orion model 840 oxygen

meter. Epilimnetic depth was determined as the depth of maximai temperature change.

Between 250 ml and l L of lake surface water was fIltered through NE Gelman glass fiber

fIlters in triplicate for chi a anaiyses. Pigment was extraeted in 12 ml ofethanol and chi a

concentration was determined by the tricolormetric absorption (Bergmann and Peters

1980). Site exposure and area at depth was determined by planimetry using bathymetric

maps.

Statistical Anaiysis

Statistical anaiysis was performed using SAS. AlI variables used in correlation and

regression anaiysis were tested for normality. Logarithmic transformation of the

morphometric and productivity variables. and arc sin transformation of % organic maner

content and % water content were used to normalize the data (Table 2).
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Table 2. Summary of the data collected from Eastern Township and Laurentian lakes during June. July and August of 1993. The

mean, minimum and maximum values of environmental and biological variables are presenled for the profundal and lilloml habitaIs.

profundal Iilloral weed bcd Iilloral sand transformation

n mean min max n mean min max n mean min max

OIC+CH4 63 7 -20 24 67 29 -50 75 52 21 -45 112 none
(mmot m-2d-l)

sile deplh 63 11.5 3.7 35 67 1.8 1.0 5.0 52 1.9 0.6 6 logarilhrnic
(m)

woler lemperalure 63 11 4 22 67 20 7 26 52 22.0 18 26 none
(oC)

waler conlenl 48 88 38 99 54 80 49 99 42 44 21 76 arc sin
(% dry weight)

organic malter 57 29 2 56 61 20 3 62 50 5 1 27 arc sin
Dl (% dry welght)

oreal orgonlc malter 48 0.29 0.04 0.56 54 0.23 0.4 1.00 42 0.06 0.01 0.19 (ogarithmic
(gmH)

chia 21 4.7 0.6 t4.5 21 4.7 0.6 14.5 16 4.9 0.6 14.5 logarilhmic
(Ilg 1-1)

O.oj 12.77exposure 23 2.63 23 2.39 0.09 7.92 18 3.45 0.29 12.77 logarilhmic
(km2)

,

. 1
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Results

Mean summer phytoplankton biomass (chia) and lake morphometric attributes

varied between 1 and 2 orders of magnitude (Table 1). The variation in sediment carbon

minerali7.ation and other sediment attributes are given in Table 2. The water content of the

sediments varied bctween 21 and 99 % and the organic content from 1 to 62 %. Cores

from the littoral sand habitat had the lowest mean value and greatest range in water and

organic matter content, while cores from the profundal habitat had the highest mean values

and smallest range in water and organic matter content The range in the stable carbon

isotope signatures of organic matter in the top ccntimeter was grcater for cores collected

in the linoral habitats than in the profundal habitat Fmally, the carbon mineraIization rates

in the individual cores ranged from -50 to 112 mmol m-2d-l and were higher and more

variable in the sand and weedbed habitats than in the profundaI habitat

The ANOVA shows that the main source of variability in carbon mineraIization

rates was among habitats rather than among lakes (Table 3). Carbon mineralization rates

differ significantly among the three habitats. with 1arger and more variable carbon

mineraIization rates in the sand and wecdbed habitats than in the profundal habitat (Fig. 3).

The ANOVA funher showed there to be a weak effect of time of year. Organic matter

mineraIization rates in the summer months (June, July and August) were not significantly

different from cach other but were higher than in October. The mean summer carbon

release rate (17.0 +/- 0.1 mmol m-2 dol) is aImost twice the mean release rate in October

(8.6 +/ 0.4 mmol m-2 dol). While the effect oflake in the ANOVA was not significant on

its own the interaction between month and lake was significant. suggesting that seasonaI

effects were not the same in alllakes. Only the cores taken in June,July and August are

considered in the present analysis. due to the high inter-season variability in carbon release

rates.
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Table 3. An analysis oi variance of the imponance of sampling date and

habitat on carbon mineralization rates in individual cores. The cores \Vere

co1kcted during the summer and fall of 1993 from 9 lalœs in the Eastern

Townships and Laurentians of southern Quebec. The thrcc habitaL~ arc:

profundal. littoral weedbed and littoral sandy. A Tukey test indicatcs a

significant difference arnong ail three habitats.

Source DF Type III SS MS FValue P

Model 53 37149.59 700.94 2.71 0.0001

Lake 9 1340.63 148.96 0.58 0.81
Habitat 2 3251.11 1625.55 6.29 0.0023
Month 3 2047.38 682.46 2.64 0.051
Lake-Habitat 13 3584.70 275.75 1.07 0.29
Habitat*Month 6 1932.47 322.08 1.25 0.29
Lake*Month 20 11813.44 590.67 2.28 0.0023

Error 170 43960.14 258.59
Total 223 81109.72
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• Fig. 3. Box plot of carbon dioxide plus melhanc rcleasc from individual cores coUected in

June. July and August. The horizontal bars indicate the median. 25th and 75th percentiles.

the + and 0 symbols indicate outside values and the notehes represent the 95% confidence

interval of the median. A Tukey multiple range test finds the mean carbon rnineralization

rate among aIl three habitats to bc significantly differenL
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Temperature was posiùvely correlated with carbon mineralizaùon rates (Table 4.

Fig. 4). Mineralizaùon rates were furthermore negaùvely correlated with site depth. but

this is not easily interpreted as depth and temperature co-vary (Table 5). Temperature was

probably the principal determinant of carbon mineralizaùon rates. However. depth

explained more of the variability in carbon mineralizaùon rates (Table 4). and is.

consequently. more than a simple surrogate for temperature.

Physical characterisùcs of the sediment, such as water content and organic

matter content, were not strongly coupled to the rate of mineralizaùon despite the

wide range of water and organic matter content observed. Nor were the measures

of physical structure correlated with the residuals of the temperature and depth

regressions of carbon mineralization. possibly because of the autoCorrelation of

depth. temperature and physical structure. A1though the sampling regime was

designed to include shallow sediment cores from both fine grained organic

weedbed habitats and coarse grained inorgartic sand habitats. there remained weak

correlations between site depth and water and organic matter content (Table 5).

The residuals of the regression between mean summer carbon mineralization rates

and site depth were negatively correlated with the catehment area to lake area ratio

(CA:LA). and positively correlated with the flushing rate. These two variables are

themselves highly correlated and may be acting as surrugates for Ille amount of orgartic

material supplied to the sediments. as flushing rate is negatively correlated with organic

matter retention (Groeger and IGtnmel1984). The variance in log transformed carbon

mineralization rates explained by the mode! increases from 60 ta 76% (modellO. Table 4)

wben CA:LA was inc1uded in a multiple regression with site depth. 1tested the predictive

power of this model with data collected from the literature (Fig. 5).The standard error of
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Table 4. Stepwise rcgression models of DIC plus methane relea.~e rates (mmol

• m-2 d- I ) from sediment cores. incubated in the dark. as a funcùon of

environmental factors. based on data collected from 9 Quehcc lakes. Models 1

and 2 represent the individual cores: models 3 and .. are based on mean

monthly release rates per habitat: models 5. 6 and 7 are ba.~ed on mean
summer release rates per habitat. and models 8. 9 and 10 are ba.-;ed on the

logarithim of mean summer release rates per habitat. Temp=incubaùon

temperature (OC), depth=log site depth (m), CA:LA=raùo of catchmcnt area to

1ake area.

y n intercept std error r2 p
x-coefficient

Individual cores
Modell 224

constant 0.52 3.01 ns
Temp 1.05 0.18 0.14 0.0001

Model2 224
constant 24.02 1.81 0.0001
depth -15.02 2.91 0.11 0.0001

Habitat mean by monrh
Model3 78

constant 0.83 3.34 ns
Temp \.03 0.20 0.26 0.0001

Model4 78
constant 23.56 2.18 0.0001
depth -13.75 3.36 0.18 0.0001

Sununer mean
Model5 25

constant 0.33 5.19 ns
Temp 1.05 029 036 0.001

Model6 25
constant 27.92 2.47 0.0001
depth -18.40 3.57 0.54 0.0001

Model7 24
constant 29.55 2.44 0.0001
depth -19.53 3.20 0.52 0.0001
CA:LA -0.069 0.022 0.67 0.01

Log sununer mean
Model8 25

constant 0.54 0.13 0.001
Temp 0.036 0.007 0.51 0.0001

Model9 25
constant 1.47 0.07 0.0001
depth -0.58 0.09 0.63 0.0001

ModellO
constant 24 1.57 0.06 0.0001
depth -0.62 0.08 0.60 0.0001
CA:LA -0.002 0.0006 0.76 0.005
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•
Fig. 4. Water temperature versus monthly mean carbon mineralizaùon rate in the

profundal. linor.u weedbed and littoral sandy sites. The intercept is no! significantly

different from zero. The change in the carbon mineralizaùon rate between 10 and 20 Oc is

approximately 2 fold ( QIO=1.9). Nine data points are hidden from view.
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Table 5. Pearson correlalion malrix showing Ihe signincanl correlations bclween lbe monlhly average

raies of DlC plus melhane release from sediment cores and environmental variables in the nine study

lakes. The numbcr of samples (n) is presenlCd immediately below Ihe correlation coefncients (r).

• p<0.05, .. p<O.OOI, ... p<O.OOOI.

•

ineubalion sile !Ieplh chia water content Jake area catchment
lemperalure areal

(oC) (m) (~g 1- 1) (% dry weighl) (km2) lake area

DlC+CH4 0.51"· -0.42·" -0.29·
(mmol m-2 d- l) 78 78 66

incubalion lemperalure -0.62"· -0.51·" 0.43"·
(oC) 79 67 78

~
sile deplh .0.26· 0.49"· -0.23·

(m) 72 67 78
chia •0.33
(~gH) 72

waler conlenl -0.54"·
(% dry weighl) 66

lake area 0.27·
(km2) 79



• Fig. 5. Observed versus predicled (modcl 10. Table ~) carbon mineralizati'1n r.ltes. Log

carbon mineralizaùon is predicled from the waler depth aoove the sediment and the

calchment area 10 lake area raÙo (n=2~. ~=O.76. p<O.OOI J. My data (e) arc the rnean

carbon release raIes from cores collecled in June. July and August. The test data arc

release raIes esùmated from undislurbed cores incubated in the dark (0 Schallcnberg

1992: 0 Ramlal el al. 1993) and in siru opaque benthic chambers (Ll Sweerts Cl al. 19l16).

The four obvious outliers are sites thal are less than a meler deep.
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• the estimate for the data used to generate the model is 0.04 (n=21), and the standard error

of the eslimates for the test is 0.11 (n=22). The literature data were measured using dark

incubation of undisturbed cores (Schallenberg 1992: Ramlal ct al. 1993) and opaque in situ

benthic chambers (Sweerts et al. 1986). Four sites in the Sweerts ct al. (19~6) study were

collected from sediments overlain by less than a meter of water (20 and 50 cm), beyond

the range of the model, and were overestimated by the mode!. The standard error of the

estimate for just those test at a depth greater than 1 m, is 0.05 (n=18). The strength of the

predictive model attests to the accuracy of the present estimates despite the recognized

uncertainty in the calibration of the methods (Fig. 1& 2).

Lastly. whole lake carbon mineralization rate.~ were calculated by integrating model

10 (Table 4) over area at depth. The total organic matter mineralization in the sediments

during the summer ranged over 2 orders of magnitude among the 8 study lakes for which

the bathymethetric and morphometric data were complete (Table 6). The mean areal

mineralization rates in the sediments ofa Jake with a mean depth of 5 In is twice !hat of a

lake with a mean depth of 15 m (Fig. 6). Deeper lakes. with a greater sediment area

naturally exhibited a higher whole lake sediment flux but at the sarne lime a lower flux per

unit area than in shallow lakes. reflecting the greater proportion of the sediments overlain

by epilimnetic water in the latter. Carbon mineralization in littoral sediments. defmed as

those overlain by epilimnetic water. accounted for between 54 and 100% of the

mineralization in lake sediments.
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Table 6. Total summer sediment organic matter mineralization in the sediments of 8 southem Quellcc lakes.

calculated by integrating model 10 over lake area al deplh, oblained from balhymellic maps. AcOlllparison

of the mineralization in the sediments overlain by epilimnelic water 10 the lotal sediment mineralizationof

the whole lake demonstrates the disproportionale importance of the shallow sediments in carbon

mineralization.

•

mean catchment Tolal summer mean depth epilimnelic epililllnctic
Lake depth area: mineralization of epilimnion arca1 Illineralizalion

lake area lake area
m 106 mol m % %

Achigan 12.1 18.16 4.4 8 34 58
w Bowker 23.7 3.16 0.9 6 25 54VI

Brome 5.8 13.10 19.6 7 73 85
Croche 4.6 3.80 0.3 3 46 69

Cromwell 3.0 79.64 0.2 2 60 82

Hertel 4.7 11.38 0.5 6 98 99

Magog 7.7 199.85 5.3 9 68 84

Waterloo 2.9 16.67 2.7 5 100 100



• Fig. 6. Mean areal flux of carbon from lake sediments versus the mean depth of the lakes.

The carbon mineralization rate is calculated from the depth weighted total summer flux

(Table 6).
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• DisCussion

Sediment carbon mineralizaùon rates vary over ùme and space. The spaÙal

variation in mineralizaùon rates is large and is larger among habitaL~ within lakes than

among the lakes varying considerably in trophy (Table 3). The discussion therefore focu.~s

initially on the processes that deterrnine the areaI organic malter mineraiizaùon within

lakes followed by a consideration of the principal determinanL~ of the among lake

variability, and the relaùve importance of sediment mineralizaùon in whole lake

metabolism.

The range in DIC + CH4 release among the individual cores in the present study is

greater than the range of DIC reiease from freshwater sediments reported in the literature

(Table 7). Despite difference in physical energy. sourees of carbon, and availability of

oxidants. the carbon mineralization rates in shallow marine sediments are surprisingly

similar to their freshwater counterparts. Since the measures of DIC and CH4 release are

combined in the present study, it is not surprising that the esùmates of organic matter

rnineraIization exceed the reported fluxes of DIC from lake sediments. Although CH4

accumulation was on average ooly 20% of the total flux in my cores, the limited literawre

indicates that CH4 may account for as much as 42% of DIC + CH4 regeneraùon in lake

hypolimnia (Kelly et al. 1988). Mt>thanogens are ;ess active in marine sediments because

ofcompetition from sulphate reducers (Capone and Kiene 1988) and the present esùmates

of carbon rnineralizaùon are consequently more lIirectly comparable 10 DIC release from

marine sediments.

The lowest carbon rnineralization rates in individual cores were lower than those

previously reported (Table 7). with carbon consumed in 10% of the cores of the present

study. Consumption of DIC in lake sediments and hypolimnia has been noted before but
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• Table 7. Summary of literature data on Ole and methane release from sediment cores and
benthic chambers incubated in the dark.

Source

Marint:

Thcrlcildscn and Lomslein 1993

Ander.ion cl al. 1986

Blackburn el al. 1988

Kristensen el al 1992

FnshMlakr

Pulliam 1993

Hcdinl990

Sweens el al. 1986

RamIaI el al. 1993

RamlaI el al. 1994

Schallenberg 1992

present study

individual cores

Mean moothly release by sile

Site

Nomninde Fjord. Denmark

Gullmarsljorden. Western Sweden

marine ponds. Ela!, IsreaI
Indus Della, Pakistan

wetlands. Georgia

HBEF stream. New Hampshire

Lake 30"..5. Manitoba

3 Manitoba Iakes

2-5m

12-46m

Lake 18. Nonh West Territories

Eastern Townships, Quebec

6·35m

Eastern Townships and

l.aurentians. Quebec
Iilloral 1-5 m

profundal 6-35 m
1i1lOra! 1-5 m

profundal 6-35 m

DIC DlC"'CH4

17 - 132

19.1 ...1- 1.1

75 - 104.2

-104 - 50

1.66- 20.6

2.2 - 28.4

11 -43

3-25

3 -li

32.4-46.7

1.6-7.7·

-50·112

-20-24

17-60

-3.0·14

. • colTCCled for COz spatging efliciency (Fig. 1)
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may weil be underreponed. with such carbon consumption atuibul<:d to expcrimcntal crror

in the absence of a betler explanation. Reponcd DIC consumption in individual shallow

marine cores incubated in siru has been attributed 10 algal carbon lixation (Dollar ct al.

1991). ln the present slUdy the carbon consumption cannot be the rcsult of photosynthesis

since the cores were incubated in the dark. Law ratios of OIC release to 02 consumption

(RQ) have been reported in both shallow marine sedimenL~ (Hansen and Blackburn 1991)

and the hypolimnion of Lawrence Lake (Rich and Devol 1978). Both anaerobic

autotrophic production and the precipitation of carbonates were suggested. but not

demonstrated. as reasons for the low RQ values. Although there was no evidence of

carbonate precipitation in any of the present cores. it is plausible. given the strong redox

gradients in sediments. that there is sufficient chemoautotrophic carbon fixation at the

sediment oxycline to result in carbon consumption on small spatial and temporal scaIes.

Yel, there was net carbon consumption in only 3 sites when the OIC + CH4 release rates

for replicate cores were averaged. and a net efflux of carbon was observed from all the

sites when averaged over June. July and AugusL

The DIC + CH4 release rates were both larger and more variable in the weedbed

and sand habitats than in the profundal sediments (Fig. 3). This is reflected in a three times

higher standard deviation of the carbon mineralization rates of replicate cores in littoral

sites than in the profundal sites. Littoral habitats were also more variable. both in physical

characteristics of the sediment and temperature (Table 2). Higher variability in physical

cbaracteristics and a resultïng need for a greater number ofreplicate cores in shallow

sediments bas been noted previously (Hâkanson and Jansson 1983; Rowan et al. 1995).

The water over1ying the littoral sediments during the summer months was between

10 and 15 Oc warmer than the bypolimnetic water. Such large differences in temperature

can he expected to have dramatic effects on the microbial activity in that mos! biological
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• reacùons have a QIO bctween 2 and 3. Strong temperature effects have been noted for

both AHOD (Cornet! and Rigler 1987) and bacterial producùon in marine and freshwater

planktonic communiùes. parucularly at temperatures lower than 20 Oc (White et al. 1991).

Reported QIO values for sediment oxygen consumpùon range from 1.3 (Graneli 1978) to

7.6 (Hargrave 1969). with higher values over lower temperature ranges. The estimated

QIO bctween 10 and 20 Oc for carbon mineralizaùon in the present sediments is 1.9 (Fig.

4). Th= is greater variability in mineralizaùon at higher temperatures suggesùng that at

these temperatures factors other than temperature are limiting the rate of organic matter

decomposiùon by the bcnthic microbial community.

During the summer months site depth is a better predictor of carbon mineralization

rate than the temperamre of the overlying water (Table 4). The relaQ-onship between mean

summer carbon mineralizalion rate and site depth corresponds surprisingly weil to the

equivalent models for sediment 02 consumplion (SOC) compiled by Campbell (1984)

(Fig. 7). Oxygen consumplion by both marine and freshwater sediments is inversely related

to depth. The slopes of the regressions predicting SOC from site depth are not

significantly different between systems even though the rates of 02 consumption are an

order of magnitude higher in marine sediments. Likewise. the slope of the regression

predicting carbon mineralization rate from site depth in the present study is also not

significantly different from the slopes of the regressions predicting Soc. The thickness of

the overlying water column bas the same effect on the SOC of marine and Jake sediment

and, at least in Jakes. bas the same effeet on both the aerobic and anaerobic communities as

the DIC + CH4 release rates are a constant proportion of the SOC rates.

A comparison of the intereept of the regression line predicting mean summer

carbon mineralization from the site depth (modeI9. Table 4) with the intereept of the

respiratOl)' quotient (RQ; mmolDIC + CHA. produced: mmol 0, consumed) of 0.68
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• Fig. 7. Sedimenl carbon release and oxygen consumplion rJtes ",·r.,'lt' sile depth. The

carbon mineralizaûon rates are the mean summer rclease raIes for lhe Quehe, lakes (model

9). Sediment oxygen consumpûon rates werc obtaincd l'rom 17 freshwalcr and 10 marine

srudies compiled by Campbell (1984). The slopes of the rcgrcssions are nol significantly

differenL The raûo of the intereeplS. mmol C released: mmol 02 consumed in lake

sediment. yields an RQ of 0.68.

o Lake sediment 02 consumpüon.

log (SOC) = 1.64 - 0.48 * log (site depth). n=59. r2=0.42. p<O.OO 1

Marine sediment 02 consumption.

log (SOC) = 1.80 - 0.43 * log (site depth). n=37. r2=O.77. p<O.OO1

• Lake sediment carbon mineralization (present study).

log (DIC + CH4) = 1.47 - 0.58 * log (site depth). n=25. r2=O.62. p<O.OOI
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• (Fig: 5). Reponed RQ (mmol of CO2 produced: mmol 02 eonsumedl values for lhe

p1ankton are typically less than 1. with 0.85 being the moSl quoted value under aerobic

conditions (WetzeI1983). The present RQ value. although not significantly different from

1. suggests that the sediment microbial community is using low quality substrate bccause

the mineralization of high quality organic matter requires less 02 than the mincralization of

low quality material. However. RQ values computed for mixed acrobie and anaerobic

communities cannot be simply interpreled as an indicalor of substr.lte qualily. Rich and

Devol (1978) reponed a range in RQ values from 0.4 to 10.8 for the hypolimnia of 5

North American lakes. In ail but one of the lakes the quotients were grcater than 1.

suggesting that hypolimnetic microbial communities are typically dominated by anaerobes.

In Lawrence 1ake 02 consumption exceeded DlC production. There the lowest RQ value

was observed in the ear1y summer. and the authors proposed that chemical 02

consumption by reduced products accumulated during the previous str.lûtied season was

responsible for elevated rates of 02 consumption. This explanation is plausible as more

recent work has shown that as much as 50% of total 02 consumption in freshwater

sediments can result from chemical demand (Adams et al. 1982; Drabkova 1983; Adam.~

and van Eck 1988; Sweerts et al. 1991). Introduction of oxygen to the incubating cores

mayalso have resulted in temporary inhibition of anaerobic populations such as Dsulv

(Cole pers. com.). Even so. the present RQ vaIues should. if anything. overestimatc the

quality of the substrate available as the estimates of carbon mineralization include not only

CO2 but also CH4 release. Funhermore. a comparison ofseasonal means milÙmizes the

potential for an underestimation ofsubstrate quality resulting from chemical 02 demand. It

is. therefore. reasonable to conclude that the sediment microbial commulÙty in these

Quebec lakes is confronted by substrate of generally low quality.

The observed negative correlation between depth and SOC in both marine and

freshwater systems bas been interpreted as the result of a decrease in both the quality and
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• the quanLity of organic malter reaching deeper sediments (Hargrave 1969: J0rgensen

1983). Exposure of organic matter to microbial decomposiLOn in the water column not

only reduces the arnount oi organic matter that reaches the sediments. but also depletes the

sedimenLing organic material of labile components. ln shallow areas of lakes deposition of

particulate materiaJ occurs throughout the summer. but fine particulate matter is

rcsuspended during high energy periods (Davis and Brubaker 1973: Davis 1973: Rowan et

al.1992) and ultimately accumulates in profundal areas (Rowan et al. 1992). The

rcsuspended material bas had greater exposure to degradation fust by the microbial

communities of the warm littoral sediments and second by the water column, and should

be more refractory upon its rmal deposition in the profundal sediments. Indeed. a lower

microbial aciivity bas been observed in slurries of profundal sediment in the more shaIJow

Frain's Lake than the deeperThird Sister Lake (Kelly and Chynoweth 1981). Furthermore,

macrophytes and benthic algae provide fresh substrate for the microbial community of

littoral sediments (Wetzell990).

AUlOChthonously produced organic matter is considered to be the more labile

fraction of the organic material in lakes (Wetzel 1983). However, neither of the measures

of organic matter source (C:N and Ô13C ratios) were strongly correIated with the rate of

DIC + CH4 release. The sediment microbial community is most active in the difficult to

sarnple upper few millimeters (Novitsky 1983), and C:N and ôl3C ratios of the organic

matter in the tOP centimeter may well be too coarse a measure to assess the substrate

available to bacteria at the sediment surface. However, even ü the twO measures of organic

matter quality were inappropriate the algal biomass in the water column above would be

expected to affect sediment mineralization rates Ü indeed the autochthonously produced

organic matter is an important source of substrate for the sediment microbial community.

No correlation between algal biomass, expressed by volume or peT unit area, and the

sediment areal carbon mineralization rates or the residuaIs of the regression predicting
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• carbon mineralization rates from site depth was observed. It appears that factors other than

lrophy strongly influence sediment carbon mineralization rates.

The lake-specific characleristics mosl strongly corrclated 10 the rcsiduals of the

regression with depth arc the calchment area 10 lake area roltio (CA:LA) and the waler

residence lime (Table 4). These two variables arc interchangeable and appear 10 be acting

as surrogates for the amount of organic malter being supplied 10 the sediments. While

larger catchments provide the receiving lakes with more organic matter. the expon per unil

area of catchment is lower!han for smaller catehments (Rasmussen el al. 1989). and the

more rapid fIushing of these same lakes decreases the retention of organic malter (Groeger

and IGmmelI984) and potentialy the organic matter supply 10 the sediments. There may

aIso be a greater resuspension of sediment organic material in the more quickly fIushing

lakes. Both these mechanisms cOuld contribute 10 a reduced supply of organic materiallo

the sediments in rapidly fIus.lted Jakes. and possibly explain the reduced sediment

mineralization rates.

Given the imponance of site depth and CA:LA nltio in determining the areal

carbon mineralization rates in the sediments, Jake and catehment morphometry are

necessarily imponant determinants of the total and the mean areal mineralization rate in the

sediments at the whole Jake scale. The higher average areal rate observed in shallow lakes

refIects (Fig. 6) the proportionally greater area of the littoral sediments (WetzeI1990). The

computed mean areal rate of organic matter mineralization in the sediments of a Jake with

a mean depth of5 m is aImOS! twice that of a lake with a mean depth of 15 m (Fig. 6). At

the whole Jake scale the carbon mineralization in the littoral sediments, overlain by warmer

epilimnetic water. accounts for over half of the mineralization in the sediments, even in the

deepest Jake. Bowker. where the epilimnetic water covers ooly 25% of the Jake bottom

(Table 6). Ram1al et al. (1993) too observed elevated rates of DIC + CH4 release from
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•

shallow cores and argued for the imponance of shallow sediments in organic matter

mineralization. The present analysis conflITlls the much neglected littoral sediments as the

most imponant zone of organic matter mineralization in lake sediments.

The last issue to be addrcssed is the imponance of sediment mineralization at the

whole lake scale relative to metabolism in the water colwnn. Cornett and Rigler (1987).

also working on southern Quebec lakes. reported that between 34 and 84% of the 02

consumed in the hypolimnia was by the sediments. They found that the proportion of the

oxygen consumption in the hypolimnetic water column was a function of the hypolimnetic

thickness. in agreement with the conceptual model presented by Charlton (1980). The

model ofCharlton depicts decreasing rates of organic matter mineralization and a

decreasing imponance of the mineralization in the sediments relative to the water column

with increased hypolimnetic thickness. The present analysis supports this interpretation and

extends it beyond hypolimnia to whole lakes. Not orny is the sediment area to water

volume ratio higher in shallow lakes. allowing for a greater proportion of lake metabolism

in the sediments but the mean areal rate of organic matter mineralization tOO is higher in

shallow than in deep lakes. However. the relative importance of the littoral sediments to

respiration in epilimnia is considerably Jess than the profundal sediments in the hypolimna.

Respiration in lakes is dominated by the epilimnetic water during summerstratification

because of the large planktonic biomass. Del Giorgio and Peters (1993) measured gross

rates of 02 consumption in the epilimnetic waters to be between 6 and 29 mmol m-3 d- l .

These rates are muchgreaterthan the oxygen conswnption rates of0.5 to 6 mmol m-3 d-1

reported in the hypolimnetic waters by Cornett and Rigler (1987). Sediment mineralization

(assuming a RQ=l) accounted for a modest 2 to 18% of the total respiration in the

epilimnia of the 4lakes included in both the present study and the study by deI Giorgio an~

Peters (1994).
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• Despite !he aeknt"lwledged importance: of lake morphometry in delCnnining !he

mineralization of organic matter in lake sedimenl~. !he relative:: importance {lI' the sedimenl~

in lake respiration is a function of bo!h morphometry and trophy. Ba..~d on modcls of

epilimnetic and hypolimnetic oxygen consumption. and my own modcl of sediment

mineralization. all of which were developed for !he lakes of sou!hern Quebec. !he

propomon of gross respiration ocCUTTing in !he sediments can be modelied a..~ a function of

bo!h morphometry 1I11d trophy (Fig. 8). The gross respiration of epilimnetic waters is

positively correIated wi!h chi a in !he surface water (del Giorgio and Peters 1994). and a..~ a

result !he propomon of whole lake metabolism occurring in !he sediments is greater in

oligotrophic lakes!han eutrophie ones (Fig. 80). Assuming a me:m dep!h of 10 m.

mineralization in the sediments will account for roughly 8% of !he total mincralization in

eutrophic lakes (chi a =30 Jl.g ri) and as much as 33% in oligotrophic lakes (chi a =0.3

Jl.g r i ). At the sarne lime. for a given algal biomass. !he propomon of whole lake

respiration occurring in the sediments will vary as a function of mean dcpth of !he lake. In

a mesotrophie Jake (chi a =3 Jl.g ri) with a mean depth of 30m roughly 5% of the IOtal

respiration will oceur in the sediments, while with a mean dep!h of 3m. 26% of the total

respiration will occur in the sediments (Fig. 8C).

In summary, the modest, l1ut far from negligible, role of !he sediments in whole

Jake metabolism attests le !he dominant role of epilimnetic water in primary production

and eommunity respiration. Although the relative importance of !he sediments in total

respiration is a function oflake uophy, sediment organic matter mineralization is

independent of primary production in the surface water. Instead, !he rate of mineralization

in the sediments is primarily a function of the depth of!he water eolumn, wi!h whole Jake

sediment mineralization dominated by !he little studied littoral sediments. As shallow lakes,

with large littoral zones, dominate the landscape (Wetzel:1990),littoral ~dimenlcan he

expected le dominate !he sediment organie mattermineralization of the majority of Iakes.
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•
Fig. 8. Empiricaily bascd conceptual model of respiration in lakes. Total respiration is the

sum of epilimnetic mineralization (mmol 0, m-2 dol ). calculated from data presented in

del Giorgio and Peters (1993). hypolimnetic watercolumn respiration (mmoI O2 m-2 dol).

calculated as a percentage of the areal hypolimnetic demand (AHOD) from Comett and

Rigler (1987). and the mean areal carbon mineralization rates (mmol C m-2 d- I) estimated

by modellO (Table 4), assuming RQ=l.

A. Epilimnetic respiration estimated for chI a of 3 Ilg rI, using the regression presented in

Fig. 8B. AHOD and sediment mineralization plotted as a function of mean depth.

Areal hypolimnetic respiration = 30 '"log (mean depth) - 21. n=ll. r2=0.64. p<0.003

Arca! sediment mineralization = -14 '"log (mean depth) + 26. n=8, r2=O.70. p<o.Ol

B. Hypolimnetic respiration and sediment mineralization predictea for a mean depth of 10

m (Fig. 8A), and epilimnetic respiration predicted from ch! a.

Areal epilimnetic respiration = 50 '"log (chI a) + 41, n=20, r2=O,46, p<0.000

C. Sediment mineralization deere."1se5 from 26 to 5 % of the gross metabolism over the

range of mea.'1 depth observed in th,~ study lakes.

D. Sediment mineralization decr>...ases from 33 ta 8 % ofgross respiration over the range in

chl a reported in the study lakes.

47





•
References

Adams. 0.0.• G. Maûsoff, and W.J. Snodgrass. 1982. Flux ofreduced chemical

consûtuents (Fe2+. Mn2+. NH4+ and CH4) and sediment oxygen demand in Lake Eri.::.

Hyclrobiologia 92: 405-414.

Adams. 0.0.• and G.T.M. van Eck. 1988. Biochemical cycling of organic carbon in the

sediments of Grote Rug reservoir. Arch. Hyclrobiol. Beih. Ergebn. Limnol. 31: 319-330.

Andersen. L.G.• P.OJ. Hall. A. Iverfeldt. M.M. Rutgers van der Locff. B. Sundby. and

S.F.G. WcsterIund. 1986. Benthic respiraûon measured by total carbonate producûon.

Limnol. Oceanogr. 31: 319-329.

Bcrgmann. M.• and R.H. Peters. 1980. A simple refleetance method for the measurement

of particulate pigments in lake water and its application to phosphorus-chlorophyll-seston

relationships. Can. J. Fish. AquaL Sei. 37: 111-114.

Blackburn. T.H.• BA Lund. and MD. Krom. 1988. C- and N-mineralizaûon in the

sedil'lents ofearthen marine fishponds. Mar. Ecol. Prog. Ser.44: 221-227.

Campbell. P.J. 1984. Laboratory measurement and prediction ofsédiment oxygen

consumiJtion. M.Sc. Thesis. Department of Biology.McGill University. Montreal.

Capone. D.G•• and R.P. Kiene. 1988. Comparison ofmicrobial dynamics in marine and

freshwater sediments:Con~ in aerobic carbon catabolism. Limnol. Oceanogr. 33: 725­

749.

48



•
Carignan. R.. and D.R.S. Lean. 1991. Regeneration of dissolved suhslances in a seasonally

anoxic lake: The relative imponance occurring in the water column and in the sedimenls.

Limno!. Oceanogr. 36: 683-707.

Charlton. M.N. 1980. Hypolimnion oxygen consumption in lakes: Discussion of

productivity and morphometty effects. Cano 1. Fish. Aquat. Sci. 37: 1531-1539.

Cole. J.J.• N.F. Caraco. G.W. Kling. and T.K. Kratz. 1994. Carbon dioxide

supersaturation in the surface waters of lakes. Science 265: 1568-1570.

Comen. RJ.. and EH. Rigler. 1980. The areal hypolimnetic oxygen deficit: An cmpirical

test of the mode!. Limno!. Oceanogr. 25(4): 672-679.

Comen. RJ.• and EH. Rigler. 1987. Decomposition ofseston in the hypolimnion. Cano J.

Fish. Aquat. Sci. 44: 146-151.

Davis. M.B. 1973. Redeposition of pollen grains in lake sediment. Limnol. Oceanogr. 18:

44-52.

Davis. M.B.• and L.B. Brubaker. 1973. Differentia! sedimentation of pollen grains in lakes.

Limnol Oceanogr.18: 635-647.

dei Giorgio. P.A.. and R.H. Peters. 1994. Patterns in planktonic P:R ratios in lakes:

Influence of lake trophyand dissolved organic carbon. Limno!. Oceanogr. 39: 772-787.

49



•

•

Dollar. S.1.• S.V Smith. S.M. Vink. S. Obrebski. and lT. Holligbaugh. 1991. Annual cycle

of benthic nutrient fluxes in Tomales Bay. California. and conuibuùon of the benthos to

total ecosystem metabolism. Mar. Ecol. Prog. Ser. 79: 115-125.

Drabkova. V.G. 1983. Bacterial decomposiùon of organic matter in 1acustrine sediments.

Hydrobiologia 103: 99-102.

Duarte. C.M.• D.F. Bird. and J. Kalff. 1988. Submerged macrophytes and sediment

bacteria in the littoral zone of Lake Memphremagog. Canada. Verh. Internat Verein.

Limnol. 23: 271-281.

Fenchel. T.• and T.H. Blackburn. 1979. Baeteria and mineral cycling. Academie Press.

London.

Fry. B.. and E.B. Sherr. 1984. o13C measurements as indieatoIS ofcarbon fiow in marine

and freshwater ecosystems. Contribution in Marine Science. 27: 13-47.

Graneli. W. 1978. Sediment oxygen uptake in South Swedish lakes. Oikos 30: 7-16.

Groeger. A.W•• and B.L Kimmel. 1984. Organic matter supply and processing in lakes

and reservoirs. pp. 282-285. In: Lake and Reservoir Management US. EPA. Washington.

D.C.

Hâkanson. L. and M. Jansson. 1983. Priciples ofLake Sedimentology. Springer-Veriag.

Heidelberg.

50



• Hansen. L.S.• and T.H. Blackburn. 1991. Aerobic and anaerobic minerJ.1izalion of organic

material in marine sediment microcosms. Mar. Ecol. Prog. Ser. 75: 283-291.

Hargrave. B.T. 1969. SimilariLy of oxygen upLake by benthic communiùes. Limnol.

Oceanogr. 14: SOl-805.

Hargrave. B.T. 1979. Factors affecûng the flux oforganic matter to sedimenL~ in a marine

bay. pp. 243-263. In: Marine bentlùc dynamics. 11th. Belle W. Baruch Symposium in

Marine Science.

Hedin. L.O. 1990. Factors controlling sediment community respiration in wood1and stream

ecosystems. Oikos 57: 94-105.

Hutehinson. G.E. 1938. On the relation between the oxygen deficil and the productivity

and typo10gy of 1akes. Int. Rev. Gesamten. Hydrobiol. 36: 336-355.

Jones. J.G.• and B.M. Simon. 1981. Differences in microbial decomposition processes in

profundal and linoral sediments, with particular reference to the nitrogen cycle. J. Gen.

Microbio10gy 123: 297-312.

Jl'Jrgensen. B.B. 1983. Processes at the sediment-water interface. pp. 477-515. In: B. Bolin

and RB. Cook (eds.). The Major Biogeochemical Cycles ar.d Their Interactions. Wùey

and Sons. N.Y.

Kelly. C.A.. and D.P. Chynoweth. 1981. The contribution oftemperature and of the input

oforganic matter in controlling rates of sediment methanogenesis. Limnol. Oceanogr. 26:

891-897.

51



• Kelly. C.A., J.W.M. Rudd and D.W. Schindler. 1988. Carbon and electron fiow via

methanogenesis. soi-, N03-. Fe3+, and Mé+ reducùon li: the anoxic hypolimnia of

three lakes. Arch. Hydrobio!. Beih. Ergebn. Limno!. 31: 333-344.

Kristensen. E.. A.H. Oevol. SJ. Ahmed. and M. Saleem. 1992. Preliminary study of

bentlùc metabolism and sulfate reduction in a mangrove swamp of the Indus Delta.

Pakistan. Mar. Eco!. Prog. Ser. 90: 287·297.

McAullife. C. 1971. GC determinaùon ofsolutes by mulùple phase equilibraùon. Chem.

Tech. 1: 46-51.

Novit~. J.A. 1983. Microbial acùvity at the sediment-water interface in Halifax Harbor.

Canada. AppI. Environ. MicrobioI. 45: 1761-1766.

Pulliam. W.M. 1993. Carbon dioxide and methane exports from a southeastem floodplain

swamp. EcoI. Monogr. 63: 29·53.

Ramlal. P.S.• R.H. Hesslein. R.E. Becky. EJ. Fee. J.W.M. Rudd and SJ. Guildford. 1994.

The organic carbon budget of a shallow Arcùc tundra lake on the Tuktoyaktuk Peninsula,

N.W.T.• Canada. Biogeochemistry 24: 145-172.

Ram1al. P.S.• CA Kelly. J.W.M. Rudd. and A. Furutani. 1993. sites of methyl mercwy

producùon in remote Canadian Shield lakes. Can. J. Flsh. AquaL Sei. 50: 972-979.

52



•
Rasmussen. J.B.. L. Godbout. and M. Schallenberg. 1989. The humic content of lake

water and iLS relaùonship to watershed and lake morphometry. Limnol. Oceanogr. 34:

1336-1343.

Rich. P.H. 1975. Benthic metabolism in a soft-water lake. Verh. Internat. Verein. Limnol.

19: 1023-1028.

Rich. P.H.. and A.H. Devol. 1978. Analysis of five North Ameriean Jake eeosystems VII.

Sediment processing. Verh. Internat Verein. Limnol. 20: 598-604.

Rich, P.H. 1979. Differential CO2 and 02 benthie eommunity metabolism in a soft-water

lake. J. Fish. Res. Board Cano 36: 1377-1389.

Rich, P.H. 1980. Hypolimneùe meatbolism in three Cape Cod lakes. Am. Midland Nat

104: 100-109.

Rowan, DJ., J. Kalff, and J.B. Rasmussen. 1992. Estimating the mud deposiùon boundary

depth in lakes from wave theory. CalI. J. FISh. Aquat Sei. 49: 2490-2497.

Rowan, DJ., J. Kalff. and J.B. Rasmussen. 1995. Optimal allocation of sampling effon in

lake sediment studies. Cano J. FISh. Aquat Sei. 52: 2146-2158.

Rudel, J.W.M., CA Kelly, V. St Louis, R.H. Hesslein, A. Furutani and M.H. Holoka.

1986. Microbial eODSumption of nitrie and sulfurie acids in acidified nonh temperate lakes.

LimnoL Oceanogr. 31: 1267-1280.

53



•

•

Sander. B.e.. and J. Kalff. 1993. FaclOrs controlling baclerial production in marine and

freshwater sediments. Microb. Eco!. 26: 79-99.

Schallenberg. M.• and 1. Kalff. 1993. The ecology of sediment bacteria in lakes and

comparisons with other aquatic ecosystems. Ecology 74: 919-934.

Schallenberg. M.• J. Kalff. and J.B. Rasmussen. 1989. Solutions 10 problems in

enumerating sediment bacteria by direct counts. App. Env. Microbio!. 55: 1214-1219.

Schallenberg. M. 1992. The ecology of sediment bacLCria and hypolimnetic catabolism in

lakes: The relative importance of aUlochthonous and a1lochthonous organic matter. Ph.D.

Thesis. Departrnenl of Biology. McGill University. Montreal.

Stainlon. M.P.. Ml. Capel. and FAJ. Armstrong. 19n. The Chemical Analysis ofFresh

Waler. 2nd ed.• FlSh. Mar. Serv. Can. Mise. Spec. Pub!. 25: 1-166.

Stnlm. K.M. 1931. Fetovatn: A physiographic and biological sludy of a mountain lake.

Arch. HydrobioI. 22: 491-536.

Sweerts. J.P.• J.W.M. Rudd. and CA Kelly. 1986. Metabolic activities in flocculenl

surface sediments and underJying sandy linoral sediments. LimnoI. Oceanogr. 31: 330-338.

Sweerts. J.P.. M-J. Bar-Gilissen. AA Comelese. and T.E. Cappenberg. 1991. Oxygen­

consuming processes al the profundal and linoral sediment-water interface ofa small

meso-eutrophic Jake (Lake Vechten. The Netherlands). Limno!. Oceanogr. 36: 1124-1133.

54



• Thienemann. A. 1926. Dar Nahrungskreislauf im Was.-.er. Verh. DLo;ch. Z"OI. Ges. 2: 29­

79.

Therkildsen. M.S.• and B.A. Lomstein. 1993. Seasonal variaùon in net benthic C­

mineralizaùon in a shallow estuary. FEMS Microbiol. Ecol. 12: 131-142.

Wetzel, R.G. 1983. Limnology. 2nd ed. Saunders College Publishing. Phil.

Wetzel. R.G. 1990. Land-water interfaces: Metabolic and limnological regulators. Vcrh.

InternaL Verein. LimnoL 24: 6-24.

White, P.A., J. Kalff. J.B. Rasmussen, and J.M. Gasol. 1991. The effect of tcmperature

and algal biomass on bacterial production and specific growlh rate in freshwater and

marine habitats. Microb. Eco1. 21: 99-118.

55



•
Chapler 2.

An exploration of the utility of stable carbon isotope and carbon to nitrogen ratios of

organic matter as measures of autochthonous inputs to lake sediments.
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AbstTact

AUlochthonous organic malerial is believed 10 be the preferred subslr.lle for

helerotrophic bacteria. In order 10 as.."Css the contribution of autochthonous and

allochthonous material in sediments. 1measured the carbon to nitrogen (CN) and stable

carbon isolope (SI3C) ratios of organic m: :crial in the top centimeler of the sedimenL~ of

9 lakes in southern Quebec. Alleast 23% of the cores (n=1 3) have significanl input of

autochthonous material based on the S13C ratios. The littoral sand sites appear to

accumulate allochthonous material while those shallow sites with macrophyte growlh have

more positive SI3C values. reflecùng the generally more positive ol3C values of

macrophytes. The average SI3C value for the organic matter of the profundal sediments

are more negative !han that of the shallow sediments. and are not significantly different

from allochthonous material. However. the C:N ratio of sediment organic matter is not

coupled to variation in the contribution of autochthonous material within Jakes as

measured by the SI3C ratios. Based on work in one lake. LaZene (1983) argued that the

S13C ratio of organic matter is a more sensitive measure of the autochthonous inputthan

the C:N ratio. The present data suppon his Ùlterpretation within lakes. but it appears that

the C:N ratio is a more usefuI measure of the relative contribution of autochthonous

organic matter among lakes. The C:N ratio of the sediment organic matter is lower Ùl lakes

with greater phytoplankton biomass in the surface water whereas there is no significant

correlation between the S13C ratio and Jake trophy. Despite the different sensitivities of

C:N and S13C ratios tO variation in autochthonous content of the sediment within and

among lakes. these tracers are too well correlated among the sources to serve as

Ùldependent measures of source. A third independent measure of source is needed to

quantitativelyassess the contribution from autochthonous and allochthonous sources in

iakes where macrophyte production is an imponant third source of sediment organic

matter.
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• Introduction

Organic detritus in lakes is either composed of autochthonous materiaI produced

within the lake or aIlochthonous materiaI brought into the lakes from their drainage basins.

Autochthonous materiaI. produced by phytoplankton. macrophytes and epiphytes. is

considered the preferred substrate for heterotrophic bacteria (Wetzel 1983).

Autocththonous material is generally characte.;zed by lower nitrogen content than

aIlochthonous terrrestriaI materiai and is aIso probably less refractoI)' as it has not been

exposed to degradation by the soil and. riverine microbiaI communities. Thus

autochthonous materiaI should be higher quality substrate for bacteria. and sediments with

greater autocthonous input could be expected to have a more metabolicaIly active

microbiaI community per unit quantity of organic matter.

The relative contribution ofautochthonous materiaI in sediments should be a

function of !.t'le aIlochthonous and autochthonous loading as weIl as the exposure of

sedimenting organic matter 10 microbiaI degradation. Exposure oforganic matter to

microbiaI activity within the lake not only reduces the abso1ute amount of materiaI but aIso

depletes the materiaI ofits more labile components (Wetzel1983). Sedimenting organic

matter composed of bath allochthonous and autochthonous detritus should become

enriched in aIlochthonous materiaI over time as a result of microbiaI activity.

Sedimentation is spatiaIly and temporally heterogeneous within 1akes. Although

deposition of particuIate materiaI on littoral sediments occurs throughout the year, the fine

organic matter that was not immediately metabolized in the water column or at the

sediment surface is resuspended during high energy periods and is ul:imately Iransporred

to profundaI sediments (Davis and BnÎbaker 1973; Davis 1973; Rowan et ai. 1992). As a

resuIt. the profundaI sediments are not only finerJhan littoral sediments (Rowan et ai.
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• 1992) but are also likely to contain a lower proponion of the more labile autochthonous

material than tinoraI sediments.

Both C:N ratios and I)13C ratios have been used as tracers of the lIrganic malter

source in aquatic systems (Nriagu 1982; Kemp et al. 1977; LaZene 1983). Successful use

of such tracers is dependent upon a clear distinction of the signature of the sources. The

reported C:N ratio of phytoplankton ranges from 6 to 9 (Nriagu 1982; Kemp et al. 1977:

LaZerte 1983; Martino\'ll 1993). The C:N ratio of terrestriai material is much higher and

more variable. with woody material having a much higher ratio than leaves. Nriagu (1982)

repon C:N ratios between 15 and 20 fer allochthonous material in Ontario lakes. Soilliner

in boreal forest has C:N ratio as high as 33. while stream litter bas a 10wer range between

10.4 and 14.2 (Hecky et al. 1993). The isotope method is based on the fractionation of the

carbon by primary producers that assimilate lighter CO2 or HC03- more readily than 13C

rich inorganic carbon (Farquhar et al. 1989). The stable carbon isotope raûo (1)13C) of

primary producers is de~ndent on their physiology. the ambient temperature. and the size

and the I)13C value of the inorganic carbon pool. Terrestrial pIants have 1)13C raûos

ranging from -17 to -9 %0 for C4 pIants. and -32 to -20 %0 for C3 plants (Boutton 1991).

The latter dominate the drainage the largely forested drainage areas of the present study.

An earlier study of the stable carbon isotope ratio of stream litter in similar catehmenlS bas

shown the 1)13C value to be very stable at -28 +/- 1%0 (Schallenberg 1992) which is

within the often quoted range of -30 to -26 %0. Freshwater phytoplankton are more

depleted in 13C and are also more variable. ranging from -42 to -26 %0 (Boutton 1991).

The more variable carbon isotope composition of phytoplankton probably retleclS greater

variability in the 1)13C value and size of the inorganic carbon pool (Fry and Sherr 1984).

Both the a13cand C:N ratios of macrophyteS are markedly different from those of

phytoplankton and terrestrial material. The C:N molar ratio of macrophytes. ranging_from
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•
J6 to 34. is variable and ovcrlaps with the range in terrestrial material (Maninova J993).

Macrophytes do not fractionate carbon as strongly as phytoplankton and are often

characterized by more positive values (Boutton J992: France in press). They and Ll]eir

associated periphyton are more likely to experience carbon limitation than phytoplankton

as a result of an increased bounda.ry layer (Raven et al. J982; Osmond et al. J98 J). The

stable isotope ratio of macrophytes ranges from -50 to -10 %0 (Keeley and Sandqttïst

1992). with a range for lakes between -32 and -12 %0 (France in press). In order to assess

the relative contributions of the three sources it is necessary to have two independent

tracers (peterson and Fry J987). Both the stable carbon isotope and C:N ratios of the

organic matter in the top centimeter of the littoral and profundal sediments of 9 lakes were

measured in order to assess the relative contribution of autochthonous material tO the

sediments.
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Methods

Fifty-five cores were taken from both littoral and profundal sediment of 9 lakcs in

the Laurentians and Eastern Townships of southern Quebec. Two to thn:e replicate con:s

were analyzed from up to three habitats per lake. using 5 cm diamelCr PVC tube. The

habitats were: (1) the profundal sediments of the lake or bay. (2) a shallow area with

macrophyte growth and (3) a shalJow area with coarse grained sediments and limilCd or no

macrophyte growth. The deep siteS were sampled with a gravity corer while cores were

colleeted by SCUBA divers at the shallow siteS. The top centimeter of the cores was

removed using a vertical extruder. The sediment was then oven dried at 60 Oc and

prepared for stable isotope and C:N analysis on a Europa Scientific Tracermass mass

spectrometer interfaced with a Roboprep-CN analyzer. Five to 10 ml of dried sediment

was acidified with 10 ml of2 to 3% phosphoric acid to remove carbonateS from the

sediments. The acid sediment mixture was shaken and left ovemight 10 allow the acid to

react. The samples were then oven dried at 60 OC and ground with mortar and pestle.

Enough sediment 10 contain be:ween 2 and 3 mg of organic matter. was packed ioto

duplicate titanium capsules. The mean standard error of the al3c ratio of the duplicates.

expressed as parts per thousand or perml difference from PDB (Fry and Sherr 1984), is

0.26 %0 (n=55) and the mean standard error of the C:N molar ratio was 0.40 (n,-53). Five

cores taken from the shallow sediments of Lake Bowker were removed from the analysis.

These cores were from a shallow enclosed bay and had high a13c ratios. possibly resl~ting

from incomplete removal ofinorganic carbon.

----
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• ResuIts and Discussion

Thc rangc found in C:N and l)13C raûos of thc sedimcnt organic material is similar

to those rcported previously (Schallenberg 1992; LaZene 1983; Boutton 1991). The

overall mcan l)13C (-26.6 %0) is within the range of values reponed for terrestrial material.

suggesûng that the dominant source of sediment organic material is allochthonous.

However. 23% of the cores (n=13) have carbon isotope raûos beyond the -30 to -26 %0

range (Fig. 1) for allochthonous input and therefore appear to contain a significant amount

of autochthonously produced organic matter. In contrast. the C:N raûos of the sediment

organic matter are almost enûrely below the reported range for terrestrial material and

stream litter. suggesûng a greater input from phytoplankton. This discrepancy indicates

that one or both of the ratios have been modified prior to deposition.

There is evidence that for modification of l)13C of organic detritus resulting from

differential degradation of organic compounds (Benner et aI. 1987). but this process has

becn shown to have minimal effect on the l)13C ratio of organic detritus with pro10nged

exposure to microbial degradation (Schwinghamer et al. 1983; Fenton and RilZ 1983). The

l)l3C ratio of organic matter is more stable than the C:N ratio (LaZene 1983; Thonon and

McManus 1994). Enrichment (If particulate organic matter upon exposure to

decomposition has been documented in estuaries (Damell 1967; Roman 1980). Bacteria

have relatively low C:N ratios and with increasing bacterial biomass. particulate organic

detritus becomes enriched in nitrogen. Bacteria1 biomass per gram dry weight is greater in

the profundal sediments than in the littoral sediments. and as much as 20% of the organic

carbon in Iake sediments may be bacteria1 biomass (SChallenberg 1993). Assuming a C:N

ratio ofbacteria of5 and a C:N ratio of the sediments of 10. bacterial nitrogen cao account

for 40% of the N in lake sediments.
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Fig. 1. Plot of the C:N and stable carbon isotope (/;13C) ratios of organie malter in the

surface sediment and the potential sources of this material. Ranges of the reported Il 13C

ratios of macrophytes (M) (France in press), stream liller (Schallenberg 1992).

phytoplankton CP) and terrestrial (T) material (Bouaon 1991) are plolted against the

reported ranges in C:N ratios for terrestrial and phytoplanklOn material (LaZerte 1983).

stream litter (Hecky et al. 1993) and macrophytes (Martinova 1993). The symbols

indentify the individual core collected from three habitats.

Â profundal _ weedbed 0 sand sites.

. "
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•

There is a significant effect of lake and habitat on L'le ol3e r.ltios of or~anic mattt:r
~ ~

in the surficial sediments (Table la). The among lake differenœ~ in the sediment ol3e

ratio are associated with lake area (Table 2). The lower ol3e values of the sediment

organic matter in the smaller lakes suggests that there may bc recycling of carbon. The

signature of the DIe pool can vary l:Iy as much as 10 %O. with values as low as -15 %0

where there is input from the decomposition of terrcstrial material (Fry and Sherr 1984).

The lowest ol3e values are observed in the profundal sediments of the slùeld lakes

Cromwell and Croche. These two lakes have the smallest DIe pools a..'"!d aIso receive lùgh

inputs of allochthonous material wlùch may suppon organic matter mineralization in the

water column. Therefore the DIe ~-ignature in these two lakes is more Iikely to he

influenced by carbon recycling than in the hardwater lakes of the Eastern Townships.

The stable carbon isotope values of organic matter in the profundal. Iinoral sand

and weedhed habitats are signüicantly different (Fig. 2). The al3e values of the sand and

profundal habitats are not different from the terrcstrial values, suggesting that the organic

material in these sediments is for the most pan of terrcstrial origin. However. the

profundal sites are more negative than the shallow habitats. LaZene (1983) also observed

more negative values in profundal sediments than in shaliow inorganic sediments. He

argued for a higher allochthonous input in the shaliow sediments with less autochthonous

material accumulating as a result of the increased energy of the shallow regions and

transpon of the fme particulate matter to the profundal region. The higher rate of organic

matter mineralization in the warmer shallow sediments (chapter 1) may be equaIly effective

at removing the more labile algal production. The al3e values of the organic matter in the

weedbed sites was more positive than either that of the terrcstrial material or

phytoplankton apparently reflecting the input from the more positive macrophytes.

Macrophyte produced organic matter appears 10 be a major source oforganic detritus in

weedbeds.
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Table 1. An analysis of variance of the 1)13e and carbon to nitrogen ratio of the

organic matter in the top cenlirneter of cores collected from 9 Quebec lakes in

July and August of 1993. The three habitats sampled were: profundal.littoral

weedbed. and littoral sandy. A Tukey test indicates a significant difference in

the 1) l3e among the ail three habitats.

a) 1)13e

Source DF TyPe III SS MS FValue P

Model 20 86.11 4.31 28.05 0.0001

Lake 9 41.59 4.62 30.11 0.0001
Habitat 2 11.33 5.66 36.91 0.0001
Lake*Habitat 9 2.87 0.32 2.08 0.066

Error 32 4.45 0.15
Total 49 90.56

b)C:N

Source DF Type III SS MS FValue P

Model 20 255.86 0.94 11.28 0.0001

Lake 9 75.06 8.34 8.64 0.0001
Habitat 2 3.86 1.93 2.00 0.15
Lake*Habitat 9 158.92 17.66 18.30 0.0001

Error 27 26.05 12.79
Total 47 281.92
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Table 2. Pearson correlation matrix showing the signiticant correlalions belween the C:N and I)I3C of lhe

organic maller in the top cenlimeler of individual cores and lhe environmental factors. The number of samples

(n) is presented immedialely below the correlation coefficients (r).

05 p>0.05. * p<0.05, ** p<O.OI, *** p<O.OOI.

•

C:N C02+CH4 sile depth chl.il lake area exposure Calchment
arca

(mol:mol) (mmol m-2d· l) (m) (J1g 1- 1) (km2) (km2) (km 2)

1)13C -0.2405 0.31* -0.52*** 0.1505 0.46** 0.47*** 0.37*
(°100) 48 48 50 36 47 47 47

C:N 0.2305 _0.0305 -0.38* -0.28°S -0.38** -0.25'15
(mol:mol) 46 48 39 45 45 45

'" C0 2+CH4 -0.59*** 0.24°S 0.30* _O.l4°S 0.1205

'" (mmol m-2d- l) 48 45 45 57 57
site depth 0.69*** -0.2305 -0.24°S ·0.34"

(m) 36 59 59 59
chi .il 0.30* 0.36* 0.49***

(J1g I-1) 47 47 47
Jake arca 0.94*" 0.51*"

(km2) 47 47
exposure 0.54*"

(km2) 47

i'



•
Fig. 2. Box plOl of stable carbon isotope ratio (1;13C) of lhe organic malter in lhe top

centimeter of cores collected from southem Quebec lakes in the summer of 1993. The

horizontal bars indicaœ the median. 25th and 75th percentiles. the 0 and + symbols

indicate outside values and the nolches represenl he 95% confidence imerval of the

median. A Tukey tesl indicates significant differences arnong ail three habitats. The two

dashed Iines represent a typical range in 1)13C value of terrestrial organic carbon (Bou!ton

1991), while the shaded arca represents the value for terrestriallitter (Schallenbcrg 1992).
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•
There was a significar:t differencc in the C:N ratios of the organic matter in the

sediments among lakes and the ANOVA showed that the interaction of lake and habitat

had a significant effect on the C:N rati",,; of the organic matter (Table lb). In lakes with a

greater standing stock of algae in me surface water the C:N ratio of the organic matter in

the sediments is smaller (Table 2). suggesting that with increased phytoplankton

production there is greatcr accumulation of autochthonous material in the sediment. In

contras!. the sediment 013C ratios are not correlated with increased phytoplankton

biomass probably because of the great among lake variability of ol3C :atios of

phytoplankton resulting from variability in the size and oI3C ratios of dissolved inoragnic

carbon pools among lakes. The among habitat variability lùghlighted by the o13C ratios is

not apparent in the C:N ratios of the organic material. Modification of the C:N ratios of

the sedimenting organic material within the waler column and sediments may wcll mask

the within lake differe'lees indicated by the o13C ratios.

At fu'St glance the smaller range ofC:N ratios for the source materials would

suggest that it could be a more powerful tracer of source than o13C ratios (Fig. 1). Indeed

the C:N ratio appears to be a beuex:measnre of autochthono1lS contribution sediment

arnong lakes. However. a large arnong lake variability in the oI3C value of the

phytoplankton could readily mask the differences in autochthono1lS contribution identified

by the C:N ratio. Nonetheless. the o13C ratio appears to be a mùre sensitive measnre of

the autochthono1lS contribution within lakes than the C:N ratio. with the latter probably

subject to grealer modification in the waler column and the sediments. Both LaZene

(1983). working in Lake Memphremagog. and Thonon and McManns (1994), working in

the Tay EstuaJ)'. concluded that stable carbon isotope ratios provide a better tracer of

organic matter than de C:N ratios.
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Neithcr C:N nor ôI3C ratios alone are adequate t,> quantitati"c1y :t.'sess lhe

imponance of allochthonous and autochthonous organic malter in systcms where

macrophyles arc a significant source of organic detrilus. In such systems IWO indcpcndcnt

mcasures of source are needed to resc've thc contribution irom three sources. Although 1

have two distinct measures of source. the C:N and Ôl3C ratios. the ratios of the source..'

are too variable and too weil correlated (Fig. 1) 10 he used to quantitativdy .ISSCSS the

contribution from the lhree sources.

The qualitative analysis of the C:N and ô!JC ratios suggesl" that there are

significant differences in the contribution of autochthonous materiallo sediment organic

malter both within and among lakes. The negative correlation between C:N ratio of lhe

organic malter and phytoplankton biomass in the surface water is indicative of greater

input of a1gal production tO the surface sediment in more productive lakes. while variation

in the ol3evalues ofsediment organic malter inidicales within lake variabilily of

autocthonous inpul The weedbed sediments with their more po~itive ol3C values appcar

to receive a significant proportion of organic malter from autochthonous production. The

difference between the sand and pmfundal sediments furlher suggests a gre:ller

accumulation of phytoplankton material in the profundal sediments !han in the linoral

sediments as was aIso argued byLaZerte (19fs3). Unfonunately. the lack of o13e values

of the phytoplankton in the slUdy lakes does not allow a rigorous test of titis hypothesis.
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Thesis Conclusions

Littoral $edimenL~ have been for the mosl part ignored by microbiologisL'. despile

the high variability in the physical char.lcteristic.~ of the sedimenL~ in the lit\llr.ll zone and

the higher lCmperature of the overlying water. The present analysis shows that the areal

rates of organic matter mineralization are higher and more variable in liuorallhan in

profundal sediments. Mineralization rates in shallow sedimenL~ are on average 3 !ll4 fold

higher than profundal sediments. and alleasl Salk of the organic matter miner.llil.alion in

the sediments of the lakcs of this study occurs in the sedimenL~ overlain byepilimnetic

walCr.

Variability in organic matter mineralization rates among the sand. weedbcd. and

profundai habitats is greater than the variability among 1akcs. with the srrongcst individual

predictor of areal mineralization rate being the depth of the overlying water column. The

high rate of organic matter mineralization in shallow sediments is at (east in pan due lO the

warmer tempera!Ure of the overlying water. There may also be differenccs with depth in

the quality of sediment organic matter as substrate for the microbial communitics.

Qua1ity of detriblS as substrate for bacteria is argued to be a function of both the

source and the refractory nature of the organic material (WetzeI1983). The analysis of

C:N and ol3C ratios of the organic matter in the surface sediment suggCSts !hat there is

variability in the contribution of autocthonous detritus to sediment organic matter both

within and among lakcs. However. neither of these measures nor the algal biomass in the

surface water were cOrrelated with the mineralization rate or the residuals of the regression

between mineralization rate and site depth. indicating !hat the sediment microbial

community is not directly limited byalgal production in the surface water.
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Organic malCriai in lhe profundal sediment. irrespecti\'e pf source. may he pf lower

quality tl<:cause of greater exposure ln micrnhial degradation in the water column and in

the littoral sediment prior to transpon lo the profundaJ zone. The lake specifie pararnelers

which wcrc mosl strongly corrclated with the arcal rate of mineralization was the

eatehment arca ta lake area ratio and water residenee lime. 1have interpreted these

variables. in aecardancc with the literature. as surragates for arganic matter retention

and/or quality. However. il is possible that site depth and the flushing rate of the lake

affect the microbial commurtity via effecL~ on oxidant diffusion and/or sediment stability. A

more direct as.~ment of arganic matter quality eould at least assess the flISt of these

hypothesis.

It is difficult to assess substrate quality by chemical analysis. Bioassay techniques

have bcen suecessfully employed ta assess DOC qualtity in the water column (Tranvik

1990) and rates of degradalive processes based on sediment slurries have bcen used to

assess the reactivity of sediment organic matter (Hargrave 1972: Kelly and Chynoweth

1981: Burdidge 1991). Hargrave (1972) observed higher rates 02 consumption per unit

organic matter in sediments with smaller particle sile, and bath Kelly and Chynoweth

(1981) and Burdidge (1991) working on lakes and estuarine sediment respectively,

observed variability in the reactivity of orgartic matter among sites, and a decrease in

reaclivity with depth in sediment cores. Similar techniques could be used ta compare the

lability of organic material in profundal and littoral sediments.

Not surprisingly, given the correlation ofsediment Imneralization rates with site

depth, bath total mineralization and mean areal mineralization in the sediments is a

function of lake morphomeny. My work supports and e!;iends the conceptual model of

Charlton (1980). Not only is the mean areal rate of organic matter mineralization higher in

shalIow lakes, but the smaller volume of these lakes results in a greaœr importance of
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scdimenl~ relative Il' waler cCllumn minerali/.3tinn. H\'we\w, respirati\'n in epiltmnl'ti,

waler dominales Jake respirJtion t>ecau.~ of the relalivcly large plankll'nil' t>i\'m:L~s, and

thcrefore organic malter miner.J.1i7.3tiCln in the scdimenl~ is a smaller pn'p(lnion (Ii lhl' total

respiration than is indicated by Charlton's mode!.

The relaùve imponancc of the sediments in lake respir.lÙon is a function of bOlh

the algal biomass in the surface walers and lake morphoml'U'Y, The scdimenl~ play a

smaller roll' in ml'tabolism in more l'UlI'Ophic lakes than in oligoU'ophic lakes of the same

size and shape (mean dl'pth), and a greall'r roll' in shallow lakc.' lhan in deep lakes of a

panieuiar !l'Ophie stalUS. Shallow lakes. dominall'd by thl'ir lillor.J.1 zonc.~, are much more

eommon than deep lakes (WetzeI1990). and fUlure work on sedimenl proccsscs mighl

profitably Cocus on the littoral sediments.
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Appendix A

Appendix A includes the dau colkcted from thl' indiviJual seJiment Cl'res.

Thœe lakes. Lac Croche. Lac Cromwell and Lac Achigan an: on the Canadian shicld. The

six other lakes are in the Eastern Townships of Quebcc.

The sites are: p

s

wb

profundal

littoral sand

littoral weedbed.

For each site there were up to three replicates (Rep.l.

Depth refers to the thickness of the water column overlying the site.

The methods for determining water content and organic maner content in the top

centimeter of the core are given in chapter 1.

The remineralization rates (DIC + CH4 release. mmol m-2d- l ) were determined in intact

cores as described in chapter 1.
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• Lake Site Month Rep. Incub- Incuh· Depth \V~te.. Organic DIC + CH.+
alion ation content matter rclcasc
lime tempo

lk, frcsh 'il drv
ùays oC m weight wei~ht mmoI m';! d- Ie

Achigan
12.0 0.90 0.25 7.66P 6 1 4 4

2 4 4 12.0 0.94 0.23 2.81
3 4 4 12.0 0.89 0.23 7.05

7 1 3 8 12.0 0.89 0.22 -0.75
2 ~ 8 12.0 0.91 0.23 2.15"3 3 8 12.0 0.91 0.22 1.60

1\ 1 4 8 16.0 0.89 0.23 5.91
2 4 8 16.0 0.89 0.23 9.45
3 4 1\ 16.0 0.87 0.22 5.06

lO 1 4 1\ 17.5 0.91 U.23 6.56
2 4 8 17.5 0.91 0.21 7.19

s 6 1 4 20 3.1 0.65 0.07 19.17
2 4 20 3.1 0.71 0.08 20.69
3 4 20 3.1 0.69 0.06 16.36

7 1 4 24 3.0 0.73 0.07 -7.43
2 4 24 3.0 0.72 0.07 31.34
3 4 24 3.0 0.70 0.07 30.43

8 1 4 24 3.8 0.71 0.08 14.98
2 4 24 3.1 0.68 0.07 18.42
3 4 24 2.8 0.64 0.06 30.62

10 1 4 8 3.0 0.73 0.06 13.27
2 4 8 3.0 0.71 0.06 12.78
3 4 8 3.0 0.45 0.02 12.47

wb 6 1 4 20 1.9 0.56 0.04 43.08
2 4 20 1.9 0.60 0.05 25.~0
3 4 20 1.9 0.53 0.03 34.54

7 1 4 24 3.0 0.71 0.07 22.04
2 4 24 -:: 3.0 0.71 0.06 22.34
3 4 24 3.0 0.73 0.07 27.12

8 1 4 24 2.8 0.73 0.07 27.30
2 4 24 2.8 0.77 0.08 30.08
3 4 24 2.2 0.63 0.05 30.74

10 1 4 8 4.0 0.80 0.08 6.09
2 4 8 4.6 0.79 0.08 7.75
3 4 8 4.6 0.79 0.08 14.03

Bowker
p 6 1 4 4 32.0 0.95 0.20 17.61

7 1 4 10 33.5 0.89 0.20 9.59
2 4 10 35.0 0.89 0.19 12.92
3 4 10 35.0 0.91 0.19 5.06

8 1 4 4 33.0 0.85 0.18 -0.09
2 4 4 32.0 0.83 0.23 -1.89
3 4 4 30.0 0.82 0.18 3.11

s 6 1 4 20 1.0 0.66 0.06 15.26
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~o 1.0 O.ï-l 11.()0 10.15- ~

~ • ~O 1.0 0.71 11.(10 :.'.\){)~• 1 -l ~II 1.(1 0.0., 1~.S-l
~ -l ~II 1.(1 11.()2 - 1C'. ~ 1-
~ -l ~O I.~ IU)2 1! 1.0<,)

S -l ~-l 1.5 O.0~ IU)-l ~S.00
~ -l ~-l 1.5 0.++ 0.0~ ~-l.-l0

3 -l ~-l 1.5 0.++ (1.()-l ~Q.:;6

wb 6 4 20 !.O O.S0 (l.l~ ~~.Ol
2 4 20 \.0 O.SS 0.14 17.60
3 4 20 \.0 O.S 1 0.10 19.51

7 1 4 20 \.0 0.12 69.S9
2 4 20 \.0 0.14 :W.76
3 4 20 \.0 40.40

8 1 4 24 \.0 O.SS O.:!5 17.74
2 4 24 \.0 0.91 0.19 13.33
3 4 24 \.0 0.93 0.21 25.24

Brome
p 8 1 4 20 6.2 0.42 0.03 1\.83

2 4 20 6.2 0.38 0.02 11.15
3 4 20 6.2 0.38 0.02 9.89

s 7 1 4 24 1.8 0.26 0.01
2 4 24 1.8 0.23 0.01 14.18
~ 4 24 1.8 0.26 0.01 49.94:J

8 1 4 24 \.2 0.36 0.02 33.88
2 4 24 1.2 0.36 0.02 24.27
3 4 24 1.2 0.35 0.02 31.23

wb 7 1 4 24 1.2 0.49 0.03 37.22
2 4 24 1.8 0.51 0.03 27.32
3 4 24 2.0 0.82 0.07 47.08

8 1 4 24 1.9 10.05
2 4 24 1.7 . . 17.14
3 4 24 1.7 0.63 0.05 36.21

10 1 4 8 1.2 0.83 0.09 8.39
2 4 8 1.2 O.TI 0.10 7.59
3 4 8 1.2 0.67 0.08 7.18

Croche
p 6 1 4 4 9.0 0.98 0.48 6.73

2 4 4 9.0 0.97 0.47 2.87
3 4 4 9.0 0.97 0.48 10.34

7 1 4 4 8.0 0.46 4.39
2 4 4 8.0 0.45 6.66
3 4 4 8.0 . 0.47 5.93

8 1 4 8 8.5 0.96 0.44
2 4 8 8.5 0.96 0.45 .

10 1 4 8 7.0 0.97 0.46 3.31
2 4 8 7.0 0.97 0.46 5.96
3 4 8 7.0 0.97 0.46 6.66

Cromwell
p 6 1 4 4 9.0 0.99 0.52 1.21

2 4 4 9.0 0.98 0.53 3.04
3 4 4 9.0 0.98 0.53 3.02
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7 1 ~ 4 9.5 3A5
~ 4 ~ 9.5 0.56 4.03• ~ 4 4 9.5 0.55 -5.74.'

X 1 4 X 9.0 4.12
2 4 S 9.0
~ 4 8 9.0 10.75.'

10 1 4 8 9.0 7.72
2 4 8 9.0 4.23
3 4 8 9.0

wb 6 1 4 JO 2.1 0.90 0.60 16AO
2 4 10 2.1 28.80
3 4 10 3.0 0.85 42A6

7 1 4 8 2.0 0.99 0.61 17.65
2 4 8 2.0 0.98 0.62 16.26
3 4 8 3.0 0.97 0.59 20.96

8 1 4 20 lA 0.94 0.54 25.87
3 4 20 lA · 29.30

JO 1 4 8 2.7 0.98 0.60 -1.04
2 4 8 2.7 0.98 0.57 1.55
3 4 8 2.7 0.97 0.55

Hcncl
p 6 1 4 16 8.0 0.92 0.38 19.22

2 4 16 8.0 0.93 0.39 14.06
3 4 16 8.0 0.96 0.32 14.46

7 1 4 8 7.5 0.97 0.37 7.42
2 4 8 7.5 0.96 0.36 -9.47
~ 4 8 7.5 2.97.) · ·

8 1 4 16 8.0 0.92 0.53 2.56
2 4 16 8.0 0.96 0.37 14.13
3 4 16 8.0 10.95

s 7 1 4 20 1.2 · 15.32
2 4 20 1.2 0.01 28.40
3 4 20 1.2 · 0.01 -8.36

8 1 4 20 1.7 0.27 0.02 4.57
2 4 20 3.8 0.24 0.04 4.n
3 4 20 1.7 0.29 0.03 34.07

wb 6 1 4 16 1.1 0.94 0.29 42.96
2 4 16 1.1 0.97 0.32 13.97
3 4 16 1.1 0.94 0.28 26.60

7 1 4 20 5.0 0.31 33.01
2 4 20 5.0 0.27 27.51
3 4 20 5.0 · 0.30 66.05

8 1 4 20 1.0 0.89 0.19 29.35
2 4 20 1.0 0.94 0.33 23.93
3 4 20 1.0 0.94 0.41 19.89

Magog
p 6 1 4 12 10.0 0.91 0.18 8.44

2 4 12 .10.0 0.93 0.18 23.48
3 4 12 'iO.O 0.91 0.18 7.81

7 1 4 20 5.5 0.15 -2.28
2 4 20 5.5 0.16 .
3 4 20 5.5 · _ 0.15 7.29• 8 1 4 20 10.0 0.89 - 0.16 1.87
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7 1 .. 2.. 1.0 ().2~ O.O~ 1151-
2 .. 2.. O.S 0.35 lUl2 It'>.OS
3 4 24 lU. 0.25 0.03 ·~5.:;:;

8 1 4 20 0.6 3.74
2 4 20 O.S 0.39 O.ll.; 12.92.,

4 20 0.9 0.39 0.10 13.45-'
10 1

.,
12 0.9 0.19 0.02 -7.93.'

2 3 12 0.9 0.29 0.03 10.06.,
3 12 0.9 0.34 0.ll4 70.18-'

wb 6 1 4 22 1.2 0.60 ll.O7 24.8:;
2 4 22 1.2 0.71 0.10 34.45
3 4 22 l.2 0.60 0.06 27.11

7 1 4 24 1.5 O.SI U.II -49.59
2 4 24 1.5 U.79 0.10 34.49,

4 24 1.5 0.79 0.13 16.78-'
8 1 4 20 1.5 0.88 0.16 31.73

2 4 20 1.5 0.89 0.16 15.26
3 4 20 1.5 0.90 0.16 15.45

10 1 3 12 1.7 0.84 0.14 27.07
2 3 12 1.7 0.69 0.13 39.75.,

3 12 1.7 0.86 0.14 24.08-'
Memphremagog

Quinn Bay
p 7 1 3 16 12.0 0.92 0.22 ·9.34

2 3 16 12.0 0.94 0.23 8.69
3 3 16 12.0 0.92 0.23 6.89
4 3 16 12.0 19.40

Green Bay
p 8 1 4 4 25.5 0.92 0.21 6.41

2 4 4 25.5 0.91 0.21 .
s 7 1 4 20 6.0 0.04 ·12.84

2 4 20 1.8 0.18 35.68
3 4 20 3.0 . 0.27 52.22

8 1 4 20 1.9 0.78 0.16 24.58
2 4 20 4.7 0.33 0.04 13.04
3 4 20 4.7 0.32 0.03 6.85

10 2 4 8 1.8 0.27 0.02 3.04
3 4 8 1.8 0.41 0.05 23.47
3 4 8 2.4 0.52 0.06 4.31

wb 6 1 4 12 1.4 0.72 0.16 23.13
2 4 12 1.4 0.66 0.16 32.69
3 4 12 1.4 0.77 0.17 .
4 4 12 1.4 0.88 0.17 48.85

7 1 4 20 1.2 0.19 55.50
2 : 4 20 2.0 0.15 66.41
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3 4 20 3.0 0.21 58.92
! 4 20 1.9 O.ÏÎ 0.12 8.73• 2 4 20 1.2 0.85 0.19 74.63
3 4 20 1.9 0.82 0.19 22.14

10 1 4 li 1.8 0.87 0.15 7.65
~ 4 8 1.8 0.90 0.19 7.42
~ 4 li 1.8 0.90 0.20 11.83.'

Waterloo
p 6 1 4 16 4.0 0.93 0.32 9.89

2 4 16 4.0 0.96 0.32 10.28
3 4 16 4.0 0.95 0.41 9.25

7 1 4 20 5.0 0.29
2 4 20 5.0 0.27 12.25
3 4 20 5.0 0.28 23.73

8 1 4 20 4.0 0.93 0.31 20.64
2 4 20 4.0 0.90 0.51 14.40
3 4 20 4.0 0.92 0.42 19.15

10 1 3 12 4.6 0.84 0.32 3.91
2 3 '') 4.6 0.85 0.31 -4.03.-
3 3 12 4.6 0.95 0.32 8.97

s 6 1 4 16 1.0 0.22 0.01 15.44
2 4 16 1.0 0.21 0.01 .
3 4 16 1.0 0.21 0.01 11.16

7 1 4 24 1.2 0.24 0.01 36.40
2 4 24 1.2 0.27 0.01 27.37
3 4 24 1.5 0.24 0.01 27.66

8 1 4 20 1.0 0.39 0.02 30.19
2 4 20 1.0 0.36 0.02 25.80
3 4 20 1.0 0.36 0.02 40.18

10 1 3 8 1.5 0.46 0.02 24.39
2 3 8 1.7 0.38 0.02 4.39
3 3 8 1.7 0.33 0.02 -6.16

wb 6 1 4 16 1.2 0.93 0.31 21.38
2 4 16 1.2 0.85 0.27 .
3 4 16 1.2 0.61 0.08 -10.01

7 1 4 24 1.2 0.90 0.30 36.25
2 4 24 1.2 0.90 0.30 -23.50
3 4 24 1.2 0.90 0.29 9.63

8 1 4 20 1.2 0.87 0.33 41.04
2 4 20 1.9 0.82 0.27 41.73
3 4 20 1.9 0.79 0.21 64.81

10 1 3 8 1.2 0.84 0.29 -4.48
2 3 8 1.2 0.90 0.25 -44.71
3 3 8 1.2 0.91 0.28 12.45
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•
Appendix B

Appendix B includes the lake and site characteristics.

Three lakes. Lac Croche. Lac Cromwell and Lac Achigan arc on the Canadian shicld. The

six other lakes are in the Eastern Townships of Quebcc.

The sites are; p profundal

s linoral sand

wb littoral weedbed.

For cach site there were up to three replicates (Rep.l.

ChI Ais the concentration in surface water and is the mean of three replicates.

Mixing depth is defined as the depth of maximum temperature change.
* temperature profile indicates the water column to be completely mixed
** water column assumed to be completely mixed
na temperature profiles not available

Site exposure was determined from bathymetric maps using planimetry.
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• Lake month chl.a mixing site cxposure
depth

Jlg 1- 1 m km2

Achigan 6 1.99 8 P 3.37
s 2.01

wb 2.01
7 1.87 8 P 3.37

s 2.01
wb 2.01

8 1.77 na p 3.37
s 2.01

wb 2.01
10 2.23 25* P 3.37

s 2.01
wb 2.01

Bowker 6 0.77 6 P 1.86
6 s 0.40
6 wb 0.40

7 0.60 5 P 1.86
s 0.40

wb 0.40
8 1.25 7 P 1.86

s 0.40
wb 0.40

Brome 7 4.97 7 s 12.77
wb 5.57

8 11.39 7 P 12.77
s 12.77

wb 5.57
10 737 11.5** wb 5.57

Croche 6 2.48 3 P 0.03
7 1.45 3 P 0.03
8 2.64 2 P 0.03

10 3.92 10** P 0.03
Cromwell 6 5.71 2 P 0.09

wb 0.09
7 2.92 2 P 0.09

wb 0.09
8 9.27 2 P 0.09

wb 0.09
10 3.93 9.5** P 0.09

wb 0.09
Henel 6 5.43 9 P 0.32

wb 0.29
7 3.70 3 P 0.32

s 0.29
wb 0.29

8 na p 0.32
s 0.29

wb 0.29
Magog 6 553 9 P 7.92
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s 5.'11
wb 5.91• 7 5.00 9 P 7.92

s 5.91
wb 5.91

8 9.82 9 P 7.92
s 7.92

wb 7.92
10 4.66 17.5*- s 6.92

wb 5.91
Memphremagog

Grecn Bay 6 4.08 na wb 2.40
s 2.40

wb 2.40
8 3.40 na p 2.40

s 2.40
wb 2.40

10 3.65 na s 2.40
wb 2.40

Waterloo 6 7.21 5 P 1.50
s 1.39

wb 0.54
7 14.52 5 P 1.50

s 1.36
wb 0.54

8 4.9* P 1.50
s 1.39

wb 0.54
10 11.64 4.9* P 1.50

s 1.39
wb 0.54
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•
Appendix C

Appendix C includes the C:N and the stable carbon isotope (ol3C) ratios of organic

matter in surface sediment

Three lakcs. Lac Croche. Lac Cromwell and Lac Achigan are on the Canadian shield. The

six other lakcs are in the Eastern Townships of Quebec.

The sites are; p

s

wb

profundal

littoral sand

littoral weedbed.

,-

For cach site there were up to three replicatcs (Rep.).

Depth refers to the thickness of the warer column overlying the site.

C:N and Sl3C ratios of the organic matter in the top centimeter of the sediment are the

mcans of duplicatcs prepared as described in chapter 2.
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• Lake Site Month Rep. deplh C:i'\ Sne
m 0/00

Achigan p 7 1 12.0 1ll.73 -27.40
s 8 1 3.8 10.84 -26.30
s 8 2 3.1 9.42 -26.42
wb 8 1 2.8 10.14 -26.16
wb 8 2 2.8 10.12 -25.97
wb 8 3 2.2 8.48 -26.05

Bowker p 7 1 33.5 10.64 -26.64
P 7 2 35.0 1l.30 -2736
P 7 3 35.0 11.11 -27.12
s 8 1 1.5 10.84 -22.56
s 8 2 1.5 8.73 -21.06
wb 8 1 1.0 11.83 -23.18
wb 8 2 1.0 11.48 -21.93
wb 8 3 1.0 9.54 -21.50

Brome s 8 1 1.2 8.15 -26.34
s 8 2 1.2 -26.47
s 8 3 1.2 10.71 ·26.42
wb 8 3 1.7 8.34 -24.92

Croche p 7 1 8.0 14.30 -29.90
P 7 2 8.0 14.46 -30.16

Cromwell p 7 2 9.5 12.62 -29.75
P 7 3 95 13.07 -29.87
wb 8 1 1.4 10.36 -28.68

Henel p 7 1 7.5 9_58 -26.90
P 7 2 7.5 10.70 -27.48
s 8 1 1.7 12.45 -26.06
s 8 2 3.8 12.06 -24.04
\\J 8 1 1.0 10.07 -25.37
wb 8 2 1.0 9.08 -24.90
wb 8 3 1.0 7.44 -24.82

Magog p 7 2 5.5 9.51 -26.89
P 7 3 5.5 . -27.25
s 8 2 0.8 12.69 -25.94
s 8 3 0.9 10.96 -26.28
wb 8 1 1.5 9.92 -26.05
wb 8 2 1.5 9.90 -26.07
wb 8 3 1.5 926 -26.14

Memphremagog
Green Bay s 8 1 1.9 13.07 -26.23

s 8 2 4.7 9.29 -27.72
s 8 3 4.7 10.39 -27.02
wb 8 1 1.9 10.82 -26.13
wb 8 2 1.2 12.13 -26.31
wb 8 3 1.9 12.85 -26.14

QuinnBay p 7 1 12.0 1028 -28.32
P 7 2 12.0 9.01 -28.47
P 7 3 12.0 9.32 -28.74

Waterloo p 7 1 5.0 10.05 -28.44
P 7 2 5.0 Il.24 -28.46
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P 7 3 5.0 9.08 -28.61
s 8 1 1.0 10.26 -27.50• s 8 2 1.0 11.18 -27.54
s 8 3 1.0 9.85 -27.45
wb 8 1 1.2 18.74 -27.22
wb 8 2 1.9 18.31 -27.35
wb 8 3 1.9 17.76 -27.40
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•
Appendix D

Appendix D includes hypsographic data us.:d in the depth integr.lted estimatc or organic

matter mineralization.

Depth is the depth of the overlying water column in meters.

Area at depth is the surface area between the depth and the next depth contour.

DIC and CH4 release (mmol m-2 d- l ) is estimated from model 10 (Table 4. Chapter 1).

The 1: DIC + CH4 release is the sum of the release of the product of the areal

mineralization rate at depth times t!Je area at depth (mol summer 1).

* indieates the mean epilimnetic depth of the lake for June. July and August. and the

corresponding 1: DIC + CH4 is the flux (mol summer-l) of carbon from the sediments

overlain by epilimnetic water.
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• dcpth arca al dcpth DIC + CH.. rckasc r Die + CH..
rclcasc

") mmol m-:! dol mmol d-I mol summcr lm-

Achigan
6.85E+060 1.30E+05 52.56

1 1.48E+Ü5 26.60 3.94E+06
2 I.64E+05 19.38 3.18E+ü6
3 1.79E+05 15.73 2.81E+06
4 1.92E+Ü5 13.46 2.58E+06
5 2.03E+05 11.88 2.42E+06
6 2.13E+ü5 10.72 2.28E+Ü6
7 2.2IE+Ü5 9.81 2.17E+ü6
8· 2.28E+Ü5 9.07 2.07E+Ü6 2.5E+06
9 2.33E+Ü5 8.47 1.97E+Ü6
10 2.36E+05 7.96 1.88E+Ü6
11 2.38E+Ü5 7.52 1.79E+Ü6
12 2.38E+Ü5 7.14 1.70E+Ü6
13 2.37E+Ü5 6.81 1.61E+Ü6
14 2.34E+Ü5 6.52 1.52E+06
15 2.29E+Ü5 6.25 1.43E+Ü6
16 2.23E+Ü5 6.01 1.34E+06
17 2.15E+ü5 5.80 1.24E+Ü6
18 2.05E+Ü5 5.60 I.15E+Ü6
19 1.94E+Ü5 5.42 1.05E+Ü6
20 1.81E+Ü5 5.26 952E+ü5
21 1.67E+Ü5 5.10 851E+ü5
22 1.5IE+Ü5 4.96 7.48E+Ü5
23 1.33E+Ü5 4.83 6.44E+Ü5
24 9.92E+04 4.71 4.67E+Ü5 4.4E+06

Bowker
0 1.38E+Ü5 28.50 3.93E+06
2.95 6.90E+04 1452 1.00E+Ü6
5.9· 7.03E+04 1059 7.45E+Ü5 1.6E+05
8.85 9.91E+04 8.60 853E+05
11.8 9.95E+04 7.37 7.33E+Ü5
14.75 858E+04 651 558E+ü5
17.7 I.18E+Ü5 5.87 6.89E+Ü5
23.6 158E+ü5 4.97 7.86E+Ü5
29.5 2.39E+Ü5 4.36 1.04E+Ü6
35.4 2.36E+04 3.91 9.24E+04 9.4E+05

Brome
0 7.76E+Ü5 53.78 4.17E+ü7
1 1.03E+Ü6 27.22 2.80E+Ü7
2 1.23E+06 19.83 2.44E+07
3 1.38E+06 16.09 2.21E+07
4 1.47E+06 13.77 2.02E+07
5 151E+06 12.16 1.83E+07
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6 1.49E+06 10.96 1.6·lE+Oï
7- 1.43E+06 10.03 1.43E+Oï l.ïE+Oï• 8 1.3\E+06 9.ZS l.Z 1E+Oi
9 1.13E+06 8.67 9.S0E+06
10 9.03E+OS S.14 7.3SE+06
II 4.SSE+OS ï.70 3.50E+06 Z.OE+07

Croche
0 Z.28E+04 S6.19 1.ZSE+06
1 2.19E+04 28.43 6.2ZE+OS
2 2.IOE+ü4 20.71 4.3SE+OS
3- 2.0\E+ü4 16.81 3.38E+OS Z.4E+OS
4 I.92E+ü4 14.39 Z.77E+OS
S 1.84E+ü4 12.71 2.33E+OS
6 1.7SE+ü4 11.4S 2.00E+OS
7 1.66E+ü4 10.48 1.74E+OS
8 1.S7E+ü4 9.70 l.S2E+OS
9 1.3SE+ü4 9.0S 1.22E+OS 3.5E+OS

Cromwell
0 2.13E+ü4 39.59 8.44E+OS
1 1.59E+04 20.04 3. 19E+OS
2- I.15E+04 14.60 1.68E+OS 1.2E+OS
3 7.97E+03 11.8S 9.44E+04
4 5.38E+03 10.14 5.4SE+04
5 3.72E+03 8.9S 3.33E+04
6 3.00E+03 8.07 2.42E+04
7 3.2\E+03 7.39 2.37E+04
8 4.3SE+03 6.84 2.97E+04
9 4.80E+03 6.38 3.06E+04 l.SE+OS

Bene1
0 1.02E+OS 35.24 3.58E+06
2 4.52E+04 17.83 8.06E+05
4 5.31E+04 12.99 6.90E+05
6* 8.38E+04 10.54 8.83E+05 5.4E+05
8 6.24E+03 9.02 5.63E+04 5.4E+05

Magog
0 7.12E+05 22.73 1.62E+07
1 6.90E+OS 11.50 7.94E+06
2 6.66E+05 8.38 558E+06
3 6.42E+05 6.80 4.37E+06
4 6.18E+05 5.82 3.60E+06
5 5.95E+05 5.14 3.06E+06
6 5.71E+05 4.63 2.65E+06
7 5.47E+05 4.24 2.32E+06
8 5.24E+05 3.92 2.06E+06
9* 5.00E+05 3.66 1.83E+06 .. 45E+06
10 4.77E+05 3.44 1.64E+06
11 453E+OS 3.25 1.47E+06
12 4.29E+05 3.09 1.33E+06
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13 4.rJ6E+05 2.95 1.20E+06
14 3.S2E+05 2.!i2 1.0SE+06• 15 3.58E+05 2.70 9.69E+05
16 3.35E+05 2.60 8.7IE+05
17 2.78E+Ü5 2.51 6.98E+05 5.3E+06

Waterloo
0 2.4IE+05 40.82 9.84E+06
1.52 4.66E+05 20.66 9.63E+06
3.04 4.06E+Ü5 15.03 6.1OE+ü6
4.57* 3.87E+Ü5 12.20 4.72E+06 2.7E+06
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