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Abstract

We present two novel stable isotope methods for measuring lake metabolism and
compare the results to traditional techniques. The 8'*0 method measures planktonic gross
primary production (GPP) from dissolved oxygen concentrations, isotopes and respiration
(R) and the 8'*C method measures “whole-lake” GPP and R from dissolved oxygen and
carbon concentrations and isotopes. All three methods showed GPP was greater than R over
the ice-free season and estimates of GPP were not significantly different. There was also no
significant diffefence in R as measured by bottle incubations and theél3 C method
However. the 8"°C method does not account for inputs of external carbon which will result in
underestimation of R and overestimation of GPP. In systems with significant allochthonous
carbon inputs, the 8'°C method cannot be accurate unless these inputs are accounted for.

The 8'30 method was used to measure metabolic parameters of twenty-one northern
temperate lakes and showed GPP dominated over R during the ice-free season. GPP and R
were most strongly correlated with lake temperature, which in turn 1s a function of the
amount of solar radiation received by the lake. Our results imply that it is this solar radiation
that drives planktonic gross primary productivity, which in turn drives the majority of
planktonic respiration. Variation in dissolved organic carbon only explained 8% of the
variation in planktonic R, while variation in planktonic GPP explained approximately 80% of
the variation in planktonic R.

Despite general autotrophy in the lakes, they were generally oversaturated in CO,
during the ice-free season, on average 252+25%. However, we found little evidence to

conclude that this was the result of an excess of in situ respiration over production. The

magnitude of the annual excess of R over GPP was not sufficient to account for the flux to
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the atmosphere. Moreover, carbon evasion was not a function of respiratory flux. nor did the
isotopic signature of dissolved CO; in the lakes present evidence of respiration. Groundwater
inputs of carbon dioxide represent a plausible source for carbon dioxide oversaturation in

some but not all of the lakes sampled.
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General Introduction

Carbon that cycles through a lake can originate from terrestrial, aquatic or
atmospheric sources (Figure 1). One atom of carbon can be recycled within the lake
hundreds of times through the processes of production and respiration or it can invade from
the atmosphere and evade again within seconds. Organic or inorganic carbon can be
introduced into a lake by groundwater or surface flow. Photoxidation can convert organic
carbon into inorganic carbon. Organic carbon can be permanently buried within lake
sediments or oxidized and mixed back into the water column. With this array of possibilities
it is not surprising that the processes that control carbon cycling in aquatic systems are not

well quantified.

L Atmosphéric

_exchange N DIC,DOC
. ..inputs

rface water

Figure 1. Major processes that influence dissolved organic carbon (DOC) and dissolved
inorganic carbon (DIC) concentrations in lakes.
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The balance between production and respiration is not only an important component
of carbon dynamics in aquatic systems but also lies at the basis of oﬁr understanding of food
web dynamics. If production exceeds respiration, a lake will be net autotrophic and the
organic carbon which feeds higher trophic levels originates primarily in sifu. Conversely, if
respiration is greater than production, the lake will be net heterotrophic and the energy for
the lake’s food web must be supplemented by allochthonous sources.

Yet, the relative importance of primary productivity over community respiration has
been a highly debated subject for many years. Some studies have found that lakes are net
heterotrophic, that allochthonous carbon fuels a large part of bacterial metabolism and that
the magnitude of net heterotrophy increases in unproductive aquatic ecosystem. Asa result,
lakes are net sources of CO, (del Giorgio et al. 1994; del Giorgio et al. 1997; Duarte and
Agusti 1998). This net heterotrophy hypothesis is further supported by indirect evidence that
bacteria can metabolize some allochthonous organic carbon input from a lake’s watershed
and that lakes are commonly supersaturated in carbon dioxide. Other ecologists have
considered aquatic systems to be fuelled primarily by planktonic photosynthesis and have
shown that even oligotrophic waters can be net autotrophic (Williams 1998; Carignan et al.
2000; Karl et al. 2003).

The metabolic balance debate is further confounded by widely varying results in a
narrow geographic region. Studies done in the Eastern Townships region of Québec found
that respiration exceeds photosynthesis in all but the most eutrophic ecosystems (del Giorgio
and Peters 1994; Prairie et al. 2002). Carignan et al. (2000) found production to be greater
than respiration in oligotrophic systems and allochthonous carbon metabolism to be an

insignificant source of CO; in twelve lakes in the Laurentian region of Québec. Meech Lake,
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north of Gatineau, Québec was found to be strongly production dominated in early-summer
and strongly respiration dominated throughout the rest of the year (Wang and Veizer, 2000,
2004). The reason for the difference in these findings is unclear. It has been proposed that
the differences in methodology are at the base of the differences in findings (Carignan et al.
2000). It is also possible that the lakes, although geographically within a 200 km radius. are
limnologically different, causing differences in their metabolic balance.

Recent studies, on northern temperate lakes in both Europe and North America, have
focused on the role of allochthonous carbon in lake metabolism (Prairie et al. 2002, Hanson
et al. 2003, Jansson et al. 2000). Dissolved organic carbon in a lake system may act to
increase the rate of respiration by providing an energetic subsidy and suppress production by
absorbing incoming radiation, so that production is expected to exceed respiration at low
levels of DOC and respiration is expected to exceed production at higher concentrations of
DOC. The DOC threshold driving net autotrophy or net heterotrophy remains uncertain.
Prairie et al. (2002) found levels of DOC above 6 mg L' lead to net heterotrophy while
others (Hanson et al. 2003, Jansson et al. 2000) found lakes were net autotrophic with DOC
levelsup to 10 mg L™

Despite advances in our understanding of the importance of dissolved organic carbon,
the reason for the discrepancy between results of previous studies remains unclear. Are
methodological differences underlying the difference? Are differences in the limnological
characteristics of the lakes studies sufficient to explain the differences in metabolism? To
elucidate the reason for differences in metabolic balance results of previous studies and to
determine the source of carbon dioxide oversaturation we undertook a study of twenty-one

lakes in three regions of Quebec using the isotope method of metabolic measurements.
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Stables isotopes of dissolved oxygen can be used to determine the metabolic balance
of aquatic systems (Quay et al. 1995; Luz et al. 2000). However, this methodology has not
been rigorously compared to traditional methods of metabolic measurements. In Chapter 1
we propose two models to c;etermine the balance of production and respiration in an aquatic
system using stable isotopes. The first model uses stable isotopes of oxygen, the degree of
oxygen saturation and bottle incubation measurements of respiration to measure gross
primary production. However, because bottle incubations are used to measure respiration,
this model does not completely take into account benthic or littoral processes and thus is
most applicable as a measure of pelagic metabolic processes. The second model uses stable
isotopes of both carbon and oxygen and the degree of carbon and oxygen saturation to
estimate both gross primary production and respiration. It is not constrained by bottle
incubations to measure respiration and thus takes into account benthic and littoral metabolic
processes as well as integrates samples over the residence time of oxygen and carbon dioxide
in the system. To test these models we sampled two lakes on a weekly basis over a year
using both the traditional bottle method of metabolic measurements and the stable isotope
methods.

The second chapter of this thesis uses these stable isotope models to determine the
metabolic balance of twenty-one lakes in three regions of Quebec and to examine underlying
causes in the differences in metabolism. Differences in morphometry and physiochemical
parameters, in particular DOC, are used to examine differences in metabolism between lakes,
and measures of production and respiration are compared with previous studies.

Whether lakes are seen as net autotrophic or heterotrophic, they are in general
oversaturated in carbon dioxide. Cole et. al. (1994) surveyed 1835 lakes worldwide and

found 87% were oversaturated in CO,. Sobek et al. (2005) found that ninety-three percent of
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4902 globally distributed lakes were oversaturated with carbon dioxide. While it is
frequently presumed that net heterotrophy is the source of the carbon dioxide oversaturation,
this has not been well documented.

Because dissolved carbon dioxide concentrations reflect benthic, littoral and pelagic
processes, pCO; is heralded as an integrated, whole-lake, method of measuring production
and respiration in aquatic systems. For the same reasons, carbon dioxide oversaturation is
frequently presented as evidence of net heterotrophy in aquatic systems. However, if the
source of CO; oversaturation is from external processes, a simple measure of pCO; cannot be
used as a proxy for measuring rates of production and respiration in lakes, nor can
oversaturation be considered an indication of net heterotrophy.

The role of northern forest biomes in the global carbon cycle has been a subject of
intense debate for the last ten years since a study by Ciais et al. (1995) proposed the
existence of a large terrestrial biospheric sink of CO; in the temperate latitudes of the
Northern Hemisphere. Forest inventory data from temperate and boreal biomes suggests that
about half of the “missing carbon sink™ is in these forests (Liski et al. 2003). However, such
inventories do not take into account the transport of carbon from forests 1o aquatic systems.
If the source of carbon dioxide oversaturation in lakes is from forest ecosystems, then these
models overestimate the magnitude of the proposed sink.

The third chapter of this thesis examines carbon dynamics in 23 Quebec lakes to
determine the magnitude of carbon flux to the atmosphere from these lakes and to examine
the underlying cause for carbon dioxide oversaturation. Two lakes were sampled on a
weekly basis over one year to assess temporal changes and twenty-one lakes in three regions
were sampled during the ice-free season to quantify differences in carbon dynamics between

lakes. The magnitude of atmospheric flux, gross primary production (GPP) and community
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respiration (R) were measured, as well as the isotopic composition of dissolved carbon.
Benthic, as well as pelagic, net ecosystem productivity (NEP) was estimated to give a whole-
lake account of carbon cycling. This estimate of NEP was compared with the annual
atmospheric flux to determine if an excess of respiration was sufficient to account for the
flux of CO; to the atmosphere. An isotopic mass balance model (Bade et al. 2004) was used
in an attempt to determine if groundwater or surface water inputs were a plausible source of

carbon dioxide oversaturation in the lakes.
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Chapter 1 The production — respiration balance of unproductive shield lakes:
comparing estimates of GPP and R from stable isotopes with traditional botile
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Abstract

The isotopic composition of dissolved oxygen has previously been used to determine
gross primary production (GPP) and respiration (R) in aquatic ecosystems, but this
methodology has not been compared to conventional metabolic measurements. Here, we
present two methods to measure metabolism from stable isotopes. The 8'30 method
measures planktonic GPP from dissolved oxygen concentrations, isotopes and R. The §'"°C
method measures GPP and R in the whole aquatic system from dissolved oxygen and carbon
concentrations and isotopes. Estimates of GPP, R and GPP:R obtained with these methods
in one oligotrophic and one mesotrophic lake are compared to conventional bottle
measurements. All three methods showed GPP was greater than R over the ice-free season.
Average GPP over the ice-free season as measured by the 8'*0 method (177 + 21 mg Cm>
d” in Lac Croche, 356 + 27 mg C m™ d”' in Lac a I’Ours) from bottle incubations (188 + 16
mg C m™ d”' in Lac Croche, 357 + 41 mg C m™ d”' in Lac a I’Ours) and from the 8'*C
method (196 = 23 mg C m™ d” in Lac Croche, 255 + 30 mg C m>d'inLaca I’Ours) were
not significantly different. There was also no significant difference in R as measured by
bottle incubations (122 £ 19 mg O, m™ d”' in Lac Croche and 252 + 22 mg O, m>d"'in Lac
4 I’Ours) and the 8'*C method (96 + 23 mg O, m™ d' in Lac Croche and 119 + 30 mg O, m>
d' in Lac a I’Ours). However, the 8'3C method does not account for inputs of external
carbon which will result in underestimation of R and overestimation of GPP. In systems
with significant allochthonous carbon inputs, the 8'°C method cannot be accurate unless
these inputs are accounted for. All statistical tests and confidence intervals are reported at

the o=0.05 critical level
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Introduction

Measuring the balance between production, P, and respiration, R, is fundamental to
our understanding of carbon flow and food web dynamics in aquatic systems. Yet, the
relative importance of primary production over community respiration in marine and
freshwater ecosystems has been highly debated for many years. Some resarchers have
found that external organic carbon supports baseline metabolism and that epilimnetic
respiration exceeds photosynthesis in all but the most eutrophic ecosystems (e.g. del Giorgio
and Peters 1993, 1994) while others (Carignan et al. 2000) found the epilimion of
oligotrophic shield lakes to be net-autotrophic.

Conventional methods for estimating production in aquatic systems involve
incubating samples and measuring the uptake of '*C or the change in oxygen concentration.
These methods can be labour intensive and require large incubators that are not often
accessible. Also, because they incubate pelagic samples, they do not give a whole-
ecosystem estimate of production and respiration, as benthic and littoral components are not
included. Several methods involving stable isotopes of oxygen have also been used to
estimate P in aquatic ecosystems. Bender and Grande (1987) proposed a model to determine
the ratio of P to R from the isotopic composition of dissolved oxygen, 8'80po, and the degree
of oxygen saturation, but their model does not include flux of O, to or from the atmosphere.
Quay et al. (1995) expanded on this model and included an atmospheric component, but their
model is mathematically undefined when the aquatic system is at 100% oxygen saturation or
when 8'*Opg is equal to the isotopic composition of oxygen in the atmosphere. Wang and
Veizer (2000, 2004) showed that 5'80po can be combined with measures of the isotopic

composition of CO; to examine, in a non-quantitative fashion, the balance between P and R.
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Luz and Barkan (2000) proposed a method to measure oceanic productivity with the triple
isotopic composition of dissolved oxygen.

All of these methods are based on the isotopic fractionations that occur in the aquatic
system. The isotopic composition of dissolved oxygen (DO) in an aquatic ecosystem is the
result of three major processes: photosynthesis, respiration and exchange with the
atmosphere. Dissolved atmospheric oxygen has a 8'°0 of 24.2%. (vs. VSMOW; Figure 1-1)
(Benson and Krause 1984). Because aquatic photosynthesis is a non-fractionating process
(Guy et al. 1993), DO produced by photosynthesis (8'*Op) has the same isotopic value as the
oxygen atoms in the water molecules from which it is produced. In our study area, the 8'°0
of water (8'*0Ow) is about -10%e, so photosynthesis produces DO with a light isotopic
composition. During respiration, the uptake of the light isotope of oxygen is approximately
20%o greater than uptake of the heavy isotope of oxygen and thus respiration enriches the

dissolved oxygen pool in the heavy isotope (Kiddon et al. 1993).
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Figure 1-1. Effect of production, respiration and atmospheric exchange on the isotopic

composition of dissolved oxygen, 5"0po and dissolved inorganic carbon, 8" Cpic.

The isotopic composition of dissolved inorganic carbon, 8"3Cpyc, is also indicative of
metabolic processes. Atmospheric carbon dioxide has an isotopic composition of about
—8.5%o and dissolution of this CO, into water causes fractionation as the carbon speciates, so
that the 5" Cpic that originates as atmospheric CO; has a pH- and temperature-dependent
isotopic composition ranging between —5.5 and —11.8 %o in our study lakes (Figure 1-1).
Aquatic photosynthesis preferentially consumes the light carbon isotope of dissolved CO,,
leaving the carbon dioxide pool enriched in B¢ (Baird et al. 2001) to varying degrees,

depending on the degree of carbon dioxide limitation. The organic matter produced in
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aquatic photosynthesis is depleted in '*C, with a 8"°C value about 20%o less than 3"°Ccg,. In
situ respiration consumes this '*C depleted organic matter and produces CO, with a similarly
depleted isotopic signature (Keough et al. 1998).

Stable isotope methods of estimating production and respiration have never been
directly compared to conventional metabolic measurements. Here we outline two methods
of estimating metabolic parameters from stable isotopes. The 8'%0 method estimates gross
primary production (GPP) from the isotopic composition of dissolved oxygen, the isotopic
composition of water and the concentration of dissolved oxygen, but is dependent on bottle
incubation estimates of respiration. The 8'°C method estimates GPP and R from stable
isotopes of dissolved oxygen and inorganic carbon and the concentrations of dissolved
oxygen and inorganic carbon and is not dependent on bottle incubations. We compare the
estimates of GPP and R and the metabolic balance, GPP:R, obtained from these two methods

in one oligotrophic and one mesotrophic lake with bottle incubations methods.

Materials and Procedures

Study Site —
Both lakes are located on the Canadian Shield, approximately 60 km northwest of

Montreal, Quebec, Canada. The area is underlain by anorthositic bedrock covered by 1-5m
of glacial till. Soils are mostly Humic Cryorthods (US classification) or Orthic Ferro-Humic
Podzols (Canadian classification). Catchments are forested ( > 95%) primarily with sugar
maple (Acer saccharum), yellow birch (Betula alleghaniensis), beech (Fagus grandifolia)
and poplar (Populus tremuloides). Annual precipitation averages 1100 mm y"', with 30%
falling as snow. Lac Croche is a small (0.19 km?), pristine oligotrophic clearwater lake with

a mean depth of 5.1 m in a watershed of 0.88 km?. Alkalinity is low in Lac Croche (annual
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average of 82 meq m™) and pH is slightly below neutral (6.1-6.9). Total phosphorous (TP),
total nitrogen (TN) and dissolved organic carbon (DOC) concentrations are 3.8 mg m>, 211
mg m” and >3 520 mg m~, respectively (Carignan et al. 1998). Macrophytes are virtually
absent in Lac Croche, but epilithic and epipelic communities are well-developped. Total P
and DOC are higher (14 mg m™ and 6.64 g m™) in Lac a I'Ours due to its larger drainage
ratio and to the presence of wetlands in its watershed. Average alkalinity and pH are 310
meq m™ and 6.2, respectively. Lac a I'Ours has an area of 0.15 km”, a watershed of 3.26 km?
and a mean depth of 6.7 m. Twenty-two cottages have been built on its shores.

Sampling —

Chemical and physical parameters of both lakes were measured on a weekly basis
between May 2002 and March 2003. Epilimnetic production was measured twice monthly
during the ice-free season from bottle incubations. Community respiration was measured
twice monthly during the entire sampling period. Water was collected with a 4-liter Van
Dorn Bottle between 07h00 and 10h00. Morning sampling ensured that the epilimnion was
completely mixed during the summer stratification period. Throughout this report, the
epilimnion is defined as the surface mixed layer where the vertical temperature gradient does
not exceed 1°C m™ in the morning. Water samples for respiration and production
measurements were taken from the entire epilimnetic water column and pooled in 20 L dark
polyethylene containers. Water for isotopic analysis was collected on a weekly basis from
mid-epilimnion in 40 mL amber glass bottles with silicon/teflon septa for the isotopic
composition of oxygen in water, §5'30., the isotopic composition of dissolved inorganic
carbon, 513 Cpic, and the isotopic composition of dissolved organic carbon, 513 Cpoc. Rubber

septa were utilized for water samples used for measurement of the isotopic composition of



31

dissolved oxygen, 88 0po. All samples were poisoned with HgCl;, to approximately 150
ppm and refrigerated at 4°C before analysis (within 4 months).
Physical and Chemical Analyses —

Oxygen and temperature profiles were measured at half-meter intervals with a YSI
Model S5 instrument, equipped with a stirrer. The probe was calibrated prior to each use in
vapour-saturated air with respect to atmospheric pressure, within 2 °C of epilimnetic
temperature. The degree of oxygen saturation was calculated with respect to temperature and
local barometric pressure according to Benson and Krause (1984). Chlorophyll
concentration was measured (Sartorg and Grobbelaar 1984) on a biweekly basis by
spectrophotometery after overnight extraction of frozen GF/C filters in cold ethanol and
corrected for phaeopigments. Photosynthetically available radiation (PAR) was measured
with a Li-Cor 190 sensor and the PAR extinction coefficient of the water column was
measured (Li-Cor LI-192 sensor) twice monthly at half-meter intervals. Carbon dioxide
concentrations were measured at one-meter intervals throughout the water column. Samples
were taken in 60 mL syringes, transported to the lab and their temperature allowed to
equilibrate with cool water. Thirty ml of sample was equilibrated with 30 mL CO;, free gas
and the carbon dioxide concentration of the resultant gas measured with a LI-COR LI-820
CO; analyser. Henry’s law was then used to calculate the concentration of dissolved CO; in
the water samples.
Bottle incubations-

Water used for metabolic rate measurements was distributed in clear and dark 300
mL pyrex bottles that were placed in a light gradient incubator, equipped with a Phillips

MH1000, 1,000 W metal-halide lamp. It provided six irradiance levels ranging from
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approximately 30 to 1000 uE m™ s and three replicate bottles were incubated at each level.
These levels were quantified during the incubation using a Biospherical QSL-101 4-pi
quantum meter freshly calibrated by the manufacturer. Incubations were performed at in situ
temperatures and lasted 4 hours for production measurements and between 6 and 8 hours for
respiration measurements. A high-precision Winkler method (Carignan et al. 1998) was
used to measure the net production of oxygen (NP) and community respiration (R) from
changes in dissolved oxygen concentration in clear and dark bottles during the incubation.
The detection limits for NP and R were 2.3 and 1.7 mg O, m™ h™' respectively. Daily
volumetric (VR) and areal (AR) respiration rates were calculated assuming that respiration
rates measured from water sampled in the morning were representative of the entire day. We
assumed equal dark and light algal respiration and calculated gross production during the
incubation as NP - R.

The GP vs PAR curves were then used to calculate photosynthetic parameters using
the computer program PSPARMS (Fee 1998). The chlorophyll-dependent rate of
photosynthesis at optimal PAR (PP, mg O, mg Chl™ h™"), the chlorophyll dependent slope of
the photosynthesis versus PAR curve at low irradiance levels (a®, mg O, mg Chl™" E! m?)
and the saturation PAR (I, E m™ h™") were calculated at all dates for both lakes. To estimate
the amount of photosynthesis during the entire stratification period, the computer program
YTOTAL (Fee 1998) was used with the measured daily PAR value. The program uses
chlorophyll concentrations, P?, and a® (all linearly interpolated from the input data) and the
fraction of solar PAR that reaches each depth to calculate the photosynthesis versus depth
profile. Daily areal gross planktonic photosynthesis rates (AGP) were calculated from bottle

incubation measurements and PAR data using the computer program YTOTAL (Fee 1998).
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Oxygen isotopic analyses —

'8 0w was measured at the G.G. Hach Isotope Laboratory (University of Ottawa).
One mL of sample was flushed with a gas mixture of 2% by volume CO,, left to equilibrate
overnight at 25°C and the resultant CO, was then analyzed on a triple collector VG SIRA 12
mass spectrometer, with a standard deviation of 0.1%e. The isotopic composition of
dissolved oxygen was measured at the National Water Research Institute (Saskatoon,
Saskatchewan) for the samples collected between May and August 2002, and at the G.G.
Hach Isotope Laboratory for samples collected between September 2002 and March 2003.
Samples were analyzed by creating a 5 mL helium headspace, equilibrating the water sample
with the headspace and analyzing an aliquot of the resulting gas by continuous flow mass
spectrometry using a Micromass Optima instrument (Wassenaar and Koehler 1999). The
standard deviation was 0.17%o for samples measured at the National Water Research Institute
and 0.4%o for samples measured at the G.G. Hach Isotope Laboratory. Throughout this

report, the '30/'®0 isotope ratios in water and dissolved oxygen are expressed in %o with:

180/160 .
5%0= (,8 n Demre_ |, 1000 )
(O O)vsuow

where VSMOW is the international Vienna Standard Mean Ocean Water.

Carbon Isotope Analyses —
Samples for 5" Cpoic and 8"* Cpoc were analysed at the G. G. Hatch Isotope

Laboratory on an Ol Analytical "TIC-TOC" Analyser following the procedure outlined by
St. Jean (2003). Briefly, samples were first analysed for the concentration of organic and
inorganic carbon and then for isotopic composition of DIC and DOC by helium carrying the
resulting CO; organic/inorganic from the TIC-TOC analyser into a Finnigan Mat DeltaPlus
isotope ratio mass spectrometer for analysis by continuous flow. Standard deviation of

isotopic samples was 0.2%o. The isotopic composition of dissolved carbon dioxide, 8Cco,
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was calculated from 8"*Cpyc, pH and temperature using the fractionation equations of Zhang

et al. (1995) and equations for temperature and pH dependent carbonate speciation (Drever

1997).

50 method, calculating GPP from oxygen isotopes —
The dissolved oxygen mass balance in an aquatic system is controlled by production

from photosynthesis, consumption due to respiration, and exchange with the atmosphere.
Thus, the change in the concentration of oxygen, [O,], over time is equal to the rate of gross
primary production, GPP, minus the rate of respiration, R, minus the oxygen that evades to

the atmosphere:

d(o, ] Ko,
dt’ =GPP-R- Z" 0,-0,.) (),

where Ko, is the gas transfer velocity (m d™'), Z is the depth of the mixed layer (m), Oz is

the concentration of oxygen at equilibrium (mg O, m™), calculated from temperature and
pressure (Benson and Krause 1984), and O, is the measured concentration of oxygen (mg O,
m?).

The isotope mass balance for the system is:
d[0,]"0y,
dt

=GPP"0, -R"0, - KZ‘” a;(0,"0,, -0, "%0,a,) ©)F
where each term in (2) has been multiplied by its respective isotopic composition. 5'%0p is
the isotopic ratio of oxygen produced by photosynthesis and '80p is the isotopic ratio of
oxygen produced by respiration, 180, is the isotopic ratio of atmospheric oxygen, o is
kinetic gas transfer fractionation factor and o is the fractionation factor that results from the
preferential solubility of '®0. To simplify equation 3 we assume that the aquatic system is
sufficiently large to smooth short duration variations of 80po, '*0w, R, Koz, 02 and o,

By substituting equation 2 into equation 3, equation 3 can be solved for GPP (Appendix 1):
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K K
R(lsol)()_lsok) + % (02 _Ozsar)— ZOZ ag; (02180/)() "Ozsmlsomas)

GPP = Z (4).

(lsol)o—lsop)

To calculate GPP from equation 4, seven variables must be measured (summarized in
Table 1-1). Respiration, R, was measured from dark bottle incubations by the procedure
described above in units of mg O, m™ d”'. The oxygen isotope ratio of water, '*Oy, and
dissolved oxygen, |8ODo, were measured and input into equation 4 as the ratio of B0 t0 '%0.
Depth of the mixed layer, temperature and pressure and the concentration of oxygen are
required to measure the rate of atmospheric flux, A. Cole and Caraco (1998) used SF¢ to
measure gas transfer velocity in a small oligotrophic lake. They found that the gas transfer
velocity for a gas with a Schmidt number of 600, Kggo, was independent of wind at low wind
speeds and that it averaged 2.65 + 0.12 cm h™'. Conditions, like lake size and wind speed, in
the lake studied by Cole and Caraco were similar to lakes Croche and a I’Ours. We
converted the Kggo obtained by Cole and Caraco to Ko, using the temperature-dependent

Schmidt number of oxygen, Scoz, (Wanninkhof 1992) and the relationship:

Sc. o
3 5).
KO, =K600( 60(2)} ©)

Aquatic photosynthesis converts the oxygen in a water molecule into dissolved
oxygen without fractionation so that the dissolved oxygen that comes from production has
the same '*0 value as the source water '*Oyw (Guy et al. 1993). A respiration fractionation
factor, o, of 0.982 (Quay et al. 1995) was used. The influx of oxygen from the atmosphere
has an isotopic composition that is equal to the atmospheric value, 0.002052 or 23.5%o,
multiplied by the ratio of gas transfer velocities of 130'%0 to 100 (o, 0.9972, Knox et al.

1992) and the ratio of solubilities of '30'%0 to '°0'°0 which is temperature dependent (cs,
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((-0.730+(427/T))+1000)+1), Benson and Krause 1984). The isotopic composition oxygen

evading to the atmosphere is equal to the value of dissolved oxygen, '80po multiplied by ag.
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Table 1-1. Factors used to calculate GPP from equation 4. Respiration (R, mg O, m>dh;

atmospheric flux (A, mg O, m™ d™'); gas transfer velocity (Koz, m d'); depth of the mixed

layer (Z, m); concentration of oxygen at equilibrium (Opsx, mg O, m’>); measured

concentration of oxygen (O,, mg O, m™); temperature (°C); isotopic composition of

dissolved oxygen, photosynthesized oxygen, water, respired oxygen and atmospheric oxygen

('sODo, 80p, 20, 'SOR, BOarm ); fractionation due to respiration, gas transfer and solution

(aRs agG, (X.S)-
Variable Source
R Measured
K [¢)
A Z2 (02 - 02.val)
0,,Z Measured
Oasat calculated from temperature and pressure Benson and Krause 1984
1800.6 - 120.10(T) + 3.7818(T"*)— 0.047608(7*) )" Cole and Caraco 1998;
Ko 0.63
2 ) 600 Wanninkhof 1992
8000 Measured
30, 80w Guy et al. 1993
'80w Measured
ISOR ISODO X OlR
18ODo Measured
aRr 0.982 Quay et al. 1995
0, '8 0a1m 0.002052 (23.5%0) Kroopnick and Craig 1972
oG 0.9972 Knox et al. 1992
427
as ([— 0.730 + (mn + IOOO) +1 Benson and Krause 1984
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8C method, calculating GPP and R from O and C isotopes —
Because the 5'®0 method described above is based on bottle measurements of

respiration, it does not completely include respiration that occurs in the littoral or benthic
regions of the lake. Here, we propose a model for estimating GPP and R that does not rely
on bottle incubations for respiration measurements. Like 5'®Opo, the isotopic composition of
dissolved inorganic carbon, 8"Cpyc, is also influenced by respiration and production. An
estimate for both GPP and R, which reflects pelagic, littoral and benthic respiration and
production can be obtained by combining oxygen and carbon fluxes. The method described
below uses the same oxygen isotope fluxes described previously and a simple model for
carbon fluxes in the lake system, based solely on aerobic respiration, production and
atmospheric carbon flux. The accuracy of this model would of course be improved if other
presently unquantified components of the lake carbon cycle, such as methanogenesis,
anaerobic respiration, external inputs of carbon dioxide and photooxidation were taken into
account.

Like the dissolved oxygen mass balance in an aquatic system, the mass balance of
DIC is controlled by consumption by photosynthesis, production by respiration, and
exchange with the atmosphere. Following the model of Bade et al. (2004), we assume the
change in the concentration of DIC over time is equal to the rate of respiration, R, minus the
rate of gross primary production, GPP, minus the flux of CO; to the atmosphere, Aco.

aDnIC

K,
— = R-GPP- ‘Z"z (co, -Co0,,,) (6).

where, as for oxygen, Kco; is the gas transfer velocity (m d"), Z is the depth of the mixed

layer (m), COxqy is the concentration of carbon dioxide in equilibrium with the atmosphere

(mmol CO, m> ), and CO, is the measured concentration of carbon dioxide (mmol CO, m?>).
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We converted the Kggo obtained by Cole and Caraco to K¢o; using the temperature-
dependent Schmidt number of carbon dioxide, Sco2, (Wanninkhof 1992).

The isotope mass balance for the system is:

i?%’_ =R"C, -GPP"C, - £<%’—(C02 '3sz -co, "C,) (7)
where each term in (13) has been multiplied by its respective carbon isotopic composition in
%o units. *Cpycis the isotopic ratio of dissolved inorganic carbon, '*Cy is the isotopic ratio
of respired carbon, §"°Cp s the isotopic ratio of carbon produced by photosynthesis, 8"Ccon
is the isotopic ratio of dissolved CO; and 8'°Ca is the isotopic ratio of atmospheric carbon
dioxide. To simplify equation 8 we assume that the aquatic system is sufficiently large to

smooth short duration variations of *Cpyc, *Cg, > Ccoz, GPP, K¢oz, CO; and COxgyt

By substituting equation 7 into equation 8, equation 8 can be solved for R (Appendix 1):

K. K.
R GPP(]3CI)I(.'—13CI’)+ ;02 (CO, -CO,,)- ;OZ (€0, l3C(‘O, —COyu |3CA) ®
(‘3CDI(.'_UCR)

Variables used in equation 8 are summarized in Table 1-2. Respiration produces
dissolved CO;, with the isotopic composition of dissolved organic carbon, *Cpoc, measured
in %0 VPDB (Keough et al. 1998, but see assessment). The isotopic ratio of dissolved carbon
dioxide, 13 Ccoz, Was calculated from ' Cpic, pH, and temperature, following the isotopic
speciation equations in Zhang et al. (1995). To calculate the isotopic ratio of
photosynthesized carbon, *Cp, we assume that production fractionates carbon by 20%o
relative to 8'*Ccoz (ap=1.020, Laws et al. 1995). We use a fractionation factor below the
maximum as it is unlikely that an assemblage of phytoplankton all are fractionating
maximally due to differences in growth rate or carbon sources (Bade et al. 2004, Laws et al.

1995). The isotopic composition of invading atmospheric CO,, 13C, is equal to the
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atmospheric value multiplied by fractionation due to gas dissolution, 0,aq-¢, and Kinetic

fractionation due to gas transfer ak. The isotopic ratio of CO; evading to the atmosphere,

13 Ccoa, is calculated from ' Coic, pH and temperature according to Zhang et al. and olaq.
Finally, equations 4 and 8 for GPP and R can be combined and solved simultaneously

by itteration to provide estimates of GPP and R that are not limited by bottle incubations

(Appendix 1).
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Table 1-2. Factors used to calculate R and GPP from equations 4 and 8. Atmospheric flux
(A, mmol CO, m> d"); gas transfer velocity (Kcoz, m d"); depth of the mixed layer (Z, m);
concentration of carbon dioxide at equilibrium (CO;s4, mmol CO; m> ); measured
concentration of carbon dioxide (CO,, mmol CO, m™); temperature (°C); isotopic
composition of photosynthesized carbon, dissolved carbon dioxide, dissolved inorganic
carbon, respired carbon, dissolved organic carbon, dissolved atmospheric carbon and
atmospheric carbon dioxide (8'*Cp, §'*Ceoz, 8'*Cpic, 8"*Cr, 8"*Cpoc, 8"*Ca, 8" Carm %o),
fractionation due to respiration, dissolution and kinetic fractionation during gas transfer

(ap, Qlag-g, o).

Variable Source

K.
Acoz %(C 0, -C0,,,,)

CO,,Z Measured
COasa  calculated from temperature and pressure
1911.1~118.1(T) +3.4527(T*) - 0. Y™ Cole and Caraco 1998;
Ke 0.63 2)-0.041320(T) Col dC 1998
02 .

600 Wanninkhof 1992
I3CP I3CC02 X qip
13
B3Ceos Calcplategi from 6 “Cpic, temperaturg PH and Zhang et al. 1995
fractionation factors for carbon speciation
l3CD[C Measured
Bade et al. 2004;
ap 1.020 Laws et al. 1995
BCg 130poc
8"Cpoc Measured
Be, S Carm X Olaq X O if net flux from the atmosphere
8'*Carm -8.5 %o
Ol 0.9992 at 21°C, 0.9991 at 5°C Zhang et al. 1995

Olag-g ((-0.0049 T(°C)-1.31) + 1000) + 1 Zhang et al. 1995
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Data analysis —
The precision of Winkler titrations and isotopic measurements are reported as + one

standard error (SE) of the mean of n determinations where SE=SD/(n)'/ 2 and SD is the
standard deviation. Addition and subtraction errors in the calculation of R, GPP and NPP
were calculated as SEAiB=(SE2 A+SE23)”2.

The confidence intervals of GPP from the 5'30 method were calculated by expanding
the error of GPP from equation 4 in terms of a Taylor’s Series as a function of the error of
the variables R, (02-Ogar), K, 8'°Opo, 8'*Ow and §'*0g (Kendall and Stuart 1977). The
partial differentials of GPP in equation 4 with respect to R, O3, Oysa;, 800, '80p and '*0g
were squared and multiplied by the variance associated with the variables. The variances of
02, Ossar, '*Opo, '*0p and '80g were 0.04 mg I, 0.04 mg I"', 0.16%o, 0.01%o and 0.16%o
respectively, while the variance of R was measured for each case. The standard error is then
the square root of the sum of these products. The same procedure was followed to calculate
confidence intervals of GPP and R from the §'>C method, except the carbon variables were
also included. The variances of CO,, COasa, *Cpic and *Cpoc, were 0.25 mg 1", 025 mg I’
! 0.04%0 and 0.04%o, respectively. All statistical tests and confidence intervals are reported

at the a=0.05 critical level (Appendix 1).

Assessment

GPP and R from bottle incubations —
In Lac Croche volumetric epilimnetic respiration rates (VR) ranged from 16 to 244

mg O, m> d”! witha weighted ice-free season mean of 122 + 19 mg O, m>d" InLaca
I’Ours, VR ranged from 57 to 406 mg O, m3d!, witha weighted mean of 252 + 23 mg O,
m> d”! (Table 1-3). These respiration rates account for all process that consume O; in the

bottles, but do not include photolytic processes that may consume or produce O,.



Table 1-3. Physical and chemical properties of the water column and metabolic rates

observed in Lac Croche and Lac a I’Ours from May to October, 2002. Temperature (°C);
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thickness of the mixed layer (Z, m); chlorophyll a (mg m™); light extinction coefficient (€par,

m™"); areal gross epilimnetic production, areal epilimnetic respiration (VGP and VR, mg O,

m™ d"') and metabolic balance (GPP:R) as measured from bottle incubations. Confidence

intervals are at the a=0.05 critical level. Additional data can be found in Appendixes 2 and

3.

Lake Date T Chla & VGP VR GPP:R

Croche  23May 100 325 0.58 110460 7032  1.6+0.57
03 Jun 143 325 0.8 064 9826
20 Jun 166 3.00 0.7 0.70 19030 172446  1.140.24
01 Jul 242 250 1.2 0.60 331322 244%24  1.4x0.12
15 Jul 224 3.00 1.8 0.68  304+56  226+40  1.3:0.18
29 Jul 213 350 1.9 069  316£116 201428  1.6+0.31
11Aug 223 4.00 1.6 0.61 30416 120428  2.5+0.26
2ZAug 216 4.00 062 25722 95452  2.740.63
04Sep 210 425 0.9 0.60 171222 133%£56  130.23
17 Sep 184 475 1.2 059 142448 41252  3.4%1.69
01 Oct 159 675 2.5 0.60  98+11 19488  5.1+8.46
23 Oct 8.3 8.00 1.9 069  49:8 16492 3.0+5.89

alOurs 23May 87 4.75 212 112450  76x4 1.5+0.33
04 Jun 154 275 3.8 125  436£158  295x48  1.5:0.31
21 Jun 196 225 1.5 3904242 336+60  1.20.16
03 Jul 274 225 45 152 56942 40680  1.4+0.21
17 Jul 218 250 3.6 130 34184 357428  1.040.13
31 Jul 240 275 42 137 6994240 24140  2.9+0.30
24Aug 209 275 131 376+68 26348  1.4%0.20
04Sep 209  3.00 3.1 130 422#32 25672 172027
18 Sep 179 375 438 121 358450  237+118  1.540.35
02 Oct 161 400 45 124 224452 148592  1.5+044
24 Oct 74 10.5 3.2 150 32434 57498  0.6+0.34




44

VGP ranged from 16 to 383 mg O, m?2d" in Lac Croche and from 12 to 699 mg O,
m? d"' in Lac 4 I’Ours. Because sampling was not always conducted at even intervals, the
time weighted average of VGP over the ice-free season was calculated: 188 + 16 mg O, m™
d" in Lac Croche and 357 + 41 mg O, m?> d” in Lac a I'Ours (Table 1-3). These values are
similar to those previously published for these lakes by Carignan et al. (2000).

In Lac Croche, the ratio between GPP and R fluctuated around 1 in early summer and
production became more dominant later in the summer. Both GPP and R declined in the fall,
though R rates declined significantly more than GPP rates (Figure 1-2A). GPP:R over the
ice-free season was calculated by determining total photosynthesis over the season, ZGPP,
from YTOTAL (Fee 1998) divided by total respiration over the season, ZR. XR was
estimated by linear interpolation between sampling dates. In Lac Croche the weighted
average of GPP:R over the ice-free season was 1.8 + 0.6. In Lac a I’Ours GPP:R fluctuated
around unity in the spring and early summer. Production was, on average, more important
than respiration during mid-summer. In late summer and fall, production declined more
rapidly than respiration (Figure 1-2B). Over the ice-free season in Lac a I’Ours, ZGPP/ZR

was 1.4+ 0.3.
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Figure 1-2.Volumetric gross primary production (VGP, open squares, mg O, m>d’')and

volumetric respiration (VR, closed circles, mg O, m>d™') in the epilimnion of (A) Lac
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Respiration

Gross Primary Production

Croche and (B) Lac & I’Ours measured by bottle incubations. Solid black line shows VGP as
calculated from the YTOTAL program (Fee et al. 1998). Grey line shows VGP:VR relative

to the secondary y axis and the dotted line shows equal production and respiration rates.

Error bars are at the a=0.05 critical level.
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GPP from the 8'°0 method-

The degree of saturation of oxygen in the epilimnion of Lac Croche between May
2002 and March 2003 varied from 60.0 to 109.8% and averaged 97.2% (Table 1-4). In Lac a
I’Ours it ranged from 59.8 to 107.9%, with an average value of 94.3% (Table 1-5). In both
lakes the degree of saturation oscillated around equilibrium until ice cover, when it gradually
declined. The isotopic composition of oxygen in water, 8'*Ow, in Lac Croche varied from
—1.77 t0 —10.21%o and averaged ~8.33%o. In Lac & I’Ours values ranged from —7.77 to
~10.21%o and averaged —8.98%o. The isotopic composition of DO, 8'*0po, in Lac Croche
varied from 17.9%o to 25.4%0 and averaged 20.9%.. Values in Lac a I’Ours ranged from 17.1
to 24.6 and averaged 20.6%o. In both lakes the most positive values occurred late in the
winter and the lowest values occurred during the summer.

For all samples collected the degree of oxygen saturation, §'*Opo, 8'*Ow, and
respiration rates were used to calculate GPP from the §'%0 method (Tables 1-4 and 1-5). As
respiration was only measured on a bi-monthly basis, respiration rates were linearly
interpolated between sampling dates. After the lake froze in mid-November, the atmospheric
flux of oxygen was set to zero in equations 4 to calculate GPP from the isotopic
measurements (Tables 1-4 and 1-5).

In Lac Croche, GPP from the 5'80 method ranged from 4 + 20 to 341 + 78 mg O, m>
d'. GPP peaked in mid-summer and was lowest in the winter months (Figure 1-3A).
Average GPP over the ice-free season was 177 + 15 mg O, m™ d”' and 100 + 10 mg O, m™
d”! over the year. In Lac 4 L’Ours GPP ranged from 12 + 13 to 710 + 153 mg O, m> d™' and
peaked in early summer (Figure 1-3B). GPP averaged 356 + 22 mg O, m™ d”' over the ice-

free season and 194 + 14 mg O, m™ d”' over the year.
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Table 1-4. Physical, chemical and isotopic properties in the epilimnion of Lac Croche

between May 2002 and March 2003. Temperature (°C); depth of mixed layer (Z, m); degree

of oxygen saturation ([0,)/[O)sar); isotopic signature of dissolved oxygen (8"0po, %o);

isotopic signature of oxygen in water (8'*Ow, %o), measured respiration (R, mg O, m>d™"),

and GPP calculated from the 5'30 method (GPP, mg O, m™ d"). Confidence intervals are

shown at the a=0.05 critical level.

Lake Date T Z  %|[Oylu 8%0po 5"Ow R GPP

Croche 22-May  10.0 325 103.4 227 944 70+18 4642
27-May 137 3.25 102.9 203 930 176+90
3-Jun 143 3.25 102.0 186 919 104:18 281114
10-Jun 16.9 3.25 103.3 181  9.14 311114
20-Jun 16.6 3 101.9 190 933  138£28  261+65
26-Jun 19.7 2.25 103.4 209  -9.03 17293
1-Jul 24.2 2.5 103.9 198 878 244430  209+44
8-Jul 23.0 2.75 105.7 179  -8.63 34178
15-Jul 224 3 104.1 189  -837 22722 22680
23-Jul 229 3 109.8 189  -7.95 24880
29-Jul 213 3.5 101.3 18.1  -806 202+12  238+51
7-Aug 214 425 104.6 207 -7.92 18880
11-Aug 223 4 103.8 185  -7.80  120£12 23045
23-Aug 216 4 104.9 186  -7.55 95422  243%71
29-Aug 209 4 104.6 209  -7.71 99120
3-Sep 210 425 103.5 213 764 134£22 58465
11-Sep 21.8 475 105.3 200  -7.58 128+112
17-Sep 184 475 103.9 207 775 43:18 12153
25-Sep 18.0 5 104.9 23 172 57140
1-Oct 15.9 6.75 101.1 2.1 <179 19822 47482
9-Oct 13.2 6.75 104.7 210  -1.70 84265
16-Oct 112 7.75 104.7 20  -1.82 45+65
23-Oct 83 8 100.0 2.1 -8.14  15£18 19486
30-Oct 6.1 8 104.3 194 811 10294
6-Nov 3.9 8 99.5 207 -833 26428 6119
13-Nov 4.0 8 105.3 20  -7.99 3752
4-Dec 2.8 8 102.9 200 820 1450 9434
11-Dec 2.6 8 952 37 837 7451
9-Jan 3.5 8 86.2 25  -8.24 6+53
15-Jan 2.6 8 713 29 -824 5+52
21-Jan 33 8 87.4 235 812 -T.1£33  4£20
29-Jan 3.5 8 78.8 210 -825 8+57
5-Feb 3.4 8 77.4 22 822 19452 11433
12-Feb 3.5 8 76.1 254 823 10£56
13-Mar 3.8 8 622 237 -826  62+44  10+27
19-Mar 3.7 8 60.1 243 -8.17 _ -4T+48  9%29




Table 1-5. Physical, chemical and isotopic properties in the epilimnion of Lac a I’Ours
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between May 2002 and March 2003. Temperature (°C); depth of mixed layer (Z, m); degree

of oxygen saturation ([O2]/[O]sar); isotopic signature of dissolved oxygen (8"*0po, %o);
isotopic signature of oxygen in water (5'0Ow, %o), measured respiration (R, mg O, m>d"),

and GPP calculated from the 5'80 method (GPP, mg O, m> d") . Confidence intervals are

shown at the 0=0.05 critical level.

Lake Date T Z %[0;]s  8"0pg 5”0y R GPP

al'Ours 22-May 8.7 4.75 97.6 177 -1020 77+02  316xI3
27-May 14.8 3.5 107.5 198  -10.21 27756
3-Jun 15.4 2.75 99.9 182  -1020 29430  434%63
10-Jun 17.7 2.25 104.8 17.1 -9.89 709+153
20-Jun 19.6 2.25 107.9 210  -9.87  337x44  587+83
26-Jun 21.3 225 105.4 182 -9.59 570+175
1-Jul 27.4 2.25 102.0 182  -925  404+16 573116
8-Jul 22.4 2.25 105.0 198  -9.08 406+143
15-Jul 21.8 2.5 101.5 185  -894 358420 471453
23-Jul 222 2.75 102.1 183  -8.63 47194
29-Jul 24.0 2.75 105.5 183  -832 24126 52963
7-Aug 21.1 2.75 104.7 206  -8.35 3124110
11-Aug 247 2.75 105.9 204 792 338+108
23-Aug 209 2.75 105.3 206  -7.89 26328 30764
29-Aug 204 2.75 105.3 217 -7.94 2214133
3-Sep 20.9 3 102.1 21.1 7177 256£40 232476
11-Sep 19.2 3.25 98.5 205  -7.81 2424192
17-Sep 17.9 3.75 105.2 208  -8.19  238+54 181116
25-Sep 17.5 3.75 106.3 211 -8.09 193197
1-Oct 16.1 4 104.0 224 -8.15 14740  120£77
9-Oct 11.9 5.75 104.3 205 842 141142
16-Oct 9.7 7.25 104.1 189  -8.70 163142
23-Oct 7.4 10.5 105.7 171 903  58+30  147+78
30-Oct 5.5 10.5 81.7 20 913 51486
6-Nov 3.1 12 89.7 219 9.4 16228 57422
13-Nov 3.6 12 101.2 215 927 30+£123
4-Dec 24 12 96.3 225 933 224156 12495
11-Dec 24 12 71.7 235 925 132101
18-Dec 2.4 12 82.4 218 -9.06 14£107
9-Jan 26 12 73.3 207 -9.30 15110
15-Jan 2.5 12 68.8 227 946 14103
21-Jan 2.5 12 88.3 233 977 14+100
29-Jan 2.5 12 79.6 246  9.44 1597
5-Feb 2.5 12 78.2 22.1 963  -40:14 16£9
12-Feb 2.5 12 76.9 27 943 17435
26-Feb 2.5 12 59.8 21.8 -9.37 30+44 17430
13-Mar 2.4 12 62.8 209  -9.44 18442
19-Mar 2.5 12 60.6 24.1 944  -1.6+22  16x13
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From the 8'0 method, production dominated over respiration in Lac Croche
throughout the summer and the ratio of GPP to R was highest in the fall during turnover. In
Lac 4 1’Ours, GPP:R was highest in the spring and fall and near equilibrium in mid-summer.
In the winter months, GPP:R was below 1 in both lakes. Average GPP:R was calculated
from the ratio of total photosynthesis, XGPP and total respiration R over the season. Both
ZGPP and XR were estimated by linear interpolation between sampling dates. Average

GPP:R over the ice-free period was 1.5 + 0.5 in Lac Croche and 1.4 + 0.1 in Lac a I’Ouirs.
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Figure 1-3. Gross primary production (black line) from the %0 method in (A) Lac Croche
and (B) Lac a I’Ours between May 2002 and March 2003. Grey line shows GPP:R relative to
the secondary y axis and the dotted line indicates equal amounts of production and

respiration. Error bars are at the 0=0.05 level.

GPP and R from the 5"°C method-—
Over the ice-free season, both lakes were continually oversaturated in carbon dioxide,

averaging 219% in Lac Croche and 294% in Lac & I’Ours (Table 1-6). 83 Cpic, was slightly
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lighter than the isotopic composition of dissolved atmospheric CO, in Lac Croche (averaging
—12.7%0) and within the range of atmospheric values in Lac a I’Ours (averaging —7.87%o).

In Lac Croche, GPP calculated from the 8"3C method ranged from 16 to 334 mg O,
m™ d”! and averaged 196 + 23 mg O, m™ d”!, while respiration ranged from 2 to 261 and
averaged 95 + 24 mg O, m™ d”' (Figure 1-4A). GPP was highest in mid-summer and lowest
in late fall. In Lac a I’Ours, GPP ranged from 76 to 386 mg O, m> d"' and averaged 255 +
30 mg O, m™ d' (Figure 1-4B). GPP was low in the spring, highest in mid summer, and
gradually declined over the fall months. Respiration in Lac & 1’Ours ranged from 4 to 277
mg O, m> d"' and averaged 118 + 30 mg O, m™ d™".

Calculations from the 8'>C method showed GPP was greater than R in both lakes
Croche and a I’Ours over the entire ice-free season. In Lac Croche average GPP:R as

calculated from XGPP/2R was 2.0 + 0.2. Average GPP:R in Lac a I’Ours was 2.2 + 0.3.



Table 1-6. Carbon variables used to calculate GPP and R from the §'°C method.
Temperature (T, °C), pH, isotopic fractionation due to dissolution of CO; (€345, %0), carbon
dioxide saturation ([CO2}sa, %), isotopic composition of dissolved inorganic carbon, carbon
dioxide, and organic carbon (8'3CDIC, 8"3Cco2, 8"*Cpoc, %o), respiration and gross primary
_production (R, GPP, mg O, m> dh.
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Lake  Date T PH g, [COidu 87Opc 8°Cco: 8"Cpoc R GPP
Croche 22-May 100 600 -136 298  -10.70 -14.15  -2698  109+65 9765
27-May 137 6.10 -138 209  -19.74 2253 2662  78+23  194%23
10-Jun 143 610 -139 220  -17.78  -19.12 2632  157£24 263+24
20-Jun 169 612 -139 219 -1829  -21.32 2633 277426 267+26
26-Jun 166 612 -141 189 -1757  -17.71 2696 212427  265+28
1-Jul 197 619 -143 195  -18.78  -1943 2622 224436 262436
8-Jul 242 621 -142 154 -1936  -1943  -27.84  251+37 280437
15-jul 230 625 -142 131 939  -11.73 2619 133+34 334434
23-Jul 224 629 -142 163 908  -10.18  -2330  177+31 292431
29-jul 229 624 -141 195  -1042  -13.81 2599 19532 284232
7-Aug 213 619 -141 195 956 -11.75  -26.09  189+27  280+27
11-Aug 214 619 -142 183  -1423  -16.88 2629 72423 222423
23-Aug 223 621 -142 200  -13.80 -1741  -2639 8826 229426
29-Aug 216 618 -141 187  -1547  -17.52 2628  74%25 229425
3-Sep 209 619 -141 190  -1633  -1838 2743 27324 150424
11-Sep 210 619 -142 174  -1090 -1295 2541  48+23 132423
17-Sep 218 621 -140 199 933 -1032 2405 6721  147£21
25-Sep 184 615 -140 190  -1130 -11.84 2628  58+20  124+20
1-Oct 180 615 -139 262  -10.86 -11.68  -2691  48x19 6219
9-Oct 159 607 -137 326  -11.87 -13.76 2528 416  57+16
16-Oct 132 599 -136 347 -8.60  -942 2643  45+28 79428
23-Oct 112 596 -135 312 -898  -10.06 2638  65x19  49£19
30-Oct 83 596 -134 296 957 -1122 2699  66+19  16%19
Ours 22-May 87 606 -135 215 9.4 -11.6 270  77+61 18861
27-May 148 615 -138 172 -8.1 -10.5  -282  77#65 19665
3-Jun 154 619 -139 150 -7.1 9.8 282 133£38 327438
10-Jun 177 619 -141 250 -5.3 -1.6 277 245594 48694
20-Jun 196 605 -141 335 -5.7 -1.7 294 219460 42360
26-Jun 213 614 -144 264 -8.1 -10.7  -27.1 245344 416+44
1-Jul 274 615 -142 279 -9.0 -11.2 269 281+39 41339
8-Jul 224 619 -142 203 -9.9 -125 279 148468 316+68
15-Jul 218 618 -142 209 -1.4 -100 285 181270  362+70
23-Jul 222 620 -143 194 -7.1 -9.8 244 184£35 331%35
29-Jul 240 614 -141 265 9.3 -11.6  -29.4  193+78  349+78
7-Aug 211 6.14 -143 246 -7.8 -104 283 76+£79  221£79
11-Aug 247 621 -141 191 -6.6 -9.2 289 82491 238491
23-Aug 209 614 -141 236 -8.2 -10.6  -30.0 70484 224184
29-Aug 204 616 -141 215 -1.8 -103 283 31x99  166+99
3-Sep 209 616 -140 217 -1.5 -9.9 29.5  39+50  178+50
11-Sep 192 613  -140 232 -8.0 -102 261 67+56  185£56
17-Sep 179 601 -137 372 -5.3 -7.1 264 5784 14984
25-Sep 175 606 -136 293 4.6 -6.6 262  57+48  139+48
1-Oct 161 600 -1.35 352 -6.4 -8.0 267 124229 76+29
9-Oct 1.9 590 -1.34 464 -6.4 -1.5 269  46:21 9621
16-Oct 9.7 589 -1.33 459 -8.0 -9.1 26.5  66£40  105+40
23-Oct 74 586 -134 478 -9.3 -10.1 -26.7 6741 9041
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Figure 1-4. Gross primary production (closed circles, mg O, m™ d') and respiration (open

squares mg O, m? d") from the 8'C method in lakes Croche (A) and a I’Ours (B) over the

ice-free season of 2002. Error bars are at the a=0.05 critical level.

By assuming that the isotopic signature of respired carbon is equal to that of DOC,

the 8'°C method implies that all organic carbon in the system is respired equally. 8"°Cpoc in

lakes Croche and Ours averaged —26.2+0.2 and —26.6+0.1%o, in the mid-range of terrestrial

C3 vegetation. If instead we assume that all carbon respired has the isotopic composition of

autochthonous organic carbon, that is the isotopic signature of dissolved CO, plus
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fractionation during photosynthesis, 20%o (Laws et al. 1995), estimates of R in Lac Croche
and Lac a I’Ours decrease by 23% and 5% respectively. Estimates of GPP increase by 7 and
1% in lakes Croche and a I’Ours.

Comparing methods —

In Lac Croche, mean GPP over the ice-free period was 188 + 16 mg O, m™ d™' as
measured by bottle incubations, 177 + 15 mg O, m™ d"' as calculated from the 5'®0 method,
and 196 + 23 as calculated from the 8">C method (Figure 1-5A). A t-test for means with
unequal standard errors was used to compare means measured by the different methods.
There was no statistically significant difference in mean GPP in Lac Croche as measured by
bottle incubations and the §'®0 method (#=0.13, df=30, p=0.89) or between bottle incubations
and the 8'°C method (=0.28, df=28, p=0.78). In Lac 4 I’Ours mean GPP was 357 + 41 mg
0, m™ d"' as measured by bottle incubations, 356 + 22 mg O, m™ d”' as calculated from the
5'3%0 method, and 255 + 30 mg O, m> d! as calculated from the §'*C method (Figure 1-5B).
There was no significant difference in the mean GPP from bottle incubations and the 5'%0
method (+=0.10, df=28, p=0.92) or in mean GPP between bottle incubations and the 83C

method (~=1.11, df=29, p=0.28).
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Figure 1-5. GPP (mg O, m™ d') measured from bottle incubations (closed triangles), the
880 method (closed squares) and the 8'*C method (open squares) in Lac Croche (A) and

Lac & I’Ours (B). Error bars are at the a=0.05 significance level.
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Respiration in Lac Croche as measured from bottle incubations averaged 122 + 19
mg O, m> d”'! and 96 + 23 mg O, m? d"' from the 8'>C method (Figure 1-6A). InLaca
1’Ours, R averaged 252 + 22 mg O, m™ d”! from bottle incubations and 118 + 30 mg O, m>
d”' from the 8"°C method (Figure 1-6B). A t-test for means with unequal standard errors
shows that the difference in mean R in either lake is not significant at the a=0.05 critical

level (+=0.40, df=31, p=0.69 for Lac Croche and (+=1.70, df<29, p=0.10 in Lac & I’Ours).
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Figure 1-1-6. R (mg O, m™ d') measured from bottle incubations (closed triangles) and the
8'*C method (open squares) in Lac Croche (A) and Lac a I’Ours (B) over the ice free season

0f 2002. Error bars are at the a=0.05 significance level.

Though there is no statistical difference between average GPP from bottle
incubations and from the §'*0 method, the two methods are not completely interchangeable

and some differences between the two methods can be seen during the ice-free season
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(Figure 1-6). Bottle incubations are point estimates of GPP while the isotopic signature of
dissolved oxygen integrates samples over a longer period of time. However, because the
8'0 method still uses bottle estimates of R, benthic respiration is not taken into account and
the oxygen isotope estimate of GPP is not of the entire aquatic system.

There is also no significant difference in mean GPP and R as measured from bottle
incubations or the 8'>C method, but differences can be seen over the sampling period (Figure
1-5 and 1-6). To a degree, this should be expected as 8'*0po and 8'°Cpyc are influenced by
photosynthesis of littoral macrophytes (negligible in Lac Croche) and by respiration in
sediments. These components are integrated into the isotopic compositions of DO and DIC
by epilimnetic mixing and thus included in the estimate of GPP from oxygen and carbon
isotopes. Hence, our estimate of GPP from oxygen and carbon isotopes is an estimate of
GPP for the whole mixed layer. Estimations of GPP made from bottle incubations do not
include these components to any extent and they are only partially included in estimates from
the oxygen isotope method.

However, estimates of R from the 8'>C method are frequently lower than estimates
from bottle incubations. Both lakes were consistently oversaturated in carbon dioxide even
when oversaturated in oxygen, suggesting that the model for DIC (equation 8) does not
sufficiently describe carbon dynamics in the lakes. It is possible that allochthonous inputs of
DIC, which are not taken into account in our model are masking the carbon isotopic signal
from respiration. To test this hypothesis, a sensitivity analysis of the model was preformed
with a hypothetical external input of DIC added to the equation 8. We measured 8"Cpic of
groundwater in six wells surrounding Lac Croche and obtained an average value of —19.24

%o. Assuming allochthonous inputs of DIC to be 5% of the total DIC, the model showed
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average increases in R of 17% in Lac Croche and 35% in Lac 4 I’Ours. The same procedure
decreased the estimates of GPP by 9% in lakes Croche and a I'Ours. The magnitude of R
estimates from the 8'°C method are therefore very sensitive to external inputs of DIC while
estimates of GPP from the 8'°C method are less sensitive to external inputs.

All three methods showed that production was greater than respiration over the ice-
free season in Lac Croche. Average GPP:R was calculated as total GPP during the ice free
season divided by total respiration over the ice-free season. GPP:R averaged 1.8 + 0.6 as
measured by the bottle incubations, 1.5 + 0.4 as calculated from the 5'*0 method and 1.0 +
0.2 as calculated from the 8'°C method. A t-test for means with unequal standard errors
showed no statistically significant difference between the mean GPP:R from bottle
incubations and the §'*0 method (1=0.09, df=21, p=0.93) or from bottle incubations and the
8"*C method (1=0.32, df=31, p=0.75). All three methods also show a marked increase in the
ratio of GPP to R in late fall when rates of respiration decreased more rapidly than rates of
production. InLac a I’Ours GPP:R averaged 1.3 + 0.3 as measured by the bottles
incubations, 1.4 + 0.2 as calculated from the 5'%0 method and 2.1 + 0.3 as calculated from
the 8'°C method. Again, a t-test showed no significant difference between GPP:R as
measured by bottle incubations and the 8'®0 method (=0.11, df=23, p=0.92) or from bottle

incubations and the 8'°C method (=1.36, df=23, p=0.18).

Discussion
Traditional bottle incubation methods of estimating GPP and R in aquatic systems are
labour intensive, require large incubators and large volumes of water. To estimate the

metabolic balance over a long period of time, one must interpolate GPP from point samples
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and from measurements that are subject to influence from rapid fluctuations in algal
populations. Furthermore, this approach does not include metabolic contributions from
littoral macrophytes and processes occurring near the sediment water interface.

Using stable isotopes to measure GPP eliminates the need for large incubators and
large volumes of water. Advancements in automated analyses of 8'*0po (Barth et al. 2004)
will improve the ease at which this method can be applied, as well as decrease its cost. In the
5'%0 method, the variables [O,] and 6'801)0 take into account littoral processes yet, because
our measure of R is limited to planktonic R, the isotope measure of GPP also does not
completely include contributions from macrophytes or benthic organisms. This study shows
that the 3'*0 method provides pelagic GPP estimates that are analogous to the traditional
bottle incubation method. While the 8'30 method is appropriate for these oligotrophic lakes
where the assumption that the aquatic system is sufficiently large to smooth short duration
variations of '*Opo, '*0Ow, R, Koz, O, and o is reasonable a dynamic model may be required
in systems with rapid fluctuations.

Estimates of GPP and R from the 8'>C method isotopes include benthic and littoral
respiration, because these metabolic components influence the isotopic signatures and
concentrations of dissolved oxygen and carbon dioxide. Furthermore, the isotope
compositions integrate the effects of photosynthesis and respiration over the residence time
of oxygen and carbon in the system. As a result, GPP and R estimates from stable isotopes
are less sensitive to daily variations in GPP or R and the same number of samples will give a
broader view of the metabolic balance of the system. The extent of this integration is
dependent on the residence time of oxygen in the system; in summer months, when turnover

is higher, the model integrates over a shorter period of time. Yet, the model is limited by the
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assumed isotopic signature of respired carbon, 8'>Cg, which may have a significant effect on
estimates of GPP and R. However, the most severe limitation of the §'°C method is that
equation 8 does not adequately describe carbon dynamics in the lakes; external inputs of DIC
are not accounted for. As shown, minor inputs of external carbon to the aquatic system will
have a large effect on estimates of GPP and R from the §'°C method. In systems with
significant allochthonous carbon inputs, the 8'*C method cannot be accurate unless these

inputs are accounted for.
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Abstract
A stable isotope method that uses stable isotopes of oxygen, the degree of oxygen saturation

and standard bottle incubation measurements of planktonic respiration (R) to measure gross
primary production (GPP) in the epilimnion was used to determine metabolic balance of
twenty-one lakes in three regions of Quebec and to examine underlying causes of the
differences in lake metabolism. GPP dominated over R during the ice-free season, with
respective GPP:R of 1.1240.13. GPP:R varied significantly with time but there was more
variation in GPP and R within lakes than between lakes. We did not find evidence that
moderate levels of dissolved organic carbon (DOC), between 6 and 10 mg 1" lead to net
heterotrophy. Though our number of samples is limited, we did find net heterotrophy in
lakes with DOC levels above 10 mg L™, where light penetration is severely limited by
colored DOC.
Introduction

The balance between production and respiration lies at the basis of our understanding
of carbon cycling and food web dynamics in aquatic systems. If production exceeds
respiration, aquatic systems can act as sinks for carbon dioxide and as net sources of oxygen
and organic matter. If aquatic systems are net heterotrophic, respiration exceeds production -
and they act as net sources of carbon dioxide to the atmosphere. However, the relative
importance of primary production over community respiration in both marine and freshwater
ecosystems has been a highly debated subject for many years. Some claim that
allochthonous carbon fuels a large part of bacterial metabolism, that lakes are net sources of
CO,, and that the degree of net heterotrophy increases in unproductive aquatic ecosystems

(del Giorgio et al. 1997; Duarte and Agusti 1998). This net heterotrophy hypothesis is
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further supported by indirect evidence that lakes are commonly supersaturated in carbon
dioxide and that bacteria can metabolize some allochthonous organic carbon input from a
lake’s watershed. Cole et al. (2000) found that respiration of allochthonous organic matter
accounts for between 13 and 43% of total respiration. Other ecologists have considered
aquatic systems to be fueled primarily by planktonic photosynthesis and have shown that
even oligotrophic waters can be net autotrophic (Williams 1998; Carignan et al. 2000; Karl et
al. 2003).

The debate is further confounded by widely varying results in a narrow geographic
region. del Giorgio and Peters (1994) and Prairie et al. (2002) reported that respiration
exceeds photosynthesis in the epilimnion of all but the most eutrophic lakes of the Eastern
Townships region of Quebec. Carignan et al. (2000), on the other hand, found production to
be greater than respiration in oligotrophic systems and concluded that allochthonous carbon
metabolism is an insignificant source of CO; in twelve lakes in the Laurentian region of
Québec. Meech Lake, north of Gatineau, Québéc was found to be strongly production
dominated in early-summer and strongly respiration dominated throughout the rest of the
year (Wang and Veizer 2000, 2004). The reason for the difference in these findings is
unclear, but may involve fundamental limnological differences.

Recent studies have examined the underlying relationships between the metabolic
balance of lake epilimnia and allochthonous dissolved organic carbon. Prairie et al. (2002)
attempted to resolve the difference between the Laurentian and Eastern Township lakes by
explaining the metabolic balance in terms of a dissolved organic carbon gradient. Lakes with
less than 4 to 6 mg L™ DOC are net autotrophic while lakes above 6 mg L' DOC are net
heterotrophic. However, Jannson et al. (2000) observed that Swedish lakes with

concentrations of DOC up to 10 mg L™ were net autotrophic. Using a model that considers
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changes in gas concentrations as a function of GPP, R and diffusion, Hanson et al. (2003)
measured GPP and R from changes in dissolved oxygen and carbon dioxide concentrations.
They also found that DOC concentrations above 10 mg L' resulted in net heterotrophy.
Stable isotopes of dissolved oxygen can be used to examine the metabolic balance of
aquatic systems (Quay et al. 1995; Luz et al. 2000; Chapter 1). Dissolved oxygen in
equilibrium with atmospheric oxygen has a 8'%0 signature of about 23.5% VSMOW.
Respiration preferentially consumes the light isotope of oxygen and leaves the dissolved
oxygen pool heavier while photosynthesis converts oxygen in a water molecule into O;
without fractionation. Oxygen in H,O in the study area has an isotopic composition of about
—10%o, so production leaves the dissolved oxygen pool with a depleted isotopic composition.
Traditional methods of measuring metabolic parameters in lakes give only estimates of
planktonic respiration and production. In Chapter 1 two methods of using stable isotopes to
measure metabolic parameters in lakes are proposed. The first uses stable isotopes of oxygen
and the degree of oxygen saturation, and is directly comparable to traditional methods that
measure planktonic respiration and production. The second stable isotope methodology uses
isotopes of carbon and oxygen and is used to estimate metabolic balance, including littoral
and benthic components. Here we sampled 21 lakes in three regions of Quebec between
May and October of 2003 and use both methods to determine the metabolic balance of the

lakes and to examine underlying causes of previously reported differences.

Methods

Study Site —
Twenty-one lakes in southern Quebec were sampled between May and October of

2003. Most of the lakes stratify and are ice covered between November and April.

Catchments are forested primarily with sugar maple (Acer saccharum), yellow birch (Betula
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alleghaniensis), beech (Fagus grandifolia) and poplar (Populus tremuloides). We sampled
fourteen lakes in the Laurentians, located between 60 and 120 km northwest of Montreal on
the Canadian Shield on a monthly basis between May and October. The area is underlain
primarily by anorthositic bedrock covered by 1-5m of glacial till. We sampled two lakes in
the Gatineau hills north of Ottawa, Ontario, in May, July and October of 2003. These lakes
are also on the Canadian Shield and are underlain primarily by granites and marbles. Five
lakes in the Eastern Townships region of Quebec were also sampled in May, July and
October of 2003. The region is much different geologically and topographically from the
other two regions. While some lakes sit on the sedimentary rocks of the St. Lawrence
lowlands, metamorphic schists underlie others. Three of the lakes sampled in the Eastern
Townships were strongly stratified while Lac Brome was only weakly stratified, and Lac

Waterloo did not stratify. Physical parameters of these lakes are summarized in Table 2-1.



Table 2-1.Morphometric parameters of the twenty-one study lakes, lake area (LA, km®),
watershed area (WA, km?), and mean depth (zm, m).

Lake Region Location LA WA m
Achigan Laurentians 45°56'N, 74°00'W  5.31 96.50 12.7
de la Blanche Laurentians 46°08'N, 74°44'W  0.41 3.95 10.5
Connelly Laurentians 45°53'N, 73°58'W 1.24 24.36 7.8
En Coeur Laurentians 45°58'N, 74°01'W  0.47 1.64 34
Gervais Laurentians 46°16'N, 74°41'W  0.97 8.65 244
Montagne Noire Laurentians 46°12'N, 74°16'W  2.80 13.16 13.0
du Nord Laurentians 46°03'N, 74°02'W  0.87 13.95 7.9
Ouimet Laurentians 46°10'N, 74°35'W  1.60 19.34 9.3
Pin Rouge Laurentians 45°57'N, 74°02’'W  0.15 7.06 49
de la Rouge Laurentians 46°07'N, 74°42'W  0.68 12.12 8.1
des Sables Laurentians 46°01'N, 74°15'W  2.96 40.61 9.3
St. Joseph Laurentians 45°96'N, 74°33'W 147 60.22 12.1
Tremblant Laurentians 46°12'N, 74°35'W  9.56 229.00 36.5
ala Truite Laurentians 46°01'N, 74°15'W  0.51 4.24 8.9
d'Argent Eastern Townships 45°29'N, 72°28'W  1.00 13.20 4.6
Bowker Eastern Townships 45°42'N, 72°21'W  2.30 8.10 25.9
Brome Eastern Townships 45°23'N, 72°49'W  14.50 185.70 5.8
Orford Eastern Townships 45°29'N, 72°27'W  1.30 10.60 17.7
Waterloo Eastern Townships 45°27'N, 74°68'W 1.50 31.60 29
la Péche Gatineau 45°59'N, 75°98'W  7.05 93.80 8.4
Phillippe Gatineau 45°63'N, 76°18'W  1.72 18.40 6.6
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Sampling —
Stable isotopes of dissolved oxygen, water, dissolved inorganic carbon, and dissolved

organic carbon (8'8090, 8'80w, 8'3CDIC, 81 Cpoc), water chemistry and community
respiration (R) were measured on a monthly basis in the fourteen Laurentian lakes between
May and October of 2003. §'0po, 8'*0w, 8"*Cpic, 8*Cpoc and R were measured in May,
July and October in the Gatineau and Eastern Township lakes. Water was collected with a 4
L Van Dorn bottle over the entire epilimnion (defined as the surface mixed layer where the
vertical temperature gradient does not exceed 1 °C m™') and pooled in clean 20-L dark
polyethylene containers. In Lake Waterloo, which did not stratify, the entire water column
was sampled. Sub-samples were taken for stable isotope, chlorophyll a and DOC analysis.
Samples for TP and TN were taken at 1, 3, and 5 meter intervals and averaged over the
epilimnion on a monthly basis from the fourteen Laurentian lakes. Oxygen and temperature
profiles were measured at half-meter intervals with a YSI Model 55 instrument, equipped
with a stirrer. The probe was calibrated prior to each use in vapour-saturated air with respect
to atmospheric pressure, within 2°C of epilimnetic temperature. The degree of oxygen
saturation was calculated with respect to temperature and local barometric pressure
according to Benson and Krause (1984). pH and alkalinity were measured in the field using
a Hach field chemistry kit (Loveland, CO). The light extinction coefficient of the water
column was measured (Li-Cor LI-192 and LI-190 sensors) at half-meter intervals. The
amount of photosynthetically available radiation (PAR) was measured (Li-Cor LI-190) at
Lac Croche and the values used to estimate PAR at the nearby lakes. In October, all lakes

sampled were unstratified and October results reported here apply to the entire water column.
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Chemical Analyses —
Chlorophyll was measured by spectrophotometery after overnight extraction of

frozen GF/C filters in cold ethanol (Sartorg and Grobbelaar 1984) and corrected for
phaeopigments. DOC was measured with an OI Analytical "TIC-TOC" Analyser Model
1010 according to St. Jean (2003). Persulfate is added to the sample to oxidize the organic
carbon to CO; at 100°C, which is purged from the sample and measured at a nondispersive
infrared detector. Replicate analyses had a standard deviation of 0.2 mg L. Fifty mL
samples for total phosphorus were autoclaved with 0.5 g potassium persulfate for 1 h at
120°C and measured with the molybdenum-blue method (Stainton et al. 1977). Total
nitrogen was measured after alkaline persulfate digestion and cadmium reduction of 50 ml
samples at 120°C.

Stable isotopes —
Samples for the isotopic composition of dissolved oxygen and water, 8'*Opo and

5'%0w, of the epilimnion were collected in triplicate 10 mL Exetainers (VWR) with rubber
septa, treated with HgCl, to prevent bacterial growth, stored at 4°C in the dark and analyzed
within two months. Analysis was performed at the G. G. Hatch Isotope Laboratory at the
University of Ottawa. For 8'®0w, one mL of sample was equilibrated with CO, at 25°C
overnight and the resultant CO, was then analyzed on a triple collector VG SIRA 12 mass
spectrometer, with a standard error of +0.1%o. For 8'*0Opo, samples were analyzed by
creating a 5 ml helium headspace, equilibrating the water sample with the headspace and
analyzing an aliquot of the resulting gas by isotope ratio mass spectrometry using a Delta XP
and Gas Bench II from Thermo Finnigan (Barth et al. 2004) with a standard error of 0.4%o.
Values are reported as % VSMOW. Samples for 8"3Cpic and 8"3Cpoc were analysed at the

G. G. Hatch Isotope Laboratory on an OI Analytical "TIGTOC" Analyser following the
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procedure outlined by St. Jean (2003). Briefly, samples were first analysed for the
concentration of organic and inorganic carbon and then for isotopic composition of DIC and
DOC by helium carrying the resulting CO, organic/inorganic from the TIC-TOC analyser
into a Finnigan Mat DeltaPlus isotope ration mass spectrometer for analysis by continuous
flow. Standard deviation of isotope samples was 0.2%o. The isotopic composition of
dissolved carbon dioxide, 8'>Ccoy, was calculated from &' Coic, pH and temperature using
the fractionation equations of Zhang et al. (1995) and equations for temperature and pH
dependent carbonate speciation (Drever, 1997).

Planktonic Respiration measurements (R) —

Water was collected with a 4 L Van Dorn bottle over the entire epilimnion and
pooled in clean 20 L dark polyethylene containers, mixed, distributed into quadruplicate
clear 300 mL pyrex bottles that were used for measurement of the initial concentration of
DO. A complementary set of quadruplicate dark 300 mL pyrex bottles were placed in an
incubator at in situ temperatures for 6 to 8 hours. A high precision Winkler method was used
to determine R from changes in dissolved oxygen in clear and dark bottles during the
incubation (Carignan et al. 1998). The detection limits for R were 0.5 mg C m> h'. Daily
volumetric (VR) and areal (AR) respiration rates were calculated assuming that respiration
rates measured from water sampled in the morning were representative of the entire day.
Planktonic Production calculations —

Planktonic gross primary production (GPP) was calculated from 5'®Opo, 3'®*0Ow and
R following the 8'®0 method in Chapter 1. Briefly, both the concentration and isotopic
composition of dissolved oxygen are a function of respiration, atmospheric exchange and

production. By measuring the amount of respiration and atmospheric exchange, as well as
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the isotopic composition of these components, an isotope mass balance equation can be used
to calculate the amount of production. Variables required for the model described in Chapter
1 include the isotopic composition of dissolved oxygen and water (6"*0po, 8'0w),
respiration (R), temperature (T), concentration of dissolved oxygen ([O,]), and depth of the
mixed layer (e;). In October, when all the lakes sampled were unstratified, the model was
applied over the mean depth of the lake.

&°C metabolic balance method -

The 8'>C method described in Chapter 1 estimates GPP and R from carbon and
oxygen concentrations and isotopic compositions. Because it does not rely on bottle
estimates of R it includes the pelagic and littoral components of lake metabolism. However,
as discussed in Chapter 1, the 5'>C method does not completely describe carbon dynamics in
lakes and is inappropriate when allochtonous inputs of inorganic carbon into the lake are
significant. To determine if the 8'°C method was appropriate for the lakes sampled in this
study we examined the correlation between carbon dioxide and oxygen saturation and
between 8'20Opo and 8Ccop. A negative correlation between the pairs of variables suggests
that production and respiration are the primary controls on inorganic carbon in the lakes. Of
all the lakes sampled, 813Ccoz was never significantly negatively correlated with 5"%0po and
carbon dioxide saturation was only significantly negatively correlated with oxygen saturation
in Lac a la Truite. Resultantly we opted not to apply the 8'°C method to the lakes sampled in
2003.

Statistical Analyses —
Variables used in multiple linear regressions were tested against the standard normal

distribution with a Chi-squared goodness of fit test Non-normal variables were log
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transformed and used as such in multiple regressions. For multiple linear regressions, all
regression parameters were bootstrapped 1000 times and standard errors are reported.
Analysis of variance was used to determine if differences in variables were significant
between the lakes sampled and between the months sampled. Because the Laurentian lakes
were sampled more frequently than the other lakes, our analysis of variance models were
imbalanced. Considering this, all ANOVAs were run twice, once with all the lakes included
and only samples from May, July and October, when all the lakes were sampled, and once
with only Laurentian lakes and all the months included and results for both are reported.

Errors of measurements are reported as standard errors of replicates.

Results

Planktonic Gross Primary Production —
8'®0po ranged from 19.1%o to 24.7%o and averaged 22.9%o (Table 2), lighter than

atmospheric equilibrium indicative of production dominance. On average §'*Opo was
closest to atmospheric equilibrium in October and lightest in July and August. 5'80w ranged
from —12.1%e to —7.1%0 and averaged —9.8%o. Oxygen saturation in the lakes ranged from 79
to 120%, averaging 104%. All lakes were undersaturated in October while all were at
saturation or oversaturated between June and September (Figure 2-1). When 8'%0po is
plotted against % oxygen saturation (Figure 2-1), most cases fall on a mixing line. There are,
however, instances when lakes are oversaturated in oxygen and have values of 8'*Opo above
or near atmospheric values of oxygen. This circumstance can arise when water temperature
rises quickly and the flux of oxygen to the atmosphere lags behind. Oxygen oversaturation
that is not the result of an excess of GPP over R will occur. The reverse situation will occur

if water temperature decreases quickly.
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Figure 2-1. Isotopic composition of dissolved oxygen (6"*0po) and percent oxygen

saturation of the lakes sampled between May and October 2003.
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Planktonic production in the epilimnion (GPP) was calculated from R, [O,], and
8'®0po according to the 8'%0 method in Chapter 1 and the parameters used for this
calculation are shown in Table 2-2. GPP ranged from 16 to 749 mg O, m™ d™' and averaged
212430 mg O, m> d”'. GPP was also lowest in October and highest in mid-summer.
Average GPP during the stratified season for the four Laurentian lakes that were previously
studied by Carignan et al. (2000) were not significantly different from earlier results.
However, our measures of GPP for the Eastern Township lakes were widely different from
those reported by del Giorgio et al. (1994). Our measures of production in lakes Bowker,
Argent and Orford, the more oligotrophic of the Township Lakes, were 2 to 3 times greater,
sixty percent greater for Lake Brome and about fifty percent less for Lake Waterloo, the
most eutrophic lake.

A two way ANOVA was performed on GPP from the Laurentian lakes that were
sampled on a montly basis and showed that GPP varies significantly with time (p<0.001,
df=13) and with lake sampled (p<0.001, df=5). Analysis of variance of GPP for the twenty
one lakes sampled in May, July and October also showed that GPP varies significantly with
time (p<0.001, df=20) and with lake sampled (p<0.001, df=2).To examine the underlying
cause for the variation in production, a stepwise multiple linear regression was performed
including the physical and chemical variables. To assure consistency, October cases, when
the lakes were not stratified, were not included. Nitrogen and phosphorus were not included
as data was missing for a large number of the lakes. Stepwise linear regression with
production as the dependent variable showed that production was a function of temperature,
chlorophyll a and lake area (Model 1, Table 2-3) explaining about 64% of the variation in

production. Temperature alone explained 30% of the variability in production (Figure 2-2a).
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GPP increases with increasing dissolved organic carbon (Model 2). The stepwise multiple
regression was performed a second time for the Laurentian lakes where TN, TP and light
extinction data was available. There was no significant relationship between GPP and TN or
GPP and light extinction but GPP and TP were positively correlated (Model 3).

Volumetric GPP increased significantly as mean depth of the lake decreased (Figure
2-2b, Model 4); production was higher in shallower lakes. This is perhaps unsurprising as T,

Chl-a, PAR, and TP, parameters found to be positively correlated with production, increase

with decreasing lake depth.
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Figure 2-2. Epilimnetic production as a function of temperature (A) and mean depth (B) for
the twenty-one lakes sampled during the stratified period of 2003. Open circles indicate

measurements from the unstratified period.
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Planktonic Respiration —
Planktonic respiration, R, ranged from 7 to 866 mg O, m™ d”' and averaged 200+55

mg O, m” d'. Additional data can be found in Appendix 4. R was in general lowest in
October and highest in mid-summer (Table 2-2). Respiration rates measured in this study for
lakes in the Eastern Townships were similar to results reported by del Giorgio et al. (1994)
with the exception of Lake Bowker, where our mid-summer value was about half of their
average summer measure. Four of the lakes sampled in this study were the same as lakes
studied by Carignan et al. (2000) and of these there was no significant difference in the
respiration rates measured. Analysis of variance showed that respiration varies significantly
with time (p<0.01, df=65, and p<0.05, df=39) and with lake sampled (p<0.001, df=64,
p<0.01, df=39) during the stratified period.

Planktonic production explained about 80% of the variability in planktonic
respiration (Model 5). The slope of the relationship between R and GPP during the stratified
period was significantly less than 1 (0.92, p<0.001) and its intercept (0.14+0.12 mg O, md
') was not significantly different from 0 (p=0.61), indicating that in situ production fuels
planktonic respiration in the epilimnion.

Stepwise multiple regression with respiration as the dependent variable showed
respiration, like production, was dependent on temperature, Chl-a and PAR (Figure 2-3a,
Model 6, Table 2-3). About 20 % of the variability in respiration could be explained by
variation in mean depth of the lake (Figure 2-3b, Model 7); as lake depth decreases
volumetric respiration rates increase. The relationship between respiration and DOC was
significant (Model 8) but DOC only explained about 8% of the variability in R. The

stepwise multiple regression was performed a second time for the Laurentian lakes where TP



and TN data was available. There was no significant relationship between R and TN but R

increases with increasing TP (Model 9).

Ea 8 . 8 .
o 6 A . 6 B .
ME 4 ':. ? ‘. ﬁ.. ° 4 .. 30 c o, N
« . ol gt $9 Cqs, o
O .: ) 'ﬁ. 2 '}j. % ) '
on . IACSRR NS et e ) ., .
E 10 .. 102 LA
o 6 .. 6 ° . [ .
g 4 e ) 4, .
g . .
oy 2 2
o,
9
o 105 10!
6 ¢ 6 .
4 , : : : 4 v :
0 5 10 15 20 25 0 5 10 15 20 25 30 35
Temperature (°C) Mean Depth (m)

Figure 2-3. Respiration versus temperature (A) and mean depth (B) of the twenty-one lakes

sampled over the stratified period of 2003.

Metabolic balance —

Mean GPP:R was 1.12+0.13 and planktonic production significantly exceeded

respiration in 20% of cases, while planktonic R was significantly greater than production in

only 8% of cases (Figure 2-4, n=103). However, GPP never exceeded R in October. This is

perhaps unsurprising as all lakes sampled were unstratified in October and thus GPP and R

were measured through the entire water column, often deeper than the photic zone of the

lakes. Also, the amount of light available in October was also considerably less than during

the stratified period. During the stratified season, GPP:R averaged 1.23+0.14.
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Figure 2-4. Relationship between respiration and production in twenty-one lakes sampled
between May and October of 2003, plotted on a log scale. The solid line represents equal

production and respiration rates.

Two way ANOV As were performed to determine if there was significant variation in
the 8'%0 metabolic balance over time and between lakes. For the Laurentian lakes samped
on a monthly basis GPP:R varied signicantly over time (p=0.005, df=5) but not between
lakes ( p=0.62, df=13, Figure 2-5). For the 21 lakes sampled in May, July and October,
GPP:R also varied signicantly over time (p=0.003, df=2) but not between lakes ( p=0.40,
df=20). Thus, changes in GPP:R may be controlled by variables that change over time. A

stepwise linear regression in both directions gave a linear model dependent on temperature,
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chlorophyll-a and alkalinity (Model 10). Increasing temperatures cause production rates to
increase more rapidly than respiration rates so that GPP:R is positively correlated to T
(Figure 2-6). For the Laurentian lakes, where TP data was available, GPP:R was negatively

related to TP (Model 11).
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Figure 2-5. Planktonic metabolic balance (GPP:R) of the study lakes (note that n=21 for
May, July and October and 14 for June, August and September).
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Figure 2-6. Gross primary production:respiration versus temperature of the twenty-one lakes
sampled over the stratified period of 2003. Closed circles indicate measurements taken when
lakes were stratified while open circles indicate measurements taken during the unstratified

period.

There was no significant relationship between linear or log-linear planktonic GPP:R
and DOC. For the Laurentian lakes, where TP and TN data was available, there was no
significant relationship between TN and GPP:R. However, planktonic GPP:R decreased
significantly with increasing TP (Model 11). Respiration rates increased more rapidly with
increasing TP than production rates.

Analysis of variance shows that differences in the metabolic balance between regions

were not significant in May, July or October.
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Discussion

Metabolic Balance —
While several recent studies have concluded that oligotrophic northern temperate

lakes are generally net heterotrophic during the summer period (del Giorgio et al. 1997;
Duarte and Agusti 1998), our results provide evidence that net heterotrophy is not a universal
phenomenon. The average metabolic balance of the lakes as estimated from both isotopic
methods was significantly production dominated. The epilimnia of the lakes were generally
oversaturated with respect to oxygen and the isotopic composition of the dissolved oxygen
was less than atmospheric, indicating production dominance.

Further evidence for net autotrophy in the mixed layer comes from metalimnetic
oxygen profiles. Once a lake stratifies the metalimnion can be considered closed to imports
and exports of oxygen, as diffusion is a slow process. Any change in the concentration of
oxygen is due to respiration or production. Of the twenty-one lakes sampled, fourteen
exhibited oxygen oversaturation below the thermocline, indicating that production was
greater than respiration in the metalimnion.

Oxygen saturation in the lakes we sampled averaged 104% during the stratified
period. A total of twenty-four percent of the cases showed undersaturation with respect to
oxygen, though only eight percent during the stratified period. Prairie et al. (2002) reported
that seventy-five percent of the lakes they sampled were undersaturated in oxygen, though
they do not report confirming their O, probe measurements with Winkler titrations. Of the
lakes we sampled in the same Eastern Township region, we found undersaturation in only
10% of the cases during the stratified season. To confirm that this discrepancy was not an
instrumental problem, our results of the in situ probe measurements were checked against

Winkler titrations. The average difference in oxygen concentration between the two methods
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was only 0.01 mg L', showing that instrumental errors were not the cause of the
discrepancy. It should be noted, however, that of the five lakes we sampled in the Eastern
Townships, only Lake Bowker was included in the study by Prairie et al. and both studies
found this lake to be on average oversaturated in oxygen.

While Prairie et al. (2002) did find the Eastern Township lakes to be on average net
heterotrophic, they found that the degree of oxygen overstaturation, from which they implied
metabolic balance, increased with decreasing trophic status. The more oligotrophic lakes
were more likely to be net autotrophic. Cole et al. (2000) found both R and GPP to be
positively correlated with TP, while NEP and TP were not significantly correlated. Our
study found similarly that R and GPP were positively correlated with TP (#=60, r=0.45,
p<0.001, r=0.55, p<0.001) though we, like Prairie et al., found pelagic GPP:R was
significantly negatively correlated to TP (=60, r=-0.40, p<0.001). Decreasing
concentrations of nutrients did not result in net-heterotrophy during summer stratification.

Production rates measured in the Eastern Township lakes in this study and ten years
prior by del Giorgio et al. (1994) are widely different. Ten years, of course, could account
for some changes in the lake ecosystems but the concentrations of DOC and Chl-a are not
significantly different between the two studies and do not support this idea. The lakes were
also sampled over the same depth of mixed layer to within 0.5 m. Interannual variability in
the amount of solar radiation received by the lake may influence the amount of production in
the lakes. Yet, it is unlikely that a small difference in PAR could account for the magnitude
of the difference in production estimates.

For the Gatineau lakes, it is a near certainty that the methodological differences result

in the difference between Wang and Veizer (2000, 2004) and our results. The method used
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in the earlier study to estimate P:R is undefined when oxygen concentrations are near
saturation and will provide erroneous results under these circumstances.
Dissolved Organic Carbon —

Prairie et al. (2002) found that lakes are net-autotrophic when concentrations of
dissolved organic carbon are below 4 and 6 mg L™! and net-heterotrophic when DOC
concentrations are above 4 to 6 mg L. The lakes sampled in our study span this range of
DOC concentration (1.9 to 15.1 mg L™, though approximately 55% are below the threshold).
We found that both planktonic R and GPP increased with increasing DOC but that neither
8'%0 nor 8"*C GPP:R estimates showed a significant correlation with DOC. When the cases
were grouped into below, within, and above the DOC threshold proposed by Prairie et al.,
there was no significant correlations between DOC and GPP:R. Furthermore, the pelagic
metabolic balance of the lakes within the threshold range was significantly greater than
equilibrium (1.34+0.18, p=0.05) and not different from lakes with DOC concentrations
below 4.0 mg L' (1.31£0.12). However, the average metabolic balance of lakes with DOC
concentrations above 6 mg L™, was less, 1.16+0.13 (though still not significantly less at the
a=0.05 critical level). Likewise, lakes with DOC concentrations above 6 mg L™ were less
oversaturated with respect to oxygen than lakes with lower DOC levels. All lakes which
showed metalimnetic oxygen peaks in mid-summer had DOC concentrations below 5 mg L
while 6 of the 7 lakes that did not show oxygen supersaturation in the metalimnion had DOC
concentration over S mg L. This suggests that high DOC levels do not allow sufficient light
for metalimnetic production and in lakes with concentrations of DOC over 5 mg L

respiration will exceed production in the metalimnion. Nevertheless, our results do not
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support the hypothesis that DOC concentrations over 5 or 6 mg L' in the epilimnion cause
net heterotropy.

Jannson et al. (2000) found a negative exponential relationship between net
autotrophy and DOC levels. Their threshold between net heterotrophy and net autotrophy
was higher than that of Prairie et al. (2002), approximately 10 mg L. Only three of the
cases we sampled had DOC concentrations over 10 mg L making it difﬁcﬁlt to assess this
idea, yet our data did agree that net heterotrophy occurs at concentrations of DOC above 10
mg L', Hanson et al. (2003) measured GPP and R from changes in oxygen and carbon
dioxide concentrations in 25 lakes in Wisconsin and Michigan with a wide range of DOC
concentrations. This method cannot be expected to give identical results to bottle
incubations or to oxygen isotope methods as it completely includes the respiration flux of the
littoral sediments. However, they also found that lakes tended towards net heterotrophy
when DOC concentrations were above 10 mg L™ and that lakes were closer to metabolic
equilibrium at lower concentrations of DOC, again disputing the idea that unproductive
ecosystems are respiration dominated.

Physical parameters and metabolic balance —

Weather conditions influence the metabolic balance of the lakes. We found that there
was no statistically significant difference between the metabolic balance of the lakes over the
stratified season though GPP:R changed over time. While mid-summer was strongly
autotrophic, late October was strongly heterotrophic. Temperature was the strongest
influence on GPP:R. Temperature parameters affect not only the metabolism of
phytoplankton and bacteria but also affect the depth of the mixed layer.

While the lakes studied were net autotrophic during the stratified period, they were

net heterotrophic when sampled in October. Our results reported for October samples apply



92

to the entire water column, as the lakes were destratified. There are several probable causes
for this change from net autotrophy to net heterotrophy. Unlike the stratified period, a
considerable portion of the water column sampled was below the photic zone in October.
Secondly, the amount of solar radiation available for phytoplankton is markedly less in
October than mid-summer. Also, as the mixed layer thickens more of the lakes sediments
are in contact with the mixed layer. The metabolic processes occurring in these sediments
consume oxygen and will be partially responsible for the degree of oxygen undersaturation
seen in October. Finally, the hypolimnia of many of the lakes became severely
undersaturated in oxygen over the stratified period, resulting in a reducing environment. A
downward progression of the thermocline not only mixes the oversaturated water in the
epilimnion with the anoxic water of the hypolimnion but also exposes reduced carbon in the
hypolimnion to chemical and biological oxygenation, which is incorporated into our measure
of respiration from both isotopic methods.
Conclusions

Multiple lines of evidence demonstrate that net heterotrophy is not a general
occurrence in northern temperate lakes. Firstly, the epilimnia of the study lakes were
frequently oversaturated in oxygen during the summer months and the isotopic composition
of the dissolved oxygen provides evidence that production dominance was a likely source of
the oxygen oversaturation. Secondly, the slope of the relationship between planktonic R and
GPP was significantly less than 1 and its intercept was not significantly different than 0,
indicating that planktonic GPP fuels planktonic R. Thirdly, GPP:R as measured with the
'30 method found GPP was on average greater than R during the ice-free season. Finally,

more than half of the lakes sampled developed metalimnetic oxygen peaks during the
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summer months: a phenomenon that could only occur if GPP was greater than R even below
the thermocline.

GPP, R, and the balance between GPP and R were all most strongly correlated with
lake temperature, which in turn is a function of the amount of solar radiation received by the
lake. Our results imply that it is this solar radiation that drives planktonic gross primary
productivity, which in turn drives the majority of planktonic respiration. Variation in DOC
only explained 8% of the variation in planktonic R, while variation in planktonic GPP

explained approximately 80% of the variation in planktonic R.
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Chapter 3 Carbon dioxide oversaturation in lake waters; examining plausible causes
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Abstract

Lakes worldwide are commonly oversaturated with carbon dioxide, however the source of
this CO, oversaturation is not well understood. A study of carbon dynamics in 23 Quebec
lakes was carried out to measure the magnitude of the carbon flux to the atmosphere and to
examine the underlying cause for carbon dioxide oversaturation. Atmospheric carbon
dioxide flux, gross primary production (GPP), community respiration (R) and the isotopic
composition of dissolved inorganic carbon were measured. All of the lakes sampled were
oversaturated with carbon dioxide over the sampling period, on average 252 + 25%.
However, we found little evidence to conclude this carbon dioxide oversaturation was the
result of an excess of in situ respiration over in situ production. The annual excess of R over
GPP was not sufficient to account for the size of the CO, flux to the atmosphere; average
annual GPP —R was —7.7 + 5.6 mg C m™ d"' while the average annual flux of CO; to the
atmosphere was 45 mg C m?2d”. Carbon evasion was not a function of respiratory flux, nor
did the isotopic signature of dissolved CO; in the lakes present evidence of excess R over

GPP.

Introduction

Lake, rivers and streams worldwide are commonly oversaturated with respect to
atmospheric carbon dioxide resulting in a net flux of CO, from freshwater aquatic systems
(e.g. Kling et al. 1991, Cole et al. 1994, Sobek et al. 2005). Cole et al. (1994) analyzed data
on the partial pressure of carbon dioxide in the surface waters of 1835 lakes distributed
worldwide and found that 87% were supersaturated in CO,. Sobek et al. (2005) analysed

data from 4902 lakes and found 93% were oversaturated in CO, with respect to the
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atmosphere. Despite this general phenomenon, the source of CO; oversaturation is not well
documented.

Several processes control the concentration of CO; in an aquatic ecosystem:
respiration, primary production, exchange with the atmosphere, and external inputs and
outputs such as streams, overland flow and groundwater. Carbon dioxide oversaturation is
often presented as evidence of an excess of in-lake respiration over in-lake primary
production (del Giorgio and Peters 1994, Hanson et al. 2003, Sobek et al. 2003) but this may
not be the major source of inorganic carbon. The metabolic balance of lakes has been a
highly debated subject for many years and, while some studies have found that respiration
exceeds production in all but the most eutrophic ecosystems (del Giorgio and Peters 1994),
others have observed that production exceeds respiration even in oligotrophic lakes that were
oversaturated with CO, (Carignan et al. 2000). Riera et al. (1999) and Jonsson et al. (2003)
found that even when lakes were net heterotrophic, production of CO; by respiration could
not account for the degree of carbon dioxide oversaturation.

The role of northern forest biomes in the global carbon cycle has been a subject of
intense debate for the last ten years since Ciais et al. (1995) proposed the existence of a large
terrestrial biospheric sink of CO; in the temperate latitudes of the Northern Hemisphere.
Forest inventory data from temperate and boreal biomes suggests that about half of the
“missing carbon sink” is in these forests (Liski et al. 2003). However, such inventories do
not take into account the transport of carbon from forests to aquatic systems. If the source of
carbon dioxide oversaturation in lakes is from forest ecosystems, then these models
overestimate the magnitude of the proposed sink.

Stable isotopes of carbon can be used as tracers of CO; in the aquatic system. In the

northern hemisphere atmospheric CO; has a §"°C value around -8 %o VPDB. Dissolution
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and gas transfer into water are both isotopically fractionating processes, yielding 8"3C values
near —11%o for dissolved CO; (Zhang et al. 1995) (Figure 3-1). Aquatic photosynthesis
preferentially consumes '*C, leaving the residual carbon dioxide pool enriched in 13C (Baird
et al. 2001) with the magnitude of the enrichment depending on the amount of CO, available
to photosynthesizing organisms. As a result, the organic matter produced by aquatic
photosynthesis is isotopically depleted, with a 8'°C value approximately 20%o lighter than
the isotopic composition of the dissolved CO, (Leggett et al. 1999). The competing process,
in situ respiration, consumes this depleted organic matter and produces CO, with a similarly

depleted isotopic composition (Keough et al. 1998).
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Figure 3-1. Effect of atmospheric exchange, photosynthesis and respiration on the isotopic

composition of dissolved CO; and the concentration of dissolved inorganic carbon.
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The isotopic compositions of terrestrial carbon inputs vary with the source of carbon.
The isotopic value of soil CO; that originates from decomposition of terrestrial organic
matter dominated by C3 plants averages about —27%o (Vogel 1993). Mineralization of this
organic carbon imparts little isotopic fractionation, but the steep CO, concentration gradient
between soil and air can cause kinetic fractionation of about 4%o (Cerling et al. 1991).
Furthermore, dissolution of CO, into water is also a fractionating process (Zhang et al. 1995)
so that the final §'>C of CO, (éS13 Ccor) dissolved in soil water is about -24%o.. Weathering of
minerals can further change the carbon isotope value of CO; in groundwater. Carbonates
generally have 8'°C values near 0%o and their dissolution by carbonic acid in groundwater
produces CO, with an isotopic composition that depends on the concentration of carbonic
acid, its initial isotopic signature, and the degree of saturation. The resulting 8*Cco, is a
mixture of these two sources, about —14 to —22%o (Clark and Fritz 1997). Silicate weathering
also consumes CO; but does not affect its isotopic value (Pawellek and Veizer 1994).
Photooxidation of dissolved organic matter enriches the dissolved organic carbon (DOC) in
BC and thereby increases the ration of 12C to 13C the dissolved CO, pool (Osburn et al.
2001). Methanogenesis preferentially consumes the light isotope of dissolved CO, and
thereby enriches the dissolved inorganic carbon (DIC) pool in *C (Hornibrook et al. 2000).

Twenty-three lakes in three regions of Quebec were sampled between 2002 and 2003
and the isotopic composition of dissolved carbon dioxide was used in an attempt to discern

the source of carbon dioxide oversaturation.
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Methods
Study Site -

To examine temporal changes of carbon dynamics in the lakes, we sampled two lakes
in the Laurentian region of Quebec, approximately 70 km northwest of Montreal on the
Canadian Shield, on a weekly basis between May 2002 and March 2003. Lac Croche is a
small, oligotrophic, clearwater lake with virtually no macrophytes, low DOC and TP while
Lac a I’Ours is a mesotrophic lake with higher concentrations of dissolved organic carbon
and phosphorous due to its high drainage ratio and the presence of wetlands in its watershed
(Table 3-1).

In an attempt to examine spatial changes in lake carbon dynamics, we also sampled
twenty-one lakes in three regions of Quebec over the ice-free season of 2003. We sampled
fourteen lakes in the Laurentians, between 60 and 120 km northwest of Montreal on the
Canadian Shield, on a monthly basis during the ice-free season of 2003. The area is
underlain primarily by silicate bedrock covered by 1-5m of glacial till. Five lakes in the
Eastern Townships, south of Montreal, were sampled in the spring, summer and fall of 2003.
While some of these lakes sit on the sedimentary rocks of the St. Lawrence lowlands,
metamorphic shists underlie others. Three of the lakes sampled were strongly stratified
while Lac Brome was only weakly stratified, and Lac Waterloo did not stratify. We also
sampled two lakes in the Gatineau hills of Quebec, north of Ottawa, in the spring, summer
and fall of 2003. These lakes are also on the Canadian Shield and are underlain primarily by

granites and marbles.
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Table 3-1. Morphometric properties of the 23 study lakes. n = number of times sampled,
LA= lake area (kmz) WA = watershed area (km?), Zm = mean depth (m).

Lake Region Location n LA WA Zm
Achigan Laurentians 45°56'N, 74°00'W 6 5.31 96.5 12.7
d'Argent Eastern Townships 45°29'N, 72°28'W 3 1.00 13.2 4.6
de la Blanche Laurentians 46°08'N, 74°44'W 6 0.41 1.14 10.5
Bowker Eastern Townships 45°42'N, 72°21'W 3 2.30 8.10 259
Brome Eastern Townships 45°23'N, 72°49'W 3 14.5 185.7 5.8
Connelly Laurentians 45°53'N, 73°58W 5 1.24 244 7.8
En Coeur Laurentians 45°58'N, 74°01'W 5 0.47 1.6 34
Gervais Laurentians 46°16'N, 74°41'W 6 0.97 8.8 24 .4
La Péche Gatineau 45°59'N, 75°98'W 3 7.05 93.8 8.4
Montange Noire Laurentians 46°12'N, 74°16'W 6 2.80 12.6 13.0
du Nord Laurentians 46°03'N, 74°02'W 6 4.02 349 7.9
Orford Eastern Townships 45°29'N, 72°27'W 3 1.30 10.6 17.7
Ouimet Laurentians 46°10'N, 74°35'W 6 1.60 16.7 9.3
Phillippe Gatineau 45°63'N, 76°18'W 3 1.72 18.4 6.6
Pin Rouge Laurentians 45°57'N, 74°02'W 6 0.15 7.00 4.9
de la Rouge Laurentians 46°07'N, 74°42'W 6 0.66 3.45 8.1
des Sables Laurentians 46°01'N, 74°15'W 6 2.92 354 9.3
St. Joseph Laurentians 45°96'N, 74°33'W 6 1.47 14.9 12.1
Tremblant Laurentians 46°12'N, 74°35'W 6 9.56 129.3  36.5
a la Truite Laurentians 46°01'N, 74°15W 6 0.49 1.04 8.9
a1'0urs Laurentians 45°58'N, 74°01'W 40  0.15 3.26 6.7
Croche Laurentians 45°58'N, 74°01'W 40 0.19 0.88 5.1
Waterloo Eastern Townships 45°27'N, 74°68'W 3 1.50 31.6 2.9
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Sampling Procedures -
Between May 2002 and March 2003, we sampled lakes Croche and 4 I’Ours on a

weekly basis, excluding two weeks in November when the lakes were not yet completely
frozen. Water was collected with a 4 L Van Dorn Bottle between 07h00 and 10h00.
Morning sampling ensured the epilimnion was completely mixed during the summer
stratification period. Throughout this report, the epilimnion is defined as the surface mixed
layer where the vertical temperature gradient does not exceed 1°C m™'. Water for isotopic
analysis was collected on a weekly basis from the mixed layer in 40 mL amber glass bottles
with silicon/teflon septa for carbon isotopes and in a 10 mL Exetainer (VWR) with a rubber
septa for dissolved oxygen isotope analysis. In order to assure their suitability for8'’C, these
samples were poisoned with HgCl,, refrigerated at 4°C and analyzed within a maximum of
four months after collection.

Oxygen and temperature profiles were measured at half-meter intervals with a YSI
Model 55 instrument, equipped with a stirrer. The probe was calibrated before each use in
vapour-saturated air with respect to atmospheric pressure at the same temperature as the
epilimnion water. The degree of oxygen saturation was calculated with respect to
temperature and pressure according to Benson and Krause (1984). Alkalinity, pH and total
dissolved solids (TDS) were measured for each isotope sample in the field with a Hach field
chemistry kit (Loveland, CO). The light extinction coefficient of the water column was
measured (Li-Cor LI-192 and LI-190 sensors) at half-meter intervals. The amount of
photosynthetically available radiation (PAR) was measured (Li-Cor LI-190) at Lac Croche
and these values were used to estimate PAR at the nearby lakes. Chlorophyll was measured

by spectrophotometery after overnight extraction of frozen GF/C filters in cold ethanol
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(Sartorg and Grobbelaar 1984) and corrected for phacopigments. Carbon dioxide
concentrations were measured at one-meter intervals throughout the water column. Samples
were taken in 60 mL syringes, transported to the lab and their temperature allowed to
equilibrate with cool water. Thirty mL of sample was equilibrated with 30 mL CO,-free gas
and the carbon dioxide concentration of the resultant gas measured within one hour of
sampling with a LI-COR LI-820 CO, analyzer. Henry’s law was then used to calculate the
concentration of dissolved CO; in the water samples

Between May and October 2003, we sampled 14 Laurentian lakes on a monthly basis
and two Gatineau and five Eastern Township lakes in May, July and October. Oxygen,
temperature, alkalinity, pH, TDS and stable isotopes were measured in the same manner as
the 2002 samples. Dissolved inorganic carbon concentrations (DIC) were analyzed using a
OI Analytical "TIC-TOC" Analyzer, concentrations of CO, were calculated from DIC and
pH measurements and the degree of CO, saturation (COasa) Was then calculated with respect
to temperature and pressure. CO, concentrations measured with this method were within
10% of measurements made with the LI-COR LI-820 CO, analyzer

To estimate 8> Cpyc and the concentration of DIC of groundwater, samples were
taken from wells in the watersheds of most lakes sampled. Temperature, alkalinity and pH
were measured in the field and used to calculate the concentration of DIC. Samples of
513 Cpic were collected, stored and measured as for 8"3Cpic in lake water. In Lac Croche,
samples were taken from twelve piezometers installed throughout the watershed. Despite the
spatial variation, the 5" Cpic of all samples was within + 1.5%o of the mean. In sixteen of the
lakes sampled in 2003, samples were taken from domestic wells in the watersheds of the

lakes on each occasion lake samples were collected. Water was flushed for several minutes
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before the sample was collected to reduce the chance of equilibration with the atmosphere
but, as the depth of the wells and installation materials are not known, 8"*Cpic should be
viewed as only a rough estimate of the isotopic signature of groundwater in the watershed.
Laboratory Procedures - |

Community respiration (R) in the mixed layer was measured twice monthly for lakes
Croche and a I’Ours and on every sampling occasion for the lakes sampled in 2003. Water
was collected with a 4 L Van Dorn Bottle. Samples for respiration measurements were taken
from the entire epilimnetic water column and pooled in 20 L dark polyethylene containers.
The water was then distributed in quadruplicate into clear 300 mL pyrex bottles that were
used for measurement of the initial concentration of dissolved oxygen. A complementary set
of quadruplicate dark 300 mL pyrex bottles were placed in an incubator at in situ
temperatures for 6 to 8 hours. A high precision Winkler method (Carignan et al. 1998) was
used to determine community respiration (R) from changes in dissolved oxygen
concentration in clear and dark bottles during the incubation. The detection limits for R was
0.5mgCm>h'. Respiration rates were calculated assuming that respiration rates measured
from water sampled in the morning were representative of the entire day.

Gross primary production (GPP) in the mixed layer was calculated from 8'*0po,
5'*0w and R according to Chapter 1. Briefly, both the concentration and isotopic
composition of dissolved oxygen are a function of respiration, atmospheric exchange and
production. By measuring the amount of respiration and atmospheric exchange, as well as
the isotopic composition of these components, an isotope mass balance equation can be used
to calculate the amount of production. Variables required for the model described in

Chapter 1 include the isotopic composition of dissolved oxygen and water (8% 0po, 8'0w),
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respiration (R), temperature (T), concentration of dissolved oxygen ([O-]), and depth of the
mixed layer (e;). Fractionation due to respiration (g;) was determined from empirical values
in Chapter 1, measured extinction coefficients and measured PAR.

Samples for the isotopic composition of dissolved oxygen and water, 8'*Opo and
8'80w were analysed as in Chapter 1. Samples for 8">Cpjc and §"*Cpoc were analysed at the
G. G. Hatch Isotope Laboratory on an OI Analytical "TIGTOC" Analyser following the
procedure outlined by St. Jean (2003). Briefly, samples were first analysed for the
concentration of organic and inorganic carbon in a TIC-TOC analyser and then a helium
carrier gas was used to transport the resulting CO; into a Finnigan Mat DeltaPlus isotope
ratio mass spectrometer for isotopic analysis by continuous flow. Standard deviation of
isotope samples was + 0.2%o.

As CO, dissolves in water and speciates, the 8'*C of the resulting DIC will be
controlled by the relative concentration of each DIC species and its associated fractionation
factors. Of course, the relative concentration of each DIC species is dependent on pH and
thus 8"*Cpyc is not solely dependent on the isotopic composition of the source of the
inorganic carbon, but is strongly affected by pH. To facilitate comparison of isotope data
from lakes with different pH values, we calculated the isotopic signature of dissolved CO,,
8"Cco, from 8"Cpyc, pH, and temperature according to the fractionation factors given in

Zhang et al. (1995) and the temperature dependent carbon dioxide speciation equations given

in Clark and Fritz (1997).

Carbon Dioxide Flux Calculations -
We estimated evasion from the lakes sampled over the ice-free season using the flux

equation:
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F = k(Cpuer = Coguitbrium) (1)
where F is the evasion flux, Cy.r is the concentration of CO; in the water, Ceqyitibrium 1S the
concentration of dissolved CO, in equilibrium with atmospheric CO; and is dependent on
temperature and pressure, and k is the gas transfer velocity. Cole and Caraco (1998) used
SFe to measure the atmospheric exchange of carbon dioxide in a small oligotrophic lake and
found that the gas transfer velocity, k, of CO, normalized to a Schmidt number of 600 (2.65
+ 0.12 cm h™"), was independent of wind at low wind speeds. We used the temperature
dependency relationships in Wanninkhof (1992) to determine appropriate Schmidt numbers

-0.50
k= km(sc(.‘(h ) )

and the relationship

600

where Scco is the Schmidt number of carbon dioxide, to calculate the gas transfer velocities.
In 2003, the total flux of carbon dioxide from the lakes over the ice-free period was
calculated after linearly interpolating flux estimates between sampling dates. For lakes
Croche and a I’Ours, where winter samples were taken, the total annual flux of CO, was
calculated from measurements taken during the ice free period and from differences in
concentrations between late March (just before ice break-up) and mid May (before

stratification).

GPP — R Calculations -
To determine whether an excess of respiration over production could account for the

CO; flux from the lakes, we estimated the difference between gross primary production
(GPP) and community respiration (R) in the whole-lake. In the mixed layer R was measured
from bottle incubations and the Winkler method and GPP was measured from the §'°0

method described in Chapter 1. Below the mixed layer, changes in oxygen concentration are
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not affected by atmospheric flux, so a decrease in [O2] over time is the result of R exceeding
GPP. Weekly (for lakes Croche and a I’Ours) or monthly oxygen profiles were used to
estimate the change in oxygen concentration over time at one-meter intervals in the water
column. Bathymetric data was then used to calculate the volume of water in each layer and
these volumes, with measurements of GPP and R from the mixed layer and from the oxygen
profiles below the mixed layer, were used to calculate the difference between GPP and R in
the whole-lake. A photosynthetic quotient of 1.25 (Grande 1989, but see discussion) was
used to convert from oxygen units to carbon units so comparisons could be made with the
CO; flux from the lakes. Whole-lake estimates of GPP - R were made on a weekly basis for
lakes Croche and & 1I’Ours and on a monthly basis for the fourteen Laurentian lakes sampled
in 2003. We had insufficient data to estimate whole-lake GPP - R from the Eastern
Township and Gatineau lakes.

Oxygen and carbon dioxide profiles under ice-cover were measured in lakes Croche
and a I’Ours and used to estimate winter GPP - R. Using a photosynthetic quotient of 1.25,
estimates of GPP - R from oxygen and carbon dioxide profiles agreed within + 10 mg C m™
d’'. We applied the average winter GPP - R estimates from lakes Croche and & 1’Ours to the
Laurentian lakes as a rough, first-order, estimate of winter GPP - R.

Carbon Mass Balance -

Bade et al. (2004) describe a process-based model that attempts to explain the flux of
dissolved inorganic carbon. The change in the concentration of DIC is equal to the amount
produced by respiration (R) minus the amount consumed by gross primary production (GPP)
plus the amount that invades from the atmosphere, where the atmospheric component is

defined as the difference between the concentration of CO; in water in equilibrium with the
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atmosphere (COz¢q) and the actual concentration of CO; in the water (CO,) multiplied by the

gas transfer velocity (k) over the depth of the mixed layer (Z):

d[DIC]
dt

_ r—gpp+ X%, 10D 3).

The isotope mass balance for the carbon in the mixed layer is modeled similarly
except that it accounts for the isotopic compositions of the components and fractionation due
to production, gas dissolution and chemical speciation. Respiration (R) is the sum of

respiration of autochthonous material (R4) and respiration of allochthonous material (Ry):

4.
R=R,+R,

Ra is assumed to be 90% of GPP (Cole et al. 2000) with the remaining10% assumed to be
buried or permanently removed (but see discussion) and Ry is calculated as the difference

between Ra and R. Net primary productivity, NPP, is calculated as the difference between
GPP and R4 and thus:

(5).
NPP=GPP-R,

Substituting equations (4) and (5) into equation (3) and multiplying each component by its

isotopic signature gives the differential equation for the isotope mass balance:

13 k(®co, -1°Co,))
d[zzzt Cl_p _wpp, + X Wt (©)-

Ry has the isotopic signature of terrestrially derived DOC, -27%o in our C3 plant dominated

basins. We use a photosynthetic fractionation factor of 20%o (Laws et al. 1995), so that
NPP; is multiplied by the isotopic composition of photosynthesized carbon, 3'*Cco; plus
20%0. COy¢q is the concentration of BCo, in equilibrium with the atmosphere, simply

COs¢q multiplied by the isotopic composition of dissolved atmospheric CO,. [PCO,] is the
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concentration of dissolved "> CO; in the water, which depends on the $Coic, pH and the
fractionation factors for carbonate speciation (Zhang et al. 1995).

Following Bade et al. (2004), the initial conditions of the model were set to the
measured variables and the model was run until an equilibrium 8'>Cp;c was obtained. This is
the predicted isotopic composition of DIC according to the conditions of the model. Bade et
al. (2004) found the model to be particularly sensitive to the amount of GPP that is respired,
which determines Ra, but not greatly affected by depth of the mixed layer, temperature,
isotopic fractionation factors or alkalinity. If we further assume that the differences between
the predicted and observed 813Cpc are the result of external inputs that are not included in
the model, we can estimate the amount of DIC input to the system as well as its source,

whether groundwater, overland flow or another source.

Data Analysis-

All statistical tests and confidence intervals are reported at the a=0.05 critical level.
The precision of metabolic and isotopic measurements are reported as + one standard error
(SE) of the mean of n determinations multiplied by the student t distribution (t) for n-1
degrees of freedom, where SE=SD/(n)'”? and SD is the standard deviation. Addition and
subtraction errors in the calculation of R and GPP were calculated as SEs:=(SE2o+SE%)"? -
tan. Variables used in multiple linear regressions were tested against the standard normal
distribution with a Chi-squared goodness of fit test. Non-normal variables were normalized
by log transformation and used as such in multiple regressions. For multiple linear

regressions, all regression parameters were bootstrapped 1000 times to estimate standard

CITOTS.
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Results

Carbon Dioxide Concentrations -
Carbon dioxide concentration profiles were measured on a weekly basis in lakes

Croche and a I’Ours between May 2002 and March 2003 (Appendix 5). During the summer
months the epilimnia of both lakes showed relatively constant CO, concentrations, slightly
above atmospheric saturation. The CO; concentration of the hypolimnia of the lakes
increased steadily over the summer months and reached a maximum in late September. As
water temperatures decreased and the thermocline increased in depth, CO, from the
hypolimnion evaded into the upper water column and atmosphere. By November the water
column of both lakes had a constant CO, concentration with depth. Under ice cover, when
evasion to the atmosphere was prohibited, CO, concentrations gradually increased above
November concentrations. Though we have no data for the break up period, the difference in
CO; concentrations between late March (before ice-break-up) and May (before summer
stratification) show CO; evasion to the atmosphere. The degree of CO, saturation was
calculated with respect to water temperature and atmospheric pressure. Both lakes were
oversaturated with respect to carbon dioxide over the year and Lac a I’Ours was consistently
more oversaturated than Lac Croche. The winter degree of oversaturation did not exceed
summer hypolimnetic oversaturation.

Carbon Dioxide Flux-

Both lakes evaded CO, to the atmosphere over the entire season and rates ranged
from 31 mg C m?d"” to 236 mg C m? d" in Lac Croche and slightly higher in Lac a I’Ours,
from 49 mg C m? d to 426 mg C m? d™'. In both lakes evasion was lowest during the
summer months and gradually increased as water temperatures decreased and the

thermocline deepened (Figure 3-2). Both lakes had maximum rates of CO, evasion in late
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October and evasion rates decreased slightly until cessation under ice cover. In lakes Croche
and a I’Ours 67 and 57 % of the variability in carbon flux was explained by a negative
relationship with temperature (Models 1 and 2, Table 3-2). In both lakes carbon flux was
negatively correlated with respiration (r = -0.79, p<0.01, in Lac Croche and r = -0.46,
p<0.10, in Lac a I’Ours).

Between mid-May and mid-November lakes Croche and & 1’Ours emitted 3.86 x 10°
g C and 5.03 x 10° g C to the atmosphere respectively. During ice break-up, we estimated
the CO; flux from differences in concentrations between late March (just before break-up)
and mid May (before stratification). About 2.69 x 10° g C (14 g C m) from Lac Croche
were lost to the atmosphere in the spring and 3.15 x 10° g CO, (21 g C m™) were emitted
from Lac a I’Ours. Based on these estimates, Lac Croche and Lac a I’Ours contribute about
6.55x 10° g C (34 gCm’y")and8.18x 10°g C (55 g Cm’y™) per year to the atmosphere,

respectively.
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Figure 3-2. Flux of carbon dioxide to the atmosphere (mg C m™> d') and gross primary

productivity minus respiration (GPP - R, mg C m™ d") from lakes Croche (A) and 4 1’Ours
(B) between May 2002 and March 2003.

<

For the twenty-one lakes sampled in 2003, the degree of CO; saturation (COzsat)
ranged from 0.54 to 7.96, averaging 2.52 (Figure 3-3, see Appendix 6 for additional data).

Carbon flux ranged from —43 to 644 mg m” d”', averaging 148 mg m”> d"'. All of the lakes
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were sources of CO; to the atmosphere over the ice-free season (Figure 3-4). Type I factorial
analysis of variance was performed twice, once with the Laurentian lakes, where samples
were taken monthly, and once with all lakes, where samples were taken in July, August and
October. Analysis of variance of carbon flux of the Laurentian lakes, the lakes sampled on a
monthly basis shows that carbon flux varied significantly over time (»p<0.001, df= 13) but
that there was more variation in carbon flux within lakes than between lakes (p=0.56, df=5).
The sample analysis of variance performed on all the lakes sampled in May, July and
October showed again that carbon flux varied significantly between months (p<0.001, df=20)
but not significantly between lakes (p=0.36, df=2). CO, flux was lowest in May and June
and highest in September and October (Figure 3-4). As we have no measures of early spring
carbon dioxide concentrations, we did not attempt to estimate annual carbon flux from these

lakes.
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Figure 3-3. Carbon dioxide oversaturation (in number of times oversaturation) in the lakes
sampled in 2003 (n=103).

Stepwise linear regressions were run with R, GPP, DOC, pH, temperature, PAR,
chlorophyll-a, depth of mixed layer (e,), mean depth and drainage ratio as effect variables.
Carbon dioxide flux was dependent on depth of the mixed layer, temperature and PAR
(Model 3, Table 3-2) though this model explains only 23 % of the variability in CO; flux.
As pH is used to calculate carbon dioxide flux, it was not included in this stepwise linear
regression. CO, flux was not significantly correlated with R (=-0.12, p=0.12). Stepwise
linear regression with total DIC as the dependent variable showed it was dependent on pH
(Model 4, Table 3-2). There was a weak but significant positive relationship between total

DIC and R (Model 5, Table 3-2).
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Figure 3-4. Difference between gross primary productivity and respiration (GPP - R, g C m?
d") and carbon flux to the atmosphere (mg C m” d") in the twenty-one lakes sampled in

2003 (May n=21, June n=14, July n=21, August n=14, September n=14, October n=19).

GPP—R-

Whole lake GPP-R was calculated using measured epilimnetic production and
respiration rates and, below the thermocline, changes in the concentration of oxygen over

time (Appendix 7). For Lac Croche, R was greater than GPP in the spring, predominantly
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less than GPP in summer and fall and greater than GPP throughout the winter (Figure 3-2).
In Lac a ’Ours, GPP - R fluctuated widely in early summer, peaked in mid summer,
fluctuated around equilibrium in the fall and R exceeded GPP throughout the winter. Over
the ice-free season, the amount of carbon produced exceeded the amount of carbon
consumed; whole-lake GPP - R was 1.2 x 10% g C (3723 mg C m? d™") in Lac Croche and
0.4 x 10° g C (14+26 mg C m™? d™") in Lac 2 'Ours. In Lac Croche GPP - R between
December and March was —0.6 x 10° g C (-25+17 mg C m” d"). InLac 4 I’Ours GPP - R
was —0.6 x 10® g C (3330 mg C m™ d) in the winter; winter respiration exceeded summer
net primary productivity.

The difference between GPP and R for the 14 Laurentian lakes sampled on a monthly
basis in 2003 ranged from —282 to 873 mg C m™ d”' and averaged 11436 mg C m? d™' (Table
3-3, Appendix 6). The excess of GPP over R was highest in midsummer and R was greater
than GPP in October (Figure 3-4). Type I factorial analysis of variance shows there is
significant variation between lakes (df=13, p=0.03) and between months (df=4, p<0.001).
Application of the winter estimates of GPP - R from lakes Croche and 4 ’Ours to the lakes
sampled in 2003 as an approximation shows that on an annual basis R exceeds GPP in most
of the lakes sampled. However, for all lakes, the magnitude of carbon dioxide produced in
the water column over an entire year by respiration is not sufficient to account for the
magnitude of the CO, flux to the atmosphere during the ice-free season (Table 3-3).
Furthermore, there is no significant correlation between the atmospheric flux of CO; and
GPP - R during the ice-free season for the Laurentian lakes sampled in 2003 (»=70, r=-0.12,

p=0.19).
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Table 3-3. Carbon fluxes of the lakes sampled. Lake area (LA, kmz), number of samples
(n), length of sampling period (sampling period, d), average flux of carbon dioxide to the
atmosphere (Aaverage, mg C m? d), total flux of CO, to the atmosphere over the sampling
period (Ao, t C), average GPP - R over the sampling period (GPP - Raverage, mg C m? dh,
total GPP - R over the sampling period (GPP - Rice.free, t C) and estimated GPP - R over the
year (GPP - Rannya, t C y''). Confidence intervals are at the 0=0.05 critical level.

Lake IA:I;: h S;l’:r}:(l)lél g Aaverage Atotal GPP - Raverage GPP - Rice-free GPP - Rannual
Croche 0.19 26 174 124+£25 4.1 37+23 1.2 1.0
Ours 0.15 25 174 207455 54 14+26 0.4 -0.2
Achigan 531 6 160 145127 123.3 -108+102 -113.0 -120
Blanche 041 6 165 136+110 9.2 -59+101 4.8 -89
Connelly 1.24 5 114 146+130 20.7 -54+78 -13.0 -19.4
En Coeur 087 5 118 53167 2.8 33+£125 3.0 1.8
Gervais 045 6 166 187+153 29.9 100+553 19.0 -5.8
Mont. Noire 0.97 6 162 199+159 92.1 -16+16 -8.8 -13.1
du Nord 280 6 162 187+213 26.2 19495 33 -1.8
Ouimet 1.56 6 169 258+296 67.9 -40+76 -12 -16.2
PinRouge 0.15 6 151 86+79 2.0 48+174 1.5 0.8
Rouge 0.68 6 165 145+161 16.1 -19+£214 -2.5 -1.7
des Sables 296 6 165 239+187 116.7 -14+83 -8.1 -17.1
St. Joseph 147 6 157 152+114 35.0 -0.7+£38 -0.2 -4.7
Tremblant 9.56 6 169 162+156 261.8 -28+61 -53 -132.2
Truite 051 6 165 230+159 19.4 35+£223 3.6 -1.2
d'Argent 1.00 3 171 332+323 85.1

Bowker 230 3 171 67+28 114

Brome 1450 3 172 120+199 47.7

Orford 130 3 171 260+64 645.8

Waterloo 1.50 3 172 1024217 22.8

La Péche 705 3 150 220+158 56.8

Phillippe 1.72 3 150 108+249 113.7
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Carbon Isotopes -
During the ice-free season, 8"3Ccoz in Lac Croche ranged between —9.4 and -21.3 %o

and averaged —14.5 + 0.76 %o. In Lac & I’Ours 8'>C¢o; ranged between —7.1 and —17.3 %o
during the ice-free season and averaged —12.1 + 0.4 %o. In both lakes 8"*Cco; in the ice-free
period was enriched over 813 Ccoz under icecover, which averaged —20.6 + 0.9 %o in Lac
Croche and —17.5 £ 1.1 %o in Lac a I’Ours. If respiration is the major source of the inorganic
carbon in lakes, then the isotopic composition of CO; should reflect this input. Because
respiration consumes already isotopically depleted organic carbon without fractionation, it
causes the DIC pool to become increasingly depleted in '*C. Thus, in a system where
respiration is the major source of DIC, a negative correlation between the concentration of
DIC and 5"3Coy, should exist (Figure 3-1). However, over the ice-free season Lac Croche
showed a positive correlation between 8'>Cco, and DIC (=0.55, p<0.01) and Lac 4 I’Ours
showed no correlation between these variables (r=-0.17, p=0.39). There also was no
significant correlation between R and 8'>Cco; in lakes Croche or a I’Ours (7=0.03, p=0.47
and =-0.08, p=0.35) during the ice-free season. In contrast, under ice-cover, both lakes
Croche and a I’Ours did show a negative correlation between 5" Ccoz and the concentration
of DIC (r=-0.76, p<0.01 and r=-0.452, p<0.10). Respiration appears to dominate carbon
dynamics in the lakes during the winter.

For the 21 lakes sampled in 2003, the isotopic value of 8'°Cco; ranged from —25.2 to
—4.9%o, with an average of —13.3%o. The lakes in the Laurentians, Gatineau and Eastern
Townships show regional differences in 8'>Cco; values. A single classification ANOVA

shows theses variations are statistically significant (p<0.001). Dissolved CO; in the
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Laurentian lakes, where there are very few carbonates in the lakes’ watersheds, was on
average more isotopically depleted than in the other regions.

The relationship between 83 Ccoz and COyqy for the 21 lakes sampled in 2003 is
presented in Figure 3-5A. Again, the degree of CO; saturation and the isotopic value of the
CO, are not negatively but positively correlated on a semi-log scale (=0.49, p<0.001). To
eliminate the possibility that dissolution of carbonates was causing this correlation, the same
test was run solely for the Laurentian lakes, which have no carbonate bedrock, and their
8"Ccoz and COyeq Were positively correlated as well (r=0.50, p<0.001).

Stepwise linear regression showed that total DIC and pH explained 33% of the
variability in 8"*Cco; (Model 6, Table 3-2) and the inclusion of the lake drainage ratio
(watershed area/lake area), and chlorophyll a explained an additional 8% of the variability
(Model 7, Table 3-2).

Like lakes Croche and a 1I’Ours, 8'°Ccop and R in the lakes sampled in 2003 did not
exhibit the negative trend that would be expected if respiration were the dominant cause of
carbon dioxide oversaturation (Figure 3-5B); there was no significant correlation between the
variables (r=0.04, p=0.67). There are two obvious outliers amongst the respiration data
(Figure 3-5B), both from unstratified Eastern Township lakes. When these data points are
removed from the set there is still no significant correlation between R and 8"Cco; (r=0.054,

p=0.60).
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Figure 3-5. Isotopic composition of dissolved CO,, 8'*Ccoz, versus CO, saturation (A,

dotted line indicates CO; equilibrium) and community respiration (B, mg C m?2dh

measured in the mixed layer.

Carbon Mass Balance -

We applied the model proposed by Bade et al. (2004) to our data from lakes Croche

and a I’Ours to give 5'*Cpyc that results from measured rates of respiration, production and

atmospheric exchange. If we consider the difference between the 8'>Cpc predicted by the

model and the observed 8'*Cpc to be the result of external inputs of DIC, we can determine

if the source of excess DIC is enriched or depleted relative to 5'>Cpjc of lake water. In Lac

Croche, predicted values of 8'>Cp;c were more enriched than observed values in seventy-five

percent of cases, with averages of 7.6 + 24.7 and —13.0 + 1.6 %o, respectively (Table 3-4).

The difference between observed and predicted 5" Cpic indicates a 13 C-depleted source of

excess DIC in Lac Croche. Conversely, in Lac 4 I'Ours, the predicted values of 3'*Cpjc were

more isotopically depleted than the observed values in 56% of cases; average predicted




123

8"Cpic was -13.2 + 21.0 %o while average observed 8"’ Cpjc was 7.9 + 0.7 %o. The
difference between observed and predicted 813 Cpic indicates a '*C-enriched source of excess

DIC in Lac a I’Ours.



Table 3-4. Carbon parameters from Bade et al.’s (2004) process based model. 8"Cops =
observed isotopic composition of DIC, 8'°Cyyeq = predicted isotopic composition of DIC,
§8Cow = isotopic composition of DIC measured in groundwater, [DIC]gw = measured

concentration of DIC in groundwater (mg L"), GW input = estimated groundwater input

from difference between observed and predicted 8'*Cpic (cm m™ d™).

Lake 8Cobs  6°Cped 6°Cow [DIClow GW input
Achigan’ -5.4 4.8 -16.5 5.6 15
Blanche' -12.1 13.7 -12.4 11.6 24
Connelly’ -8.3 36.1 -14.7 44.6 5.1
En Coeur’ 7.3 25.7 -14.0 16.6
Gervais' -4.6 -16.1
Montagne Noire©  -6.3 214 -10.8 14.3
du Nord” -8.7 21.6 -14.5 23.4
Ouimet’ -5.1 20.2 -14.9 21.8 0.2
Pin Rouge’ -8.1 32.8 -10.3 27.7 0.7
Rouge -8.7 494 1.9
des Sables -73 1.6 0.1
St. Joseph® -11.6 42.3 -15.3 19.7 0.5
Tremblent -12.0 -22.7
Truite 5.0 3.4 0.3
D'argent’ 5.4 -17.9 -10.4 28.1
Bowker' 4.1 -34.3 9.0 10.0
Brome™ 2.6 25.0 -8.8 35.0
Orford’ -0.3 -28.9 2.7 5.3
Waterloo” 2.8 -0.6 -11.1 66.7 0.01
la Péche” -1.9 3.8 7.4 21.0 0.1
Phillippe -1.6 -33.0
Croche’ -13.0 1.6 -19.1 4.1 0.4
Ours’ 7.9 -13.2 -11.0 21.3

“Indicates lakes where groundwater samples were taken from the watershed.
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Applying the model to the lakes sampled in 2003 shows there is wide variation in the
difference between the theoretical and the observed value of 8*Cpic. For eleven of the
twenty-one lakes, Bade’s model predicts an average 5" Cpic that is more enriched than the
observed value, indicating a lighter source of DIC as the cause of carbon dioxide
oversaturation. For the other ten lakes Bade et al.’s (2004) model predicts values that are on
average 19%o more negative than observed values of 8"3Cpic. If the differences between
predicted and observed values are truly due to external inputs, the external inputs must have
a more enriched 5"*Cpjc composition.

Groundwater often becomes supersaturated in CO; as it percolates through carbon
rich soils and thus is a plausible source of CO, to lakes. We sampled groundwater in the
basins of sixteen lakes for CO, saturation and carbon isotopes (Table 3-4). Groundwater
8"Cpic was consistently more isotopically depleted than lake water "> Cpyc and
concentrations of DIC were higher than lake waters, averaging 22.7+ 3.3 mg L. If we
consider the disparity between the model’s predicted values and observed values of 8"*Cpyc
to be the consequence of groundwater inputs of DIC, then we can estimate the input into the
lake from its §"*Cpic. In Lac Croche, 8'*Cpyc of groundwater was measured from twelve
wells in the lake watershed, with an average 8"’ Cpjc value of —19.2 + 3.1 %o and an average
concentration of DIC of 4.1 £ 2.7 mg L"!. With these values, the average input of
groundwater into Lac Croche would be 735 m® d”!, or 0.4 cm over the surface area of the

lake per day. For the eleven lakes sampled in 2003 where a depleted source of DIC is

predicted, the amount of groundwater input necessary to account for the disparity between
observed and predicted 8'*Cpyc ranges from 1 mm (in Lake Waterloo) to 5.1 cm (in Lac

Connelly) over the lake surface area per day. For the other ten lakes sampled in 2003, Bade
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et al.’s (2004) model predicts an enriched source of DIC. While we do not have groundwater
samples from all watersheds, groundwater 8'°Cp;c was consistently more isotopically

depleted than lake waters and thus, according to this model, is not the likely source of carbon

dioxide oversaturation in the lakes.

Discussion

Carbon dioxide concentrations -
Estimates of carbon dioxide saturation for the lakes sampled during the ice-free

season of 2003 were similar to previously reported values. Carignan (1998b) found Lac
Croche to be typically oversaturated with CO,. del Giorgio and Peters (1994) found lakes
Bowker, Brome, d’ Argent, and Orford to be oversaturated with CO, during the summer.
However, they found that Lake Waterloo was on average undersaturated while we found it to
be on average oversaturated in CO,. Wang and Veizer (2000, 2004) report values of CO,
concentrations up to 20 times greater than atmospheric values in Meech Lake, in the
Gatineau region of Quebec, near lakes Phillippe and LaPeche. While we did not find values
this high in lakes Phillippe and LaPeche, we also found the Gatineau lakes were
oversaturated in CO,.

Carbon flux -

Our estimates of carbon flux from lakes Croche and a I’Ours, 34 g C m? y'I and 55 g
Cm?y’, are generally in agreement with other studies. Cole et al. (1994) estimated carbon
evasion from lakes globally to be 70 g C m? y”'. Amazon basin rivers and wetlands outgas
about 120 g C m? y' (Richey et al. 2002). A survey of arctic lakes (Kling et al. 1991) found
average carbon evasion to be 90 g C m? y". Despite our simple methodology for estimating

carbon dioxide flux after spring ice melt, our results were similar to other reported values.
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We estimated springtime flux from Lac Croche to be 14 g C m™ and 21 g C m™ from Lac &
I’Ours. Striegl et al. (2001) found flux after ice break-up to be 30 g C m’? on average from
lakes in Finland and 29 g C m™ for a set of lakes in the United States.

The gas transfer velocity, k, used in this study to estimate CO; flux was measured by
Cole and Caraco (1998) in a small oligotrophic lake. They found that gas exchange was
independent of wind speed at low wind speeds and average was kgo 0.636 + 0.029 m d.
During the ice-free season, wind speed at Lac Croche averaged 1.79 £ 0.05 m s, showing
this estimates of k is applicable for the small lakes in our study. Crusius and Wanninkhof
(2003) also examined gas transfer velocity in a small oligotrophic lake and concluded that a
bilinear model with a break point at 3.7 m s™ best fits the relationship between wind speed
and k. Using k from this relationship in our calculations lowers our estimates of carbon flux
during the ice-free season by 0.6% in Lac Croche and raises it by 3% in Lac &4 I’Ours. The
difference in k has a larger effect on spring estimates of carbon flux and raises our annual
estimates of carbon flux by 6 and 12 % in lakes Croche and & I’Ours.

While the constant gas transfer velocity from Cole and Caraco (1998) is applicable
for the smaller lakes studied in 2003, it may be less reasonable for larger lakes where wind
speeds may be higher. As wind speed increases, k increases (Crusius and Wanninkhof 2003)
and carbon dioxide fluxes would be higher. However, it is unlikely that wind speeds even on
these larger lakes are frequently greater than 3.7 m s. Environment Canada measures wind
speeds from anemomenters installed at 10 m height in open areas. They report average wind
speed between May and October of 1970 to 1992 was 2.60 m s at Ste. Agathe des Monts, a
town in the centre of the Laurentian study area. Average wind speed between May and

October for Sherbrooke, in the Eastern Townships, was 2.28 m s™ between 1971 and 2000.
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None of the variables included in our stepwise linear regression explained a large
amount of the variability in carbon flux or total DIC of the lakes sampled in 2003. Though
temperature and carbon flux were negatively correlated in lakes Croche and a I’Ours,
temperature only explained a minor amount of variability in carbon flux in the lakes sampled '
in 2003. The relationship between the concentration of dissolved inorganic carbon and
respiration was significant but weak, suggesting that respiration is not the main source of
inorganic carbon in the lakes.

GPP —R -

Comparing annual estimates of GPP - R to estimates of atmospheric flux of carbon
shows that an excess of R over GPP is not sufficient to account for the flux of carbon to the
atmosphere. In Lac Croche GPP was greater than R by 1.0 x 10° g C y"! while the flux of
CO; to the atmosphere was 6.6 x 10° g C y™, so that in Lac Croche external sources must
provide an excess 7.6 x 10°g Cy" (40 g C m?y™). In Lac a I’Ours R exceeded GPP by -0.5
x 10° gC y", but the excess was not in the same order of magnitude as the flux of carbon to
the atmosphere, 8.2 x 10° g C y™'. In Lac a I’Ours external sources of DIC must provide a
total of 7.7 x 10° g C y™! (51 g C m? y™") to account for the flux of C to the atmosphere and
the C used in GPP.

Our estimates of GPP - R are not entirely consistent between the mixed layer and the
hypolimnion. While estimates for GPP - R in the hypolimnion include all processes that
consume O, (water column respiration as well as chemical oxidation and benthic
respiration), estimates of GPP - R in the mixed layer do not include photooxidation nor
respiration or production of macrophytes or benthic organisms in the littoral zone. Asa
sensitivity analysis we doubled the rates of respiration in the epilimnion, without increasing

production rates, and re-calculated GPP - R. While R was greater than GPP for all lakes over



129

the sampling period, this excess of respiration over production was still not sufficient to
account for the carbon flux to the atmosphere. For example, with respiration rates doubled in
Lac Croche, annual GPP - R changed from 953 kg C to —3250 kg C, but this could not
account for the annual loss of to the atmosphere of 6445 kg C. In Lac a I’Ours, doubling
epilimnetic R changes annual GPP - R from —553 kg C to —5726 kg C, which is again
insufficient to account for the annual flux to the atmosphere of 8181 kg C.

A photosynthetic quotient (PQ) of 1.25 (mole O, per mole C produced or respired)
was used to express GPP - R, derived from oxygen production and consumption rates, as
carbon equivalents. However, literature values for photosynthetic quotients vary widely (e.g.
Williams and Robertson 1991). Using a PQ of 1 (del Giorgio and Peters 1994), GPP - R is
on average greater by 30 mg C m” d' while a PQ of 1.6 (Bell and Kuparinen 1984)
decreases GPP - R by 6 mg C m? d”'. Even witha larger PQ, respiration did not exceed
production by a sufficient amount to account for the atmospheric flux of carbon.

Carbon Isotopes -

Further evidence that net heterotrophy is not the major cause of carbon dioxide
oversaturation comes from the isotopic composition of the dissolved CO,, which does not
show the signal of excess respiration. While respiration produces a lighter CO; pool,
production preferentially consumes the light isotope of carbon leaving the CO; pool heavier
(Figure  3-1). In the 2003 lakes we found a positive correlation between 83Ccoz and
CO2sa. A recent study of 32 lakes in the Wisconsin and Michigan (Bade et al. 2004) also
shows this trend. When their 8'*Cp,c data are corrected for pH, there is a significant
correlation between 8'*Ccoz and DIC (r2=0.79, df =39, p<0.05). As the amount of inorganic

carbon in the system increases, the isotopic composition of this carbon is more enriched: the
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opposite of what would occur if respiration were the cause. This indicates that 13C depletion
caused by respiration is balanced out by the photosynthetic enrichment in B, requiring a
third process for input of carbon dioxide into the system. Striegl et al. (2001) also analyzed
pCO; and 8"*Cpyc from 132 northern lakes and found lakes with the greatest pCO; had the
lightest 51 Cpic, which they concluded was an indication of respiration as a primary source
of CO,. However, because they did not account for the effect of pH on carbonate speciation
and thus on the isotopic composition of DIC, this cannot be assumed. Holding the
concentration of DIC and the isotopic composition of dissolved CO, constant, lakes with

high pH would necessarily have lower pCO; and more depleted 8" Cpc.

Carbon Mass Balance -
We used the process-based model for 8"Cpic proposed by Bade et al. (2004) to

elucidate the source of excess carbon dioxide. For all the lakes, the predicted and observed
values of 8"*Cp,c did not match, indicating that production, respiration and atmospheric
exchange are not the only controls of DIC in the lakes. Concentrations of DIC in
groundwater were on average ten times greater than in the mixed layer of lakes. For eleven
of the twenty-three lakes sampled predicted values of §'>Cpic were more enriched than
observed values of 8> Cpc, indicating a depleted source of excess inorganic carbon. If we
consider groundwater to be an input of DIC, our estimates of groundwater input into lakes
these lakes averaged 1.1 + 0.86 cm d”', are similar to reported values for other northern
temperate lakes. Cole and Pace (1998) found that groundwater input into three Michigan
lakes averaged 0.48 + 0.36 cm d”'. In over half of the lakes sampled, our measures of the

isutopic composition of DIC in groundwater show that it is a possible source of the CO,.
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For the other lakes sampled in 2003, Bade et al.’s model predicts values that are on
average 19%o more negative than the observed values of 8"*Cpic. Thus, if the difference
between predicted and observed values is truly due to external inputs, these external inputs
must have a more enriched 8'*Cp;c composition. While we do not have groundwater
samples from all watersheds, groundwater 83 Cpic were consistently more isotopically
depleted than lake waters and thus is not the likely source. Also, not all the external inputs
of DIC are attributable to groundwater; overland flow and stream inputs were not included in
our model and may be enriched inputs of DIC. For example, methane production in an
upstream wetland or the littoral zone will enrich the dissolved CO; pool, which may then be
transported into the lake system.

A third possibility to explain the disparity between the observed and the theoretical

6'3Cmc, is that the parameters of Bade et al.’s model do not adequately describe carbon
dynamics in these lakes. The model frequently predicts 8'*Cpic outside of the range

normally observed in freshwater and assumes 90% of GPP is respired, though it is very

sensitive to this percentage.

Conclusions

Of the twenty-three Québec lakes sampled, we found most were oversaturated in
carbon dioxide and thus net sources of CO; to the atmosphere. From carbon flux data of
lakes Croche and a I’Ours, two lakes sampled on a weekly basis for a year, we found these
lakes emit about 45 g C m® y™'. On an individual basis this emission seems negligible but
when one considers that 891163 km? of Canada alone is covered by freshwater, the total flux
can be estimated at 4 x 10" g Cy'. Ciasis et al. (1995) estimated the missing carbon sink

postulated for the northern hemisphere to be about 3.5 x 10"* g Cy"'. More recently, Liski et
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al. (2003) proposed that 0.88 x 10" g C y"' are sequestered by temperate and boreal forests,
for a net carbon sink by forests in Canada of about 1.0x 10" g Cy"'. Since our, albeit
rough, estimate of carbon emissions from freshwater ecosystems is within a factor of 2.5 of
this number, a compensating carbon flux from terrestrial aquatic systems should no longer be
ignored.

Despite the general trend of lake oversaturation, we found little evidence to conclude
that this carbon dioxide oversaturation was the exclusive result of net heterotrophy, of in situ
respiration exceeding production. First, while respiration rates were often as large as carbon
flux in lakes Croche and & I’Ours, the respiration and carbon fluxes were negatively
correlated. This implies that a large portion of the CO, generated in situ must have been
consumed by production rather than have evaded to the atmosphere. It also suggests that a
second process is controlling carbon flux and respiration in an opposite manner. We found
that increasing temperature resulted in significantly higher respiration rates and significant
decreases in the carbon flux. In the lakes sampled in 2003, carbon flux was not a function of
respiratory flux. Secondly, the isotopic composition of dissolved CO, did not present
evidence of respiration dominance. 51 Ccoz and carbon flux were positively correlated and
there was no significant relationship between R and 8'3Ccos. Our calculations of whole-lake
GPP — R show that in situ respiration does not supply adequate CO; to account for the
atmospheric flux and external inputs of DIC must be subsidizing the lake to explain the
continued CO; oversaturation. According to the process-based model of Bade et al. (2004),

respiration, production and atmospheric exchange alone are not sufficient to explain the

. . o . . . . . 13
isotopic composition of inorganic carbon in the lakes; external inputs also influence & “Cpic.



133

The inadequacy of in situ respiration as an explanation for carbon dioxide
oversaturation is not unique to the Quebec lakes studied. A study of four closed-basin lakes
in northern Wisconsin lakes (Riera et al. 1999) found that in lake respiration was insufficient
to explain the evasion of carbon dioxide to the atmosphere. Jonsson et al. (2003) also found
that pelagic respiration in 51 Swedish lakes was not sufficient to account for the carbon flux

to the atmosphere.
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General Conclusions

Stables isotopes of dissolved oxygen can be used to determine the metabolic balance
of aquatic systems (Quay et al. 1995; Luz et al. 2000). However, this methodology has not
been rigorously compared to traditional methods of metabolic measurements. We proposed
two stable isotope methods to examine metabolism in aquatic systems. The 8'30 method
uses stable isotopes of oxygen, the degree of oxygen saturation and bottle incubation
measurements of respiration to measure gross primary production. Comparing results from
this model with traditional bottle incubation methods shows the 8'*0 method provides
analogous results with several advantages; the method required less laboratory time, smaller
sample volumes and is more easily applied to remote areas. However, because bottle
incubations are used to measure respiration, this model does not completely take into account
benthic or littoral processes and thus is most applicable as a measure of planktonic metabolic
processes. Also, while the 3'*0 method is appropriate for these oligotrophic lakes where the
assumption that the aquatic system is sufficiently large to smooth short duration variations of
®0p0, *0w, R, Koz, O, and a; a dynamic model may be required in systems with rapid
fluctuations.

The 8"°C method uses stable isotopes of both carbon and oxygen and the degree of
carbon and oxygen saturation to estimate both gross primary production and respiration.
This method is not constrained by bottle incubations to measure respiration and thus takes
into account benthic and littoral metabolic processes and integrates samples over the
residence time of oxygen and carbon dioxide in the system, leading to a whole-lake estimate
of metabolism. Because of this, measures of metabolism from this model are not strictly

comparable with measures of metabolism from traditional methods such as the Winkler
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method or '*C incubations. The §'>C method is limited by the assumed isotopic signature of
respired carbon, which may have a significant effect on estimates of GPP and R. However,
the most severe limitation of the 8'>C method is that the model does not adequately describe
carbon dynamics in the lakes; external inputs of inorganic carbon are not accounted for. As
shown, minor inputs of external carbon to the aquatic system will have a large effect on
estimates of GPP and R from the 8'>C method. In systems with significant allochthonous
carbon inputs, the §'°C method cannot be accurate unless these inputs are accounted for.

Using the 5'0 method, we measured metabolism in twenty-one lakes in three
regions of Québec. Mulitiple lines of evidence demonstrate that net heterotrophy is not a
general occurrence in northern temperate lakes. Firstly, the epilimnia of the study lakes were
frequently oversaturated in oxygen during the summer months and the isotopic composition
of the dissolved oxygen provides evidence that production dominance was a likely source of
the oxygen oversaturation. Secondly, the slope of the relationship between planktonic R and
GPP was significantly less than 1 and its intercept was not significantly different from 0,
indicating that pelagic GPP fuels planktonic R. More than half of the lakes sampled
developed metalimnetic oxygen peaks during the summer months: a phenomenon that could
only occur if GPP was greater than R even below the thermocline. Finally, the 8'*0 method
showed GPP dominated over R during the ice-free season, average GPP:R was 1.12+0.13.

GPP, R, and the balance between GPP and R were all most strongly correlated with
lake temperature, which in turn is a function of the amount of solar radiation received by the
lake. Our results imply that it is this solar radiation that drives pelagic gross primary
productivity, which in turn drives the majority of pelagic respiration. Recent studies have

stressed the importance of DOC as substrate for heterotrophic bacteria. However we found
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variation in DOC only explained 8% of the variation in pelagic R, while variation in pelagic
GPP explained approximately 80% of the variation in pelagic R, indicating that primary
production is at the base of the food web rather than allochthonous inputs of carbon. We did
not find evidence that moderate levels of DOC, between 6 and 10 mg L™ lead to net
heterotrophy. Though our number of samples is limited, we did find net heterotrophy in
lakes with DOC levels above 10 mg L™'.

Despite this general trend of net autotrophy we found lakes were commonly
oversaturated in carbon dioxide. A study of carbon dynamics in 23 Quebec lakes was carried
out to determine the magnitude of carbon flux to the atmosphere from these lakes and to
examine the underlying cause for carbon dioxide oversaturation. The magnitude of
atmospheric flux, gross primary production and community respiration were measured, as
well as the isotopic composition of dissolved carbon. All of the lakes sampled were, on
average, oversaturated with carbon dioxide over the sampling period. However, we found
little evidence to conclude this carbon dioxide oversaturation was the result of an excess of in
situ respiration over production. First, the magnitude of the annual excess of R over GPP
was not sufficient to account for the flux to the atmosphere. Carbon evasion was not a
function of respiratory flux, nor did the isotopic signature of dissolved CO in the lakes
present evidence of respiration. Groundwater inputs of carbon dioxide represent a plausible
source for carbon dioxide oversaturation in some, but not all, of the lakes sampled.

Of the twenty-three Québec lakes sampled, we found most to be oversaturated with
respect to carbon dioxide and thus net sources of CO, to the atmosphere. From carbon flux
data of lakes Croche and 4 1’Ours, two lakes sampled on a weekly basis for a year, we found
these lakes emit about 45 g C m? y"'. On an individual basis this emission seems negligible

but when one considers that 891 163 km? of Canada alone is covered by freshwater, the total
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flux can be estimated at 4 x 10" g Cy"'. Ciasis et al. (1995) estimated the missing carbon
sink postulated for the northern hemisphere to be about 3.5 x 10" g C y"'. More recently,
Liski et al. (2003) proposed that 0.88 x 10'°> g C y' are sequestered by temperate and boreal
forests, for a net carbon sink by forests in Canada of about 1.0 x 10'* g Cy"'. Since our,
albeit rough, estimate of carbon emissions from freshwater ecosystems is within a factor of
2.5 of this number, a compensating carbon flux from terrestrial aquatic systems should no

longer be ignored.
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Appendix 1 Derivations of equations and error calculations

Derivation of Equation 4

The change in oxygen concentration over time is expressed as:
2.

d[0,] Ko,
— =“GPP-R-—2(0,-0.,)
Note that equation numbers correspond with equation numbers in Chapter 1. Each

component of equation 2 is multiplied by its respective isotopic ratio to give the isotope mass

balance:
d 0 18 K
[ 26]1t = - GPPISOP —R‘SOR - Zoz a;(0, l801)0 -0y ISOAa.t) 3

Expanding equation 3 gives:
K
& a(0,"0p, -0y, °0,a,)

18
—d[oz]“‘om + 4 z”" [0,1=GPP"™0, -R"0, - >

dt
Assuming that the aquatic system is sufficiently large to smooth short duration variations of

00, '*0w, R, Koz, O; and ay, d'®0po/dt tends towards zero. Substituting equation 2 into

equation 4 and solving for GPP gives:

K K
R(ISOIX)_wOR)"' ZOI 0, —OZxaI)—%aG (Isonooz_lsvozsazas) 4
GPP = 18 18 '
(TOpo="0,)

Derivation of Equation 9

The change in the concentration of dissolved inorganic carbon is expressed as:
7.

K,
aDIC _ p_Gpp-2co (co,-Co,,,)
dt Z
Each component of equation 2 is multiplied by its respective isotopic ratio to give the isotope

mass balance:
8.

13 K.
———dDIC Coxe =RUCR —GPPUC,, ——;)2 (Co, l3C(,'()2 -CO,,, IJCA)

dt
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Expanding equation 8 gives:

13 K.
dDIC I3C”K' + d CI)I(v' DIC =R]3CR _ GPPISCI, _ CO,
dt dt Z

To simplify equation 8 we assume that the aquatic system is sufficiently large to smooth

Ca)

(Coz l3C(.'()2 -Co

2sat

short duration variations of *Cpyc, °Cg, Ccoz, GPP, Kcoz, CO, and COysq so that d3Cpic/dt

is equal to zero. By substituting equation 7 into equation 8, equation 8 can be solved for R:

K, K.
GPP(’C,="C,)+ —(CO, —COZAW,)—‘T"'(COZ Ceo, =CO,u °C,) 9.
R=
(I3CDI(7_I3CR)

To solve for GPP and R using the 8"*C method equations 4 and 9 are solved simultaneously
by iteration. Concentrations of DO and CO; were input in units of mmol m> and a
photosynthetic quotient of 1.0 was used. Using Microsoft Excel this can be done easily
using the “solver” tool. Briefly, write the equation 4 in one cell referring to a second cell for
R. In this cell write equation 9, referring to a third cell for GPP. This third cell will be the
“guess” for R, the value that is solved for by iteration. In a forth cell write a formula for the
difference between cell two and three. Using the “solver” tool minimize the difference
between R and the guess for R, cells two and three. The “target cell” is cell four and “by

changing cells” is cell three.

Error for GPP and R from equations 4 and 9:

To calculate the variance of GPP from equation 4 the superposition of error theorem for
calculating variance of a derived variable was used. The variance of the derived variable is
equal to the partial derivative of the derived variable with respect to the first variable

multiplied by its respective variance plus the partial derivative of the derived variable with
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respect to the second variable multiplied by its respective variance. The “parent” variables

were considered to be independent so that the covariance term was not included.

2 2
Sy =(%) st 2] 52 10.
Ox oy)
For GPP calculated from equation 4, equation 4 becomes:

, aGgpp ' , agpp\ , (aGPPY ,
Sére =\ 355 | Shon, + 0" | S, + TR +
DO R

ocppY , (eGppY , (ocpPY ,
So, + 501 1| 718 Sug
90, 20, a"%0, ) 0w

The partial derivatives of each of the parent variables are as follows:

11.

dGPP K, Ko,

0'80,,0 =(l801X)_‘80P)(R_ ZO ag)“‘(R(mODo_lsOR)"' 7 (02 _02sal)
- Z()z a;(0, ISOD() = Oy ISOAas )

oGPP -R

20, 6"0,,—-6"0,

oGPP _5"0,,,-6"0,

R 8"0,,-56"0,

K
Z()z (1 _ ag 1801)0)
80,  5"0,,-6"0,

8GPP _

K()z 8
6GPP T(agas' OA—I)
o0, s"o,, -6'"%0,

oGPP 0,
alsop = R(ISOD()_ISOR)'*' Z

K()z 18 18
(0, -0,,)- _Z—a(; 0,70y, -0y, "0O,ay)
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These partial derivatives were substituted into equation 11 to solve for the variance of GPP.
The variances of 02, Oaar, *Opo, *Op and '®0g were 0.04 mg I'', 0.04 mg I"', 0.16%, 0.01%0
and 0.16%o respectively, while the variance of R was measured for each case. The standard
error is then the square root of the sum of these products. The variance of R from equation 9
was calculated in a like fashion. The variances of CO3, COoa1, 13 Cpic and 13 Cpoc, were 0.25

mg 17, 0.25 mg I'', 0.04%o0 and 0.04%o, respectively.

Confidence intervals of average GPP, R and GPP:R:

The confidence intervals of average GPP, R and GPP:R over the ice-free season or annually
are at the 0=0.05 critical level. They were calculated as the standard deviation of the

. measurements divided by the square root of the number of measurements multiplied by the t
value at a=0.025 for the appropriate n-1 degrees of freedom:

§

confidence int ervals = J— lysy; V== 1
n
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Appendix 2 Bottle incubation data from lakes Croche and a | 'Ours

Table A2- 1 Bottle incubation measurements in Lac Croche between May 2002 and March
2003. Temperature is in °C, length is in hours, photosynthetically available radiation (PAR)

isin pE m?s™ and oxygen concentrations are in mg L™

Lac Croche

23-May

Temperature of incubation 10
Length of incubation for black bottles: 6
Length of incubation for clear bottles: 4

PAR Replicate Oxygen Concentration Average [O,] SE
initial 10.6934 10.6987 10.6987 10.6969

946.53 10.6991 10.7020 10.7078 10.7030 GPP 442 0.85
398.54 10.7197 10.7212 10.7205 GPP 8.79 0.58
199.27 10.7185 10.7107 10.7219 10.7170 GPP 793 1.00
73.07 10.7039 10.7160 10.7041 10.7080 GPP 5.67 1.15
39.85 10.6865 10.6939 10.6928 10.6911 GPP 145 0381
black 10.6803 10.6770 10.6811 10.6795 R 291 036
20-Jun

Temperature of incubation 17.0

Length of incubation for black bottles: 6.5
Length of incubation for clear bottles: 4

PAR Replicate Oxygen Concentration Average [O] SE
initial 9.0847 9.0856 9.0857 9.0853

946.53 9.1138 9.1058 9.1028 9.1075 GPP 11.28 1.00
481.57 9.1275 9.1227 9.1219 9.1240 GPP 15.41 0.72
215.88 9.1128 9.1174 9.1085 9.1129 GPP 12.63 0.86
111.26 9.1008 9.1008 9.0989 9.1001 GPP 945 0.59
48.16 9.0821 9.0790 9.0836 9.0816 GPP 480 0.66
black 9.0551 9.0460 9.0429 9.0480 R 5.74 0.57
01-Jul

Temperature of incubation 22.0

Length of incubation for black bottles: 4
Length of incubation for clear bottles: 7

PAR Replicate Oxygen Concentration Average [O,] SE
initial 7.8925 7.8914 7.8891 7.8962 7.8923

963.14 7.9479 7.9556 7.9598 7.9544 GPP 19.03 0.80
473.26 7.9644 7.9645 7.9644 GPP 20.46 0.63
232.48 7.9320 7.9374 7.9454 7.9383 GPP 16.73 0.84
106.28 79116 79183 7.9149 7.9149 GPP 13.39 0.68
53.14 7.8912 7.8846 7.8879 GPP 9.53 0.71

black 7.8481 7.8540 7.8528 7.8517 R 10.16 0.58
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15-Jul

Temperature of incubation 220
Length of incubation for black bottles: 7.5
Length of incubation for clear bottles: 4

PAR Replicate Oxygen Concentration Average [O,] SE
initial 8.1870 8.1769 8.1793 8.1819 8.1812

929.92 8.2517 8.2456 8.2425 8.2466 GPP 25.78 1.00
464.96 8.2502 8.2528 8.2442 8.2491 GPP 26.40 0.98
215.88 8.2199 8.2237 8.2245 8.2227 GPP 19.81 0.82
120.39 8.2029 8.2007 8.2018 GPP 14.58 0.77
57.29 8.1719 8.1773 8.1765 8.1752 GPP 794 0.85
black 8.1109 8.1051 8.1151 8.1107 8.1104 R 944 040
29-Jul

Temperature of incubation 21.0

Length of incubation for black bottles: 7
Length of incubation for clear bottles: 4

PAR Replicate Oxygen Concentration Average [O,] SE
initial 8.1299 8.1288 8.1295 8.1334 8.1304

763.87 8.1907 8.1903 8.1959 8.1923 GPP 23.88 0.58
431.75 8.2026 8.2042 8.1976 8.2015 GPP 26.18 0.62
224.18 8.1873 8.1958 8.1872 8.1901 GPP 23.33 0.80
107.94 8.1811 8.1627 8.1634 8.1691 GPP 18.07 1.55
58.95 8.1451 8.1361 8.1300 8.1370 GPP 10.07 1.16
black 8.0730 8.0686 8.0708 8.0739 8.0716 R 840 0.22
11-Aug

Temperature of incubation 21.0

Length of incubation for black bottles: 7
Length of incubation for clear bottles: 4

PAR Replicate Oxygen Concentration Average [O,] SE
initial 8.1690 8.1722 8.1690 8.1672 8.1694

1062.77 8.2278 8.2357 8.2320 8.2318 GPP 20.63 0.68
489.87 8.2459 8.2426 8.2421 8.2435 GPP 23.55 0.48
182.66 8.2348 8.2291 8.2215 8.2285 GPP 19.79 1.03
86.35 8.2070 8.2008 8.2002 8.2027 GPP 13.34 0.66
39.85 8.1889 8.1803 8.1807 8.1833 GPP 8.50 0.80
black 8.1329 8.1377 8.1335 8.1330 8.i343 R 5.01 022
23-Aug

Temperature of incubation 21.0

Length of incubation for black bottles: 7

Length of incubation for clear bottles: 4

PAR Replicate Oxygen Concentration Average [O] SE
initial 8.3099 8.3029 8.3045 8.3053 8.3056



929.92
435.07
219.20
111.26
44 .84
black

04-Sep

8.3539
8.3772
8.3632
8.3476
8.3249
8.2745

Temperature of incubation
Length of incubation for black bottles: 7
Length of incubation for clear bottles: 4

PAR
initial
979.74
498.17
212.55
109.60
54.80
black

17-Sep

Replicate Oxygen Concentration

8.3659
8.4029
8.4091
8.4080
8.3868
8.3636
8.3330

Temperature of incubation
Length of incubation for black bottles: 7
Length of incubation for clear bottles: 4

PAR
initial
954.83
498.17
207.57
102.96
53.97
black

01-Oct

Replicate Oxygen Concentration

8.8439
8.9018
8.9076
8.9106
8.9033
8.8850
8.8322

Temperature of incubation
Length of incubation for black bottles: 7.5
Length of incubation for clear bottles: 4

PAR
initial
996.35
481.57
249.09
114.58
64.76
black

Replicate Oxygen Concentration

9.0660
9.1223
9.1469
9.1534
9.1356
9.1065
9.0522

8.3643
8.3783
8.3681
8.3466
8.3210
8.2760

8.3728
8.4055
8.4120
8.4002
8.3858
8.3654
8.3252

8.8512
8.9012
8.9075
8.9098
8.9003
8.8731
8.8341

9.0620
9.1105
9.1494
9.1344
9.1430
9.1105
9.0618

8.3642

8.3686
8.3410
8.3203
8.2832

8.3647
8.3981
8.4061
8.4048
8.3825
8.3671
8.3255

8.8440
8.9011
8.9209

8.8951
8.8750
8.8338

9.0622

9.1458
9.1429
9.1391
9.1040
9.0607

8.3651

8.3292

8.8481

8.8387

9.0665

8.3608
8.3777
8.3666
8.3451
8.3221
8.2779

Average [0,]
8.3671
8.4022
8.4091
8.4043
8.3850
8.3654
8.3282

Average [0O,]
8.8468
8.9014
8.9120
8.9102
8.8996
8.8777
8.8347

Average [O,]
9.0642
9.1164
9.1474
9.1436
9.1392
9.1070
9.0582

GPP
GPP
GPP
GPP
GPP

GPP
GPP
GPP
GPP
GPP

GPP
GPP
GPP
GPP
GPP

GPP
GPP
GPP
GPP
GPP
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17.74 1.06
21.98 0.39
19.20 0.57
13.82 0.63
8.07 0.52
396 0.44

SE

14.31 0.86
16.04 0.79
14.86 0.88
10.03 0.74
5.12 0.71
5.56 0.38

SE

15.37 0.60
18.03 1.27
17.57 0.61
14.92 0.85
945 1.10
1.73 0.32

SE

13.84 1.18
21.59 0.61
20.64 1.48
19.55 0.77
11.50 0.73
0.79 043
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24-Oct

Temperature of incubation

Length of incubation for black bottles: 7.5
Length of incubation for clear bottles: 4

PAR Replicate Oxygen Concentration Average [O,] SE
initial 10.6664 10.6574 10.6633 10.6591 10.6616

996.35 10.6830 10.6752 10.6841 10.6807 GPP 541 097
452.51 10.7156 10.7142 10.7114 10.7137 GPP 13.66 0.64
207.57 10.7035 10.7171 10.7091 10.7099 GPP 12.70 1.13
107.94 10.7179 10.7094 10.7136 GPP 13.63 0.93
61.44 10.7056 10.6928 10.6992 GPP 10.03 1.26
black 10.6542 10.6598 10.6578 10.6560 10.6569 R 0.61 0.32
06-Nov

Temperature of incubation
Length of incubation for black bottles: 6.83

PAR Replicate Oxygen Concentration Average [O,] SE
initial 11.8514 11.8666 11.8612 11.8578 11.8593
black 11.8557 11.8518 11.8509 11.8490 11.8519 R 1.08 0.51

Table A2- 2 Bottle incubation measurements in Lac a I’Ours between May 2002 and March
2003. Temperature is in °C, length is in hours, photosynthetically available radiation (PAR)

isin uE m™s™ and oxygen concentrations are in mg L.

Lac a I'Ours

23-May

Temperature of incubation 10
Length of incubation for black bottles: 4
Length of incubation for clear bottles: 4

PAR Replicate Oxygen Concentration Average [O,] SE

initial 10.6838 10.6840 10.6835 10.6836 10.6838

1062.77 10.7477 10.7382 10.7436 10.7432 GPP 18.08 0.69
464.96 10.7814 10.7756 10.7785 GPP 26.91 0.51
199.27 10.7708 10.7729 10.7601 10.7679 GPP 24.27 0.99
83.03 10.7415 10.7418 10.7492 10.7442 GPP 18.33 0.63
46.50 10.7079 10.7033 10.7056 GPP 869 041
black 10.6708 10.6709 10.6710 10.6709 R 3.23 0.03
04-Jun

Temperature of incubation 15

Length of incubation for black bottles: 6
Length of incubation for clear bottles: 4



PAR
initial
1037.86
415.14
230.82
97.97
43.18
black

20-Jun

Replicate Oxygen Concentration

9.5896
9.7232
9.7640
9.7198
9.6762
9.6204
9.5249

Temperature of incubation
Length of incubation for black bottles: 7.25
Length of incubation for clear bottles: 4

PAR
initial
1029.56
464.96
215.88
96.31
53.14
black

03-Jul

Replicate Oxygen Concentration

8.4395
8.5039
8.5247
8.5099
8.4348
8.3807
8.3397

Temperature of incubation
Length of incubation for black bottles: 7.5
Length of incubation for clear bottles: 4

PAR
initial
896.71
514.78
21421
119.56
61.44
black

17-Jul

Replicate Oxygen Concentration

7.2055
7.3416
7.4051
7.3330
7.2607
7.1911
7.0796

Temperature of incubation
Length of incubation for black bottles: 7.5
Length of incubation for clear bottles: 4

PAR
initial
963.14
456.66
224.18
100.46
61.44
black

Replicate Oxygen Concentration

8.2379
8.4049
8.4308
8.3933
8.2910
8.2309
8.1274

9.5878
9.7225
9.7649
9.7289
9.6705
9.6123
9.5194

20.0

8.4308
8.5074
8.5249
8.4943
8.4537
8.4209
8.3213

26.0

7.2069
7.3539
7.3958
7.3316
7.2594
7.1932
7.0767

21.0

8.2356
8.4049
8.4302
8.4002
8.2895
8.2427
8.1291

9.5949
9.7234
9.7703
9.7151

9.6180
9.5140

8.4359

8.4838

8.4447

8.3400

7.2003
7.3293
7.3964

7.1953

8.2451

8.3944

8.1261

9.5937

9.5132

Average [O,]
9.5915
9.7230
9.7664
9.7213
9.6733
9.6169
9.5179

Average [O,]
8.4352
8.5056
8.5248
8.4960
8.4444
8.4008
8.3337

Average [O;]
7.2042
7.3416
7.3991
7.3323
7.2601
7.1932
7.0781

Average [O,]
8.2395
8.4049
8.4305
8.3960
8.2903
8.2368
8.1275

GPP
GPP
GPP
GPP
GPP

GPP
GPP
GPP
GPP
GPP

GPP
GPP
GPP
GPP
GPP

GPP
GPP
GPP
GPP
GPP
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SE

45.15 0.08
55.99 0.50
44.72 1.02
32.73 0.51
18.62 0.60
12.28 0.53

SE

31.62 1.16
36.41 1.12
29.21 2.20
16.30 1.76
541 3.72
14.00 0.92

SE

51.14 1.87
65.53 0.96
48.82 0.61
30.77 0.61
14.05 0.67
16.81 0.33

SE

56.28 0.82
62.68 0.82
54.04 0.98
27.62 0.83
14.24 1.33
14.93 0.40
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31-Jul

Temperature of incubation 24.0
Length of incubation for black bottles: 6.83
Length of incubation for clear bottles: 4

PAR Replicate Oxygen Concentration Average [O,] SE
initial 7.6907 7.6934 7.6863 7.6901

589.51 7.9000 7.9099 7.9119 7.9073 GPP 64.35 1.16
298.90 7.9222 7.9331 7.9279 7.9277 GPP 69.46 1.06
114.58 7.8456 7.8583 7.8550 7.8530 GPP 50.77 1.19
56.46 7.7552 7.7645 7.7598 GPP 27.48 1.08
31.88 7.7092 7.7081 7.7040 7.7071 GPP 14.30 0.81
black 7.6172 7.6213 7.6186 7.6286 7.6214 R 10.06 0.48
23-Aug

Temperature of incubation 21.0

Length of incubation for black bottles: 7
Length of incubation for clear bottles: 4

PAR Replicate Oxygen Concentration Average [0,] SE
initial 8.1831 8.1807 8.1744 8.1794

929.92 8.2880 8.2918 8.2899 GPP 38.58 0.90
435.07 8.3392 8.3377 8.3326 8.3365 GPP 50.23 0.98
219.20 8.3133 8.2976 8.3071 8.3060 GPP 42.60 1.42
111.26 8.2404 8.2427 8.2415 GPP 26.49 0.87
44.84 8.2042 8.1953 8.1872 8.1956 GPP 15.00 1.48
black 8.1029 8.1104 8.0998 8.0978 8.1027 R 10.96 0.54
04-Sep

Temperature of incubation 21.0

Length of incubation for black bottles: 7
Length of incubation for clear bottles: 4

PAR Replicate Oxygen Concentration Average [O,] SE

initial 8.2631 8.2634 8.2679 8.2648

1062.77 8.4569 8.4486 8.4527 GPP 57.64 1.17
489.87 8.4787 8.4555 8.4664 8.4669 GPP 61.18 1.91
182.66 8.4106 8.4018 8.4231 84118 GPP 4742 1.79
86.35 8.3250 8.3684 8.3467 GPP 31.13 3.94
39.85 8.2822 8.2783 82777 8.2794 GPP 14.31 0.98
black 8.1805 8.1999 8.1901 8.1902 R 10.66 0.83
17-Sep

Temperature of incubation

Length of incubation for black bottles: 7

Length of incubation for clear bottles: 4

PAR Replicate Oxygen Concentration Average [O,] SE
initial 8.7906 8.7932 8.7933 8.7924



896.71
456.66
185.98
99.63
51.48
black

01-Oct

8.9801
8.9854
8.9774
8.9099
8.8329
8.7135

Temperature of incubation
Length of incubation for black bottles: 7.25
Length of incubation for clear botles: 4

PAR
initial
1012.95
481.57
207.57
96.31
56.46
black

24-Oct

Replicate Oxygen Concentration

8.6828
8.8168
8.8415
8.8524
8.8160
8.7705
8.6512

Temperature of incubation
Length of incubation forblack bottles: 7.69
Length of incubation for clear bottles: 4

PAR
initial
946.53
473.26
207.57
109.60
58.12
black

06-Nov

Replicate Oxygen Concentration

10.6963
10.6978
10.7685
10.7749
10.7624
10.7341
10.6708

Temperature of incubation
Length of incubation for black bottles:6.83

PAR
initial
black

04-Dec

Replicate Oxygen Concentration

10.9170
10.9169

Temperature of incubation
Length of incubation for black bottles: 6

8.9720
8.9974
8.9659
8.9188
8.8499
8.7326

16.0

8.6963
8.8255
8.8511
8.8270
8.7977
8.7671
8.6445

7.0

10.6875
10.6949
10.7721
10.7701
10.7667
10.7282
10.6683

4.0

10.9277
10.9236

1.0

8.9728
89764

8.9057
8.8477

8.6862

8.8448
8.8368
8.8093
8.7629
8.6362

10.6818
10.6902
10.7696
10.7698

10.7314
10.6654

10.9133

8.9750
8.9864
8.9716
89114
8.8435
8.7230

Average [0,]
8.6885
8.8211
8.8458
8.8387
8.8077
8.7668
8.6440

Average [O,]
10.6780 10.6859
10.6943
10.7701
10.7716
10.7645
10.7312
10.6653 10.6675

Average [O,]
10.9205 10.9196

10.9198 10.9201

GPP
GPP
GPP
GPP
GPP

GPP
GPP
GPP
GPP
GPP

GPP
GPP
GPP
GPP
GPP

R

151

55.55 1.53
58.41 2.06
54.72 1.72
39.67 1.69
22.69 1.93
991 1.37

SE

39.31 1.51
4547 1.47
43.71 2.26
35.94 1.86
25.73 1.41
6.13 0.82

SE

450 1.39
2344 1.33
23.82 1.36
22.05 1.35
13.73 1.37
240 0.54

SE

-0.06 0.59



PAR Replicate Oxygen Concentration
initial 12.5706 12.5617
black 12.5683 12.5993
05-Feb

Temperature of incubation 3.0

Length of incubation for black bottles: 7.33

PAR Replicate Oxygen Concentration
initial 11.0364 11.0396
black 11.0455 11.0500
26-Feb

Temperature of incubation 3.0

Length of incubation for black bottles: 7.35

PAR Replicate Oxygen Concentration
initial 11.0364 11.0253
black 11.0163 11.0362
19-Mar

Temperature of incubation 3.0

Length of incubation for black bottles: 6.75

PAR Replicate Oxygen Concentration
initial 10.3767 10.3831
black 10.3852 10.3803

12.5768
12.5687

11.0379
11.0529

11.0381
11.0270

10.3811
10.3767

152

Average [O;] SE
12.5697

12.5764 12.5782 R -1.41 1.37
Average [O,] SE

11.0365 11.0376

11.0507 11.0498 R -1.66 0.24
Average [02] SE
11.0332

11.0173 11.0242 R 123 0.79
Average [02] SE
10.3803
10.3807 R -0.06 0.46
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Appendix 6 Carbon isotopes and fluxes from lakes sampled in 2003.

Table A6- 12. Temperature (T, °C), pH, dissolved inorganic carbon (DIC, g m> ), carbon
dioxide saturation (COxs4t), CO; flux to the atmosphere (CO; flux, mg C m?2d", isotopic
composition of dissolved inorganic carbon, dissolved CO,, and dissolved organic carbon

(8"Cpic, 8" Ccoa, 8"*Cpoc, %o VPDB).

174

Lake Date T pH [DIC] COyy CO,flux 8“Cpe 8"Ccor 8“Copoc
Achigan  22-May 13.7  6.53 1.74 1.57 60 74 -148  -28.1
16-Jun 175  6.45 3.00 1.64 187 72 -143 285

30-Jun 235  6.84 2.39 3.53 300 86 -144 279

30-Jul 210 740 1.06 427 109 0.3 -5.1 275

11-Sep 190  7.52 2.00 1.33 54 4.1 114 275

29-Oct 7.0 6.04 0.76 1.86 26 54 -126 213

Blanche 15-May 9.3 597 0.60 2.36 60 -157  -188 277
11-Jun 162  6.90 0.70 0.74 -15 -178 244 279

1-Jul 220  6.87 0.53 1.07 169 93 ‘146  -274

2-Aug 212 701 0.31 1.50 -40 2120 -173 267

9-Sep 180 697 0.61 2.92 199 57 100 274

27-Oct 7.7 6.01 0.44 3.49 10 -129  -151 270

Connely  20-May 162  6.92 3.38 1.22 23 52 -132 217
16-Jun 163  7.50 5.41 0.97 214 67 -145 27.1

30-Jun 247 752 3.49 2.38 135 8.5 -152 2811

30-Jul 220  7.56 2.11 4.11 188 3.6 98 282

11-Sep 19.0  7.46 4.90 1.96 97 177 252 212

EnCoeur  23-May 119  6.57 1.48 0.94 47 74 -154 267
9-Jun 177 692 2.56 1.50 199 89  -156  -269

4-Jjul 235 740 1.82 2.02 132 81 -1443 2713

2-Aug 222 726 0.76 1.91 -5 64  -128 270

8-Sep 190 733 1.52 129 -10 59 -13.0 279

Gervais 15-May 9.8 6.60 0.44 0.70 78 1.3 -156  -284
10-Jun 170 6.55 435 1.74 313 5.5 -126 =290

2-Jul 230 697 7.19 2.77 176 50 -114 276

29-Jul 207 7.21 3.09 2.53 295 -1.7 8.1 285

12-Sep 195  17.70 1.96 3.28 199 -3.6 9.7 -28.7

28-Oct 9.1 7.35 1.05 1.82 401 4.6 99 272

Montagne Noire 15-May 9.1 6.77 0.94 0.92 3 -106  -17.7 276
16-Jun 150  5.93 3.00 1.64 239 67  -137 271

7-ut 222 623 1.53 1.71 173 58 -124 271

1-Aug 208  7.17 4.07 6.64 115 4.5 -104 273

9-Sep 174 7.3 1.38 5.14 252 3.5 7.8 26.7

27-0Oct 7.7 7.09 0.80 2.88 47 6.3 113 273

duNord  20-May 159  7.09 0.94 0.69 -14 74 -145 2718
18-Jun 190  6.12 2.59 1.30 178  -11.6  -i185  -283

4-Jul 232 690 1.92 2.63 255 -107  -163  -28.1

1-Aug 225  7.44 1.54 242 151 5.5 14 273



Ouimet

Pin Rouge

Rouge

des Sables

St. Joseph

Tremblent

Truite

d'Argent

Bowker

11-Sep
19-Oct
12-May
10-Jun
4-Jul
29-Jul
12-Sep
28-Oct
29-May
17-Jun
7-Jul
1-Aug
8-Sep
27-Oct
15-May
11-Jun
1-Jul
5-Aug
9-Sep
27-Oct
14-May
9-Jun
3-Jul
5-Aug
10-Sep
26-Oct
22-May
16-Jun
3-Jul
5-Aug
10-Sep
26-Oct
12-May
12-Jun
2-Jul
6-Aug
12-Sep
28-Oct
14-May
9-Jun
3-Jul
3-Aug
10-Sep
26-Oct
27-May
22-Jul
2-Nov
27-May
22-Jul
2-Nov

18.0
6.2
10.3
18.0
225
215
19.0
7.7
16.9
17.0
25.0
220
18.0
54
9.3
16.2
222
23.0
19.0
7.9
9.7
16.7
22.7
217
18.0
6.8
13.8
18.5
232
224
18.0
6.7
4.8
12.7
21.0
22.0
19.0
93
9.0
16.3
22.2
21.5
17.7
713
15.9
22.0
7.5
12.0
21.0
8.6

7.31
7.63
6.92
6.46
6.10
6.10
6.10
7.10
6.78
7.48
6.69
6.52
6.52
6.52
6.23
7.69
6.24
6.86
6.41
6.54
6.54
6.03
6.32
6.54
6.28
6.43
6.55
5.81
6.41
7.71
8.02
7.77
7.50
6.69
6.91
6.67
6.43
5.98
741
7.71
7.87
8.08
7.26
7.03
7.91
7.76
7.84
7.63
7.17
7.09

0.89
1.08
2.70
3.77
3.12
1.88
1.64
1.65
0.99
3.16
5.69
1.26
1.14
0.60
0.97
499
0.27
0.49
0.64
0.92
2.53
3.30
0.77
1.12
1.30
1.96
0.96
1.68
0.38
0.76
0.86
0.83
0.58
0.57
0.63
0.41
0.52
0.61
6.05
8.32
3.55
2.89
233
3.40
3.11
2.26
1.41
2.00
1.56
1.11

3.86
1.45
0.87
1.16
1.84
2.03
5.20
3.45
0.81
0.94
2.14
2.77
1.22
1.40
1.37
0.56
2.31
1.62
1.70
1.98
1.22
1.86
1.52
1.71
2.01
4.15
228
1.73
041
0.99
1.77
1.69
0.77
0.96
3.63
0.87
1.26
1.59
5.27
1.65
2.26
1.68
438
4.89
1.82
5.17
434
1.46
1.78
1.57

80
533
77
132
168
68
201
734
14
189
413
95
95
-49
97
263
-67
416
10
4]
190
308
514
172
215
273
77
156
23
75
267
283

-18

115
203
349
124
494
302
2
170
331
403
437
301
74
61

-3.0
-8.7
-5.8
-5.4
-6.9
-1.7
-5.8
-5.1
-14.1
-10.7
-8.4
-54
-6.6
-3.7
-8.5
-11.6
-8.7
<74
-71.2
-8.7
-8.0
-8.5
-8.7
-5.4
-6.8
6.4
-15.4
-10.9
-11.6
-11.6
-8.6
-11.6
-13.0
-14.3
-13.2
-11.6
-8.0
-12.0
-4.3
-4.9
-11.1
-3.5
-4.9
-1.4
-2.0
-5.6
-0.8
-5.5
-5.4
-5.3

-133
-12.6
-13.2
-13.0
-13.9
-8.7
-11.4
9.4
-20.8
-17.8
-15.2
-11.4
-13.6
-11.2
-14.7
-19.2
-15.2
-10.9
-13.0
-14.5
-15.0
-15.1
-14.1
-1t.4
-12.8
-11.3
-20.8
-17.0
-18.4
-18.0
-13.7
-15.9
-18.5
-20.4
-19.0
-16.8
-12.5
-15.1
-11.8
-12.5
-18.4
-11.1
-11.6
-8.0
-10.0
-12.6
-8.4
-13.4
-12.6
-13.8

-21.7
-27.7
-27.1
-27.1
-26.4
-27.1
-27.0
-27.5
-27.5
-27.1
-27.6
-27.8
<279
-28.0
-28.0
-28.0
-27.3
-28.0
-27.5
-27.6
-26.3
-26.3
-27.2
-26.6
-28.0
-28.2
-27.5
=273
-26.7
-27.5
-28.0
275
-25.0
-23.6
-243
-24.7
-27.5
-27.0
-26.9
-27.1
-26.3
-26.5
-27.6
-27.3
-28.7
-28.5
-29.0
-28.1
-28.3
-28.7
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Brome

Orford

Waterloo

la Peche

Phillippe

28-May
23-Jul
3-Nov
27-May
22-Jul
2-Nov
28-May
23-Jul
3-Nov
3-Jun
25-Jul
31-Oct
3-Jun
25-Jul
31-Oct

15.0
22.1
8.1
13.7
22.0
84
15.8
22.7
7.2
14.7
224
9.0
14.9
219
9.1

8.57
7.6
7.15
8.37
8.57
7.34
7.98
7.63
7.39
8.1
8.79
7.46
7.61
7.99
7.46

2.15
3.36
4.57
5.43
3.58
1.74
9.62
6.46
4.46
3.97
3.97
5.29
4.79
3.71
2.63

0.7
2.86
243
3.14
3.55
3.76
1.97
1.14
3.34
4.03
0.84
431
1.54
2.02
3.52

45
162
31
73
187
425
74
-1
63
273
152
274
76
16
353

4.1
-4.1
-4.1
-3.7
-2.6
-1.5
-3.0
-0.3
2.5
-2.8
-1.6
-0.4
-1.9
-1.9
-1.9

-11.9
-10.4
-10.8
-11.1
-9.6
-8.5
-11.6
-8.1
-4.9
-10.3
9.1
-8.1
-10.1
9.8
-9.5

-28.4
-28.0
-28.2
-27.7
-28.7
-284
-28.7
-28.9
-28.3
-27.4
-27.7
272
-274
-27.5
-27.8
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Appendix 7 Oxygen and volume profiles of lakes sampled in 2003

177

Table A7- 13. Oxygen profiles (mg L") and volume profiles of lakes sampled in 2003 as used to

calculate NEP (GPP-R) in the whole lake.

Achigan
€,

Epilimnetic Respiration (mg C m* d™")
Epilimnetic Production (mg C m> d™")

Depth
Oto 1
1to2
2to3
3to4
4t0 5
Sto6
6to7
7to8
8§t 9
9t0 10
10to 11
11to 12
12to 13
13to 14
14t0 15
15t0 16
16 to 17
17to 18
18to 19
19t0 20
20 to 21
21to 22
22 to 23
23to24
24 to 25
25t026
26 to 27

Hypolimnion NEP (mg C d")
Epilimnion NEP (mg C d")
Total NEP (kg C)

Average NEP (kg C d'")

Blanche
€

Volume

5308958
4900576
4968392
4586208
4527455
4179189
4104207
3788498
3767264
3477474
3369708
3110499
2787864
2573413
2328505
2149389
1774529
1638027
1141997
1054151
415935
383940
46970
43356
6549
6046
159

-570

16-May
4

58.8
40.3

16-May
11.80
11.78
11.77
11.76
11.73
11.66
11.63
11.58
11.42
11.39
11.36
11.33
11.33
11.31
11.30
11.24
11.17
10.97
10.76
10.73
10.69
10.50
10.30
10.13
9.96
9.79
9.62

26

15-May
5

11-Jun
4

63.3
56.9

11-Jun
10.32
10.32
10.31
10.28
10.43
10.51
10.65
10.63
10.52
10.50
10.46
10.43
10.41
10.48
10.51
10.55
10.54
10.38
10.14
9.44
9.16
9.03
8.89
8.71
8.53
8.35
8.17

-441268320
-155223263
-596

19

11-Jun
4

30-Jun
35
83.1
88.1

30-Jun
8.92
8.90
8.83
8.74
9.42
10.10
10.55
10.24
10.06
9.93
9.79
9.71
9.68
9.67
9.93
9.98
9.87
9.62
9.32
8.94
8.11
8.22
7.58
6.79
6.50
5.86
522

-405105771
110800149
294

30

01-Jul
25

30-Jul
55
36.3
312

30-Jul
10.57
10.50
10.46
10.42
10.38
10.33
10.62
10.71
10.26
9.94
9.69
9.62
9.54
9.57
9.64
9.70
9.42
9.13
7.87
6.61
5.54
4.46
4.00
3.54
3.08
2.62
2.16

-84086044
-155056248
-239

34

02-Aug
5

2-Sep
5.5
20.1
30.0

2-Sep
9.24
9.37
9.37
9.35
9.35
9.26
9.22
8.98
8.79
8.16
7.47
7.27
7.37
7.38
729
7.42
7.34
6.60
4.00
2.77
1.89
1.01
0.94
0.87
0.71
0.54
0.00

-6.830E8
3.031E8
-380

72

09-Sep
7

13-Nov

279
19.3

13-Nov
10.33
10.29
10.25
10.22
10.19
10.20
10.21
10.21
10.20
10.21
10.21
10.22
10.23
10.24
10.25
10.25
10.24
10.25
10.25
10.25
10.24
10.24
10.23
10.22
10.21
10.20
10.20

0
-1.315E8
-1306
181

27-Oct
14



Epilimnetic Respiration (mg C m™ d™')
Epilimnetic Production (mg C m” d™')

Depth Volume

Oto 1 384,485
1to2 368,031
2t03 350,700
3tod 333,217
4t05 315,015
5to6 295,043
6to7 270,997
7t08 247,641
8t09 229,069
9to 10 210,628
10to 11 194,262
I1to12 182,247
12to 13 172,879
13to 14 164,265
14to 15 154,934
15to 16 143,165
16to 17 129,796
17to 18 115,603
18to 19 97,528
19 to 20 79,908
20to 21 61,237
21to022 41,573
22t023 23,820
23t0 24 13,724
24 t025 7,408
251026 2,621
26 to 27 0

Hypolimnion NEP (mg C d")
Epilimnion NEP (mg C d*)
Total NEP (kg C)

Average NEP (kg C d'") 24

Connelly

(=

Epilimnetic Respiration (mg C m* d™")
Epilimnetic Production (mg C m™ d™')

Depth Volume

Otol 1,191,220
1to2 1,099,587
2t03 1,028,729
3to4 949,596
4105 873,558

5to6 806,362

2.07
12.5
15-May
10.89
10.88
10.86
10.83
10.82
10.80
10.55
10.43
10.23
10.05
10.00
9.80
9.74
9.63
9.57
9.41
9.30
8.95
8.78
8.37
-1.25
-10.87
-20.49
-30.11
-39.73
4935
-58.97

27

16-May
3.0
56.4
59.9

16-May
10.09
10.13
10.10
10.14
10.96
10.83

73.2
59.4
11-Jun
9.19
9.22
9.24
9.22
9.20
10.20
1041
10.47
10.58
10.15
9.60
9.27
9.13
8.84
8.47
8.33
8.06
7.79
7.52
7.25
-0.92
-9.09
-17.26
-25.43
-33.60
-41.77
-49.94

-17022675
-19880229
-37

20

11-Jun
3.0
79.8
829

11-Jun
9.14
9.37
9.33
9.47
9.49
9.13

74.4
81.4
01-Jul
8.80
8.83
9.00
10.32
10.82
11.73
12.56
12.52
12.41
11.72
11.33
10.47
9.58
9.06
8.68
8.30
7.97
7.63
7.51
7.39
2.17
-3.05
-8.27
-13.49
-18.71
-23.93
-29.15

55174004
6467226
62

32

30-Jun
3.0
119.4
104.0

30-Jun
8.89
8.81
8.77
8.72
11.54
9.45

375
52.0
02-Aug
8.50
8.48
8.48
8.49
8.47
8.60
11.41
11.86
12.18
11.98
11.67
11.23
10.58
8.90
7.87
6.92
5.97
5.02
4.07
3.12
0.96
-1.20
-3.36
0.00
0.00
0.00
0.00

30.3
25.6
09-Sep
8.66
8.65
8.64
8.64
8.64
8.63
8.62
8.62
12.22
12.72
11.76
10.74
10.11
7.62
6.62
5.88
4.71
3.92
3.14
2.57
2.57
2.57
2.57
0.00
0.00
0.00
0.00

178

69.5
304
27-Oct
9.92
9.90
9.90
9.88
9.89
9.85
9.87
9.86
9.91
9.90
9.94
9.95
10.02
9.96
9.78
4.64
2.95
1.90
137
1.37
-8.83
-19.03
0.00
0.00
0.00
0.00
0.00

-17878764 -7970564 -6168511
29694576-11979152 -1.513 E7

12
38

30-Jul
3.0

57
54.1

30-Jul
10.04
10.94
10.85
10.79
10.86
11.07

-20
48

02-Sep
5.0
74.1
60.5

02-Sep
8.96
8.98
8.93
8.95
9.16
8.91

-157



6to7 597,138
7t0 8 551,204
8109 439,739
910 10 405,913
10to 11 354,720
11to 12 327,434
12to 13 261,444
i3t0 14 241,332
141015 176,246
15t0 16 162,689
1610 17 33,482
1710 18 30,906
18t0 19 14,845
19020 13,703
20 to 21 848.64
2110 22 783
22 t0 23 1,632
Hypolimnion NEP (mg C d")

Epilimnion NEP (mg C d*)

Total NEP (kg C)

Average NEP (kg C d") -66
En Coeur

€
Epilimnetic Respiration (mg C m® d"')
Epilimnetic Production (mg C m> d™')

Depth Volume

Oto 1 402842
1to2 339311
2to3 257545
3tod 192259
4t05 128888
5t06 90634
6to7 52115
7to 8 15343

Hypolimnion NEP (mg C d*)
Epilimnion NEP (mg C d')
Total NEP (kg C)

Average NEP (kg C d') 15
Gervais

€.
Epilimnetic Respiration (mg C m™d™")

10.10
9.54
9.12
8.81
8.49
8.32
8.14
7.98
7.81
7.78
7.74
7.70
7.66
7.62
7.59
1.55
7.51

26

13-May
3

33
23.1

13-May
9.91
9.90
9.90
9.90
9.61
8.01
7.00
6.00

27

13-May

80.4

8.25
7.85
1.72
7.51
7.75
7.25
7.00
6.85
6.69
6.59
6.48
6.18
5.87
5.67
5.46
5.26
5.05

-37201918
13277001
-24

19

09-Jun
4

38.1
454

09-Jun
9.96
9.23
9.37
9.63
9.92
9.11
4.62
1.14

-654977.78
8689367

8
25

6/12

75.6

8.29
7.86
7.71
7.62
6.96
6.70
6.06
5.75
5.42
5.29
4.80
431
3.81
341
3.01
2.60
2.20

-41442860
-65830015
-107

30

04-Jul
3
111.3
162.5

04-Jul
7.77
7.77
7.76
7.82
10.00
8.70
3.24
1.20

-1297896.7
67653681
66

29

2-Jul

108.6

793
7.46
7.03
6.46
6.39
6.19
5.33
4.58
3.83
293
2.03
1.50
0.97
0.26
0.00
0.00
0.00

8.66
4.87
4.67
4.25
3.65
2.65
1.84
1.06
0.83
0.57
0.35
0.27
0.20
0.04
0.00
0.00
0.00

-23950453 -72024583
-12295100-81026088

-36
34

02-Aug
4

77.4
86.9

02-Aug
8.13
8.11
8.11
8.10
7.91
6.05
2.80
0.45

-16174117
11275913
-5

37

29-Jul
6
429

-153

08-Sep

87.6
90.8

08-Sep
9.05
8.31
8.28
827
8.21
8.21
821
821

-9582530

-10

3-Sep

16.5

179

12-Nov
16
18.9



Epilimnetic Production (mg C m*d™)

Depth
Otol
1to2
2t03
3to4
4t05
Sto6
6to7
7t08
8t 9
9to 10
10to 11
11to 12
12t0 13
13to 14
14to 15
15to 16
16to 17
17t0 18
18to 19
19t0 20
20to 21
21to 22
22t023
23to 24
24t0 25
251026
26to 27
27t028
28 to 29
29t0 30
30to 31
31t032
32t0 33
331034
34t035
36 to 37
37t0 38
38to 39
39to 40
40 to 41
41to 42
42to 43
43 to 44
44 to 45
45to 46
46 to 47
47 to 48

Volume
894724.6
894724
894724
894724
894724
773,371
773,371
773,371
773,371
773,371
665,762
665,762
665,762
665,762
665,762
580,163
580,163
580,163
580,163
580,163
502,720
502,720
502,720
502,720
502,720
422,873
422,873
422,873
422,873
422 873
327137
327137
327137
327137
327137
227191
227191
227191
227191
227191
158995
158995
158995
158995
158995
94982
94982

71.5

13-May
11.84
11.95
11.91
11.98
12.01
12.05
11.81
11.56
11.42
11.30
11.09
11.08
10.92
10.72
10.51
10.23
9.95
9.87
9.78
9.61
9.43
9.30
9.17
9.04
8.99
894
8.89
8.86
8.82
8.79
8.72
8.65
8.58
8.50
8.42
8.34
8.34
8.34
8.34
8.34
8.07
8.07
8.07
8.07
8.07
7.75
7.75

72.5

6/12
10.45
10.31
10.27
10.24
10.26
11.03
12.23
12.35
12.12
12.02
11.93
11.78
11.40
11.22
10.67
10.41
10.08

9.87

9.67

9.50

934

9.30

9.26

9.10

8.93

8.89

8.85

8.81

8.75

8.68

8.61

8.61

8.61

8.61

8.61

8.21

8.21

8.21

8.21

8.21

7.74

7.74

7.74

7.74

7.74

741

7.41

103.9

2-Jul
9.25
9.11
9.05
8.98
9.01
10.64
11.90
12.13
12.03
11.82
11.64
11.55
11.33
10.98
10.65
10.32
9.98
9.75
9.55
9.25
9.12
9.01
8.89
8.74
8.59
8.54
8.48
8.39
8.30
8.23
8.16
8.16
8.16
8.16
8.16
7.87
7.87
7.87
7.87
7.87
7.40
7.40
7.40
7.40
7.40
6.60
6.60

40.5

29-Jul
9.86
9.83
9.81
9.76
9.75
9.72
11.59
11.87
11.51
11.15
10.98
10.63
10.46
10.21
9.97
9.75
9.46
9.16
9.02
8.87
8.69
8.51
834
8.17
8.00
7.96
7.92
7.88
7.81
7.74
7.67
7.67
7.67
7.67
7.67
7.51
7.51
7.51
7.51
7.51
6.67
6.67
6.67
6.67
6.67

5.78

5.78

20.1

3-Sep
9.23
9.22
9.23
9.22
9.22
9.22
9.21
9.51
13.59
13.52
13.19
12.85
12.25
11.70
10.76
10.35
9.75
9.28
8.96
8.60
8.35
8.10
791
7.71
7.56
7.40
7.33
7.27
7.20
7.14
7.07
7.07
7.07
7.07
7.07
6.37
6.37
6.37
6.37
6.37
5.50
5.50
5.50
5.50
5.50
425
425
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14.6

12-Nov
10.17
10.14
10.14
10.14
10.14
10.12
10.13
10.12
10.19
10.18
10.23
10.19
10.30
10.33
10.27
10.28
10.29
10.03
9.76
7.88
7.17
6.94
6.70
6.57
6.44
6.33
6.22
6.11
6.00
5.89
5.79
5.79
5.79
5.79
5.79
5.12
5.12
5.12
5.12
5.12
3.70
3.70
3.70
3.70
3.70
3.32
3.32
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48 to 49 94982 7.75 7.41 6.60 5.78 4.25 3.32
49 to 50 94982 7.75 7.41 6.60 5.78 4.25 332
S50to 51 94982 7.75 7.41 6.60 5.78 425 3.32
51 to 52 47406 7.29 6.67 5.7 4.62 2.68 1.40
521053 47406 7.29 6.67 5.71 4.62 2.68 1.40
53 to 54 47406 7.29 6.67 5.71 4.62 2.68 1.40
54 to 55 47406 7.29 6.67 5.71 4.62 2.68 1.40
55to 56 47406 7.29 6.67 5.71 4.62 2.68 1.40
56 to 57 9843 5.67 5.55 4.53 2.60 0.66
Hypolimnion NEP (mg C d") 22920975 -83783585 -112428270 23129990-58097923
Epilimnion NEP (mg C d") -13912968 -20936556 -12540316 24593324 -44142252
Total NEP (kg C) -4 -63 -282 48 844
30 20 27 36 70
Average NEP (kg C d") 97
Montagne Noire 15-May 16-Jun 7-lul 1-Aug 9-Sep 27-Oct
e, 6.00 6.00 4.00 7.00 8.50
Epilimnetic Respiration (mg C m™ d™) 31.5 109.5 46.2 40.2 43.2 18.6
Epilimnetic Production (mg C m* d™") 36.1 83.7 58.7 54.3 35.0 12.4
Depth Volume 15-May 16-Jun 7-Jul 1-Aug 9-Sep 27-Oct
Oto1 250,752 12.47 9.91 8.30 8.60 8.63 9.59
1to2 208,059 12.55 9.92 8.30 8.59 8.63 9.54
2to3 165,365 12.55 10.07 8.29 8.57 8.62 9.54
3to4 138,319 12.59 10.08 8.28 8.56 8.62 9.52
4t05 128,853 12.68 10.11 8.28 8.53 8.60 9.51
5to6 119,387 12.72 10.08 8.49 8.61 8.59 9.50
6to7 149,138 12.66 10.09 10.55 8.77 8.59 9.50
7t0 8 147,978 12.31 10.50 10.94 9.40 8.54 9.49
809 146,819 12.05 10.95 11.49 10.88 8.52 9.55
9t0 10 186,615 11.88 11.04 11.89 12.00 8.52 9.53
10to 11 185,263 11.78 10.88 12.21 12.00 11.13 9.60
11to 12 183,911 11.52 10.34 12.05 11.64 10.77 9.63
12t0 13 183,138 11.33 10.39 11.14 10.50 9.57 9.67
13 to 14 181,013 11.07 10.31 10.08 9.52 7.95 9.65
14t0 15 178,888 10.90 9.80 9.88 8.67 7.39 9.70
15t0 16 142,376 10.85 9.51 943 8.25 6.89 9.70
16to 17 142,376 10.85 9.42 9.32 7.95 6.59 9.77
17to 18 142,376 10.85 8.91 8.93 7.83 5.87 9.73
18to 19 142,376 10.85 8.91 8.93 7.83 5.17 9.81
19 to 20 142,376 10.85 8.91 8.93 7.83 4.81 9.75
20 to 21 142,376 10.85 8.91 8.93 7.83 4.81 9.24
21t022 109,149 10.85 8.91 8.93 7.83 4.81 9.24
22t023 109,149 10.85 8.91 8.93 7.83 4381 9.24
23 t0 24 109,149 10.85 8.91 8.93 7.83 4.81 9.24
24 to 25 72,057 10.85 8.91 8.93 7.83 4.81 9.24
251026 72,057 10.85 8.91 8.93 7.83 4.81 9.24
26 to 27 72,057 10.85 8.91 8.93 7.83 4.81 9.24

27t0 28 49841 10.85 8.91 8.93 7.83 4.81 9.24



27t0 28 49841
28t0 29 49841
29t0 30 49841
30 to 31 26466
31to 32 26466
321033 26466
33to 34 19704

Hypolimnion NEP (mg C d")
Epilimnion NEP (mg C d*)
Total NEP (kg C)

Average NEP (kg C d) -44

du Nord

€,

Epilimnetic Respiration (mg C m™ d"')
Epilimnetic Production (mg C m* d™')

Depth Volume

Oto 1 832,780
1t02 750,484
2t03 656,868
3t04 533,369
4t05 464,351
5t06 418,052
6to7 366,558
7to 8 271,148
8to9 214,078
9to 10 189,405
10to 11 169,478
11to0 12 150,713
12to 13 131,562
13to 14 111,175
1410 15 89,053
15t0 16 65,234
16to 17 41,522
17t0 18 26,702
181019 16,993
191020 7,652
20 to 21 870

Hypolimnion NEP (mg C d')
Epilimnion NEP (mg C d")
Total NEP (kg C)

Average NEP (kg C d') 17

10.85
10.85
10.85
10.85
10.85
10.85
10.85

32

10-May

80.4
82.4

10-May
9.97
10.01
9.96
9.91
9.95
9.73
9.01
8.76
8.77
8.50
8.29
8.26
8.24
8.23
8.21
8.00
7.48
7.29
7.10
6.91
6.72

39

8.91
8.91
8.91
8.91
8.91
8.91
8.91

-55978297
-29913126
-86

21

18-Jun
3

73.2
90.3

18-Jun
8.77
8.77
9.22
9.06
8.66
7.70
7.16
6.74
6.67
6.62
6.15
5.89
5.52
5.23
4.94
4.65
4.36
4.07
3.78
3.49
3.20

-43949545
47426870
3

16

8.93
8.93
893
893
8.93
8.93
8.93

-3005475.4
11141852
8

25

04-Jul
3

78.9
134.4

04-Jul
7.59
7.59
7.58
7.57
8.08
6.80
6.14
5.81
5.70
5.71
5.60
5.15
4.70
4.37
3.92
3.47
3.02
2.60
2.18
1.76
1.34

44441272
153790640
109

28

7.83
7.83
7.83
7.83
7.83
0.00
0.00

4.81
4.81
0.00
0.00
0.00
0.00
0.00

-37577151-29227911
18479942 -13458546 -55434262

182

9.24
9.24
9.24
9.24
9.24
9.24
9.24

-55

19-Oct

12.6
9.0

19-Oct
9.72
9.75
9.72
9.66
9.68
9.64
9.67
9.66
9.72
9.69
9.77
9.75
9.80
9.78
9.85
9.84
9.83
9.84
9.85
9.85
9.86

-40

-19 -43
39 48
01-Aug  11-Sep
3 5
60 108
93.3 98.9
01-Aug  11-Sep
8.34 8.70
8.33 8.60
8.33 8.65
8.41 8.63
8.22 8.48
6.40 7.70
5.00 5.99
443 1.40
434 2.04
4.67 3.52
4.59 3.78
4.17 4.12
3.55 343
3.01 3.12
0.46 3.37
0.00 1.19
0.00 0.35
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
-24204506 -3711657
92385324 -33414971 -40401107
68 -37
4] 38



Ouimet

€.

Epilimnetic Respiration (mg C m” d™")
Epilimnetic Production (mg C m* d")

Depth Volume

Otol 224,990
l1to2 224,990
2t03 226,710
3to4 228,431
4t05 228,431
5t06 257,763
6to7 257,763
7to08 201,639
8t09 145,514
9to 10 145,514
10to 11 157,968
11to 12 157,968
12t0 13 131,422
13to 14 104,875
14to 15 104,875
15t0 16 94,879
16to 17 94,879
17t0 18 96,190
18t0 19 97,501
19 t0 20 97,501
20 to 21 211,389
21t022 211,389
22t023 159,377

Hypolimnion NEP (mg C d™")
Epilimnion NEP (mg C d)
Total NEP (kg C)

Average NEP (kg C d") -62

Pin Rouge

€;

Epilimnetic Respiration (mg C m* d™")
Epilimnetic Production (mg C m> d™')

Depth Volume

Ot 1 132634.32
1to2 122431.68
2t03 100388.6
3to4 92666.4
4t05 67148.64
5t06 61983.36

6to7 43060.68

13-May
2.00
48.9
60.3

13-May
12.01
12.24
12.19
11.89
11.64
11.49
-10.94
10.69
10.34
9.80
9.32
9.07
8.81
8.65
8.48
8.37
8.26
7.93
7.59
7.24
6.89
6.36
5.82

30

29-May
1.00
111.9
224.6

29-May
10.07
10.10
10.00
10.55
9.05
6.87
5.82

12-Jun
3.00
849
78.3

12-Jun
9.78
9.86
9.83
9.80
10.46
11.32
11.62
10.94
9.81
9.39
9.27
8.94
8.61
8.44
8.27
8.12
7.97
7.49
7.01
6.53
5.76
5.00
423

-13194373
-5991900
-19

20

17-Jun
1.00
119.1
113.0

17-Jun
8.76
9.15
8.29
5.73
4.53
5.73
4.53

02-Jul
3.00
99
123.1

02-Jul
8.97
8.87
8.82
8.69
9.82
11.14
11.92
11.81
9.37
8.50
8.17
8.03
7.90
1.7
7.51
7.13
6.75
6.38
6.02
5.65
4.15
2.65
1.14

-37946461
21786259
-16

27

07-Jul
1.00
85.2
1854

07-Jul
7.66
7.80
7.39
6.72
3.76
2.53
1.53

29-Jul
4.00
453
47.7

29-Jul
10.21
9.90
9.82
9.73
9.67
10.62
11.57
11.41
8.96
7.38
6.92
6.95
6.97
6.78
6.58
6.90
7.21
6.47
5.73
5.00
3.91
2.83
1.74

03-Sep
5.00
57.6
62.6

03-Sep
9.32
9.33
9.34
9.35
9.35
9.28
9.82
11.47
9.59
6.33
5.26
5.19
5.11
5.23
5.34
5.76
6.17
5.39
4.60
3.64
2.69
1.73
0.78

-13244556 -23115341
2743195 -7876673

-11
36

01-Aug
1.00
88.8
144.5

01-Aug
8.23
8.30
8.58
6.30
2.42
1.37
0.85

<31
70

08-Sep
3.00
99
105.7

08-Sep
8.64
8.72
8.67
7.93
1.07
0.20
0.16

183

12-Nov

34.2
259

12-Nov
10.02
9.99
9.96
9.95
9.94
9.94
9.93
9.92
9.91
9.94
9.96
9.96
9.96
9.96
9.96
9.96
9.96
9.96
9.96
9.96
9.96
9.96
9.96

-2.330E8
-233

27-Oct

42
27.5

27-Oct
8.74
8.74
8.72
8.72
8.61
8.56
8.59
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6to7 43060.68 5.82 4.53 1.53 0.85 0.16 8.59
7to8 39,748 4.50 438 0.07 0.12 0.16 8.56
8t09 25,927 3.45 3.43 0.05 0.09 0.13 8.29
9t0 10 23,932 1.92 0.61 0.02 0.00 0.09 8.63
10to 11 12,226 0.73 0.00 0.00 0.00 0.10 0.30
11to12 11,285 0.69 0.00 0.00 0.00 0.09 0.27
12to 13 3,443 0.54 0.00 0.00 0.00 0.09 0.00
1310 14 3,179 0.00 0.00 0.00 0.00 0.00 0.00
Hypolimnion NEP (mg C d") -18850230 -12242903  -1603342 -1247823.6 73862.758
Epilimnion NEP (mg C d") 803764 13291285 19798821  24411462-10293855
Total NEP (kg C) 220 1 18 23 -10

19 20 25 63 49
Average NEP (kg C d'") 7
Rouge 15-May 11-Jun 01-Jul 05-Aug  09-Sep  27-Oct
e, 3 4 4 6 7
Epilimnetic Respiration (mg C m> d) 22.8 48 70.2 42,9 46.8 27
Epilimnetic Production (mg C m* d) 29.8 51.8 71.2 64.5 375 12.9
Depth Volume 15-May 11-Jun 01-Jul 05-Aug  09-Sep  27-Oct
Otol 647572.09 11.13 9.62 8.28 8.46 8.61 9.24
1to2 59323527 11.09 9.65 8.28 8.50 8.56 9.18
2t03 5557272 11.16 9.65 8.27 8.63 8.55 9.15
3to4 524854.8 10.98 9.68 8.25 8.72 8.56 9.14
4105 493748.68 10.83 9.69 8.25 8.76 8.59 9.16
5t06 456462.05 10.50 10.17 10.06 8.72 8.58 9.13
6to7 414457.88 10.15 10.35 10.81 8.80 8.55 9.16
7t08 357365.75 9.83 10.55 11.33 11.08 8.49 9.14
8t0 9 293087.52 9.61 10.46 11.54 11.28 8.24 9.17
9to 10 232075.71 9.27 8.89 9.95 9.56 7.13 9.18
10to 11 185850.99 9.11 8.43 7.45 6.22 4.60 9.20
11to 12 151212.69 8.67 7.78 6.75 522 2.53 9.20
12to 13 116364.05 8.64 7.52 6.51 472 1.84 9.18
13t0 14 86397.758 8.30 7.35 6.33 4.63 1.77 9.10
14t015 64134.334 8.20 7.08 6.12 4.62 1.31 8.55
15t0 16 49209.757 8.07 7.00 5.84 420 0.74 8.29
16to 17 36777.038 7.90 6.05 5.62 4.03 0.30 7.92
17t0 18 27631.742 7.88 5.89 5.40 3.86 0.00 7.79
18t0 19 19941.359 7.54 5.49 5.18 3.69 0.00 0.40
19 t0 20 12907.248 7.44 5.09 4.96 3.52 0.00 0.00
20 to 21 6083.1373 7.23 4.69 4.74 3.35 0.00 0.00
211022 1765.1187 7.08 429 4.52 3.18 0.00 0.00
22023 56.141434 6.92 3.89 4.30 3.01 0.00 0.00
Hypolimnion NEP (mg C d') -5134711.7 4245762.7 -12071142-30141959
Epilimnion NEP (mg C d") 10556768 2927744 79766294 -37603841 -84892023
Total NEP (kg C) 5 7 68 -68 -85

27 20 35 35 48

Average NEP (kg C d'") -13



des Sables 14-May
e, 3
Epilimnetic Respiration (mg C m™ d™') 33
Epilimnetic Production (mg C m> d™") 43.0
Depth Volume 14-May
Oto 1 782,801 10.30
lto2 782,801 10.33
2t03 782,801 10.36
304 759,080 10.36
4t05 759,080 10.31
5to6 759,080 10.10
6to7 615,206 9.54
Tto8 615,206 9.30
8to9 615,206 9.00
9to 10 317,143 8.78
10to 11 317,143 8.65
11to 12 317,143 8.60
12to 13 207,819 8.53
13to 14 207,819 8.29
141015 207,819 8.12
15to 16 150,578 8.03
16to 17 150,578 7.93
17t0 18 150,578 7.86
18to 19 80,446 1.73
19 t0 20 80,446 7.59
20 to 21 80,446 7.46
21t022 46,927 7.32
221023 46,927 7.19
231024 46,927 7.06
Hypolimnion NEP (mg C d*)
Epilimnion NEP (mg C d)
Total NEP (kg C)

26
Average NEP (kg C d") 41
St. Joseph 22-May
€ 5
Epilimnetic Respiration (mg C m* d'') 435
Epilimnetic Production (mg C m* d™') 34.8
Depth Volume 22-May
Otol 341286 9.71
1to2 329415 9.82
2t03 318534 9.84
3t04 354227 9.81
4t05 341906 9.80

5to6 330612 9.79

09-Jun
3
46.2
473
09-Jun
9.50
9.58
9.69
9.68
9.86
9.95
9.92
9.56
9.48
8.45
8.19
7.85
7.50
7.58
7.33
7.22
7.00
6.77
6.55
6.32
6.10
5.88
5.65
543

-19075125
3480382
-16

24

16-Jun
5
116.1
102.0

16-Jun
8.92
8.99
9.31
9.56
9.49
9.22

03-Jul
4
81.6
76.6
03-Jul
7.89
71.79
7.93
8.07
8.04
9.71
9.93
9.61
8.80
8.14
7.31
6.90
6.52
6.10
5.94
534
498
4.37
3.99
3.60
322
2.83
245
2.07

-49258384
-19526151
-69

33

3-Jul

66.6
158.5

3-Jul
8.12
8.12
8.15
8.14
8.67
9.83

05-Aug  10-Sep
5 8

525 58.8
77.9 56.1
05-Aug  10-Sep
8.51 8.38
8.53 832
8.54 8.30
8.59 8.29
8.60 8.28
8.47 8.25
8.26 8.19
9.77 8.05
9.98 7.42
8.74 5.36
7.05 433
5.88 3.57
5.23 2.82
4.82 2.28
429 1.78
3.76 1.27
3.23 0.39
2.70 0.00
2.17 0.00
1.64 0.00
1.11 0.00
0.58 0.00
0.05 0.00
0.00 0.00
-24913318-48766688
117630142-17731256
93 -66

36 46
5-Aug  10-Sep
4 6
62.7 74.4
93.9 64.8
5-Aug 10-Sep
8.34 8.32
8.37 8.30
8.35 8.28
8.47 8.27
8.16 8.24
8.07 8.16

185

26-Oct

303
21.1
26-Oct
9.93
9.89
9.86
9.84
9.83
9.74
9.33
9.80
9.85
9.83
10.14
10.14
10.14
10.14
10.14
10.14
10.14
10.14
10.14
10.14
10.14
10.14
10.14
10.14

-2.021E8
-202
165

26-Oct

26-Oct
9.35
9.30
9.23
9.18
9.11
9.05



7108 189077
8t09 182831
9t0 10 148440
10to 11 143277
11to 12 138544
12to 13 147172
13t0 14 142053
14to0 15 137360
15to 16 110886
16to 17 107029
17to 18 103494
18to 19 97184
19 to 20 93804
20to 21 90705
21 to 22 64197
22t0 23 61964
241025 59917
25t026 30703
26 to 27 29635
27t0 28 28656
281029 24359
29030 23512
30to 31 22735
31to 32 7105
32t0 33 6858
33to 34 6631

Hypolimnion NEP (mg C d*)
Epilimnion NEP (mg C d")
Total NEP (kg C)

Average NEP (kg C d) -1

Tremblant

=

Epilimnetic Respiration (mg C m™d™")
Epilimnetic Production (mg C m* d™)

Depth Volume
Oto 1 2,173,744
1to2 2,173,744
2t03 2,173,744
304 2,173,744
4105 2,173,744
5t06 2,173,744
6to7 2,173,744
Tto8 1,956,304
8t 9 1,650,778
1,650,778

9to 10

9.55
9.29
9.19
9.08
8.99
9.00
9.92
8.91
8.92
891
8.89
8.84
8.82
8.81
8.79
8.77
8.75
8.74
8.72
8.70
8.68
8.67
8.65
8.63
8.61
8.60

25

13-May

7.5
6.6

13-May
12.00
12.10
12.10
12.08
12.02
12.02
12.09
12.09
12.07
12.06

8.76
8.78
8.64
8.53
8.51
8.52
8.56
8.61
8.55
8.59
8.57
8.56
8.54
8.52
8.50
8.49
8.47
8.45
8.43
8.42
8.40
8.38
8.36
8.35
8.33
8.31

-14548423
-28445463
-43

17

12-Jun
9

10.8
154

12-Jun
10.82
10.81
10.79
10.80
10.81
10.88
10.94
11.01
11.05
11.12

8.35
8.22
8.20
7.99
7.88
7.88
7.85
7.85
7.82
7.78
175
7.71
7.68
7.64
7.61
7.57
7.54
7.50
7.47
7.43
7.40
7.36
7.33
7.29
7.26
7.22

-29821041
123490966
94
33

02-Jul
4

345
430

02-Jul
9.44
9.32
9.25
9.25
9.24
9.85
10.38
10.48
10.56
10.6

7.85
7.66
7.58
7.53
7.37
7.31
7.23
7.14
7.06
6.97
6.88
6.79
6.71
6.62
6.53
6.44
6.36
6.27
6.18
6.09
6.01
592
5.83
5.74
5.65
5.57

6.76
5.68
5$.m
5.74
5.65
5.61
5.53
5.52
5.48
5.47
5.44
5.40
5.37
533
5.30
5.26
523
5.19
5.16
5.12
5.09
5.05
5.02
4.98
4.95
491

-20820622-27466160
52617166-21167591

32
36

29-Jul
7

15
395

29-Jul
9.74
9.64
9.62
961
9.61
9.60
9.62
9.62
9.89
10.35

-49
46

03-Sep

21.3
19.5

03-Sep
9.03
9.03
9.02
9.02
9.02
8.99
8.95
8.94
8.92
8.8

186

9.04
9.07
9.08
9.12
9.13
9.14
9.15
9.32
8.24
8.22
6.54
5.96
4.36
3.98
3.13
227
1.60
0.38
0.85
0.85
0.67
1.22
0.00
0.00
0.00
0.00

-6888862
-7

12-Nov

22.5
14.4

12-Nov
10.68
10.67
10.66
10.66
10.66
10.66
10.66
10.66
10.66
10.66



10to 11
11to 12
12t0 13
i3to 14
14to0 15
15t0 16
16to 17
17t0 18
18to 19
19 to 20
20to 21
21 to 22
22t023
24 to 25
251026
26 to 27
27 to 28
28 to 29
29 to 30
30to 31
31t032
32t033
33to 34
34 to 35
351036
36 to 37
371038
38to0 39
39t0 40
40 to 45
45 to 50
50 to 55
55 to 60
60 to 65
65 to 70
70 to 75
75 to 80
80 to 85
851090
90 to 95
95 to 100

Hypolimnion NEP (mg C d*)
Epilimnion NEP (mg C d")
Total NEP (kg C)

Average NEP (kg C d)

1,650,778

1,650,778
1,650,778
1,650,778
1,650,778
1,819,166
1,863,928
1,863,928
1,863,928
1,863,928
1,863,928
1,863,928
1,759,893
1,301,575
1,301,575
1,301,575
1,301,575
1301575
1301575
1301575
1172687
1079354
1079354
1079354
1079354
1079354
1079354
1079355
539904
2630361
1591096
1064140
929696
865207
802487
600901
654416
682216
555550
325666
132380

-270

12.05

12.03
12.02
12.00
11.99
11.98
11.98
11.97
11.97
11.97
11.97
11.96
11.96
11.95
11.96
11.96
11.96
11.95
11.96
11.96
11.95
11.95
11.95
11.95
11.95
11.95
11.95
11.95
11.95
11.95
11.95
11.95
11.95
11.95
11.95
11.95
11.95
11.95
11.95
11.95
11.95

30

a1

11.33
11.40
11.42
11.44
11.46
11.53
11.55
11.55
11.57
11.57
11.59
11.60
11.61
11.61
11.62
11.63
11.63
11.63
11.63
11.63
11.63
11.63
11.65
11.65
11.65
11.65
11.65
11.65
11.65
11.65
11.65
11.65
11.65
11.65
11.65
11.65
11.65
11.65
11.65
11.65

-206901121
93361754
-114

20

10.73
10.78
10.84
10.89
10.86
10.92
10.94
10.95
11.00
10.98
11.04
11.07
11.10
11.13
11.16
11.18
11.19
11.19
11.19
11.20
11.20
11.21
11.22
11.23
11.24
11.24
11.24
11.24
11.24
11.24
11.24
11.24
11.24
11.24
11.24
11.24
11.24
11.24
11.24
11.24
11.24

-466270353
92818875
-373

27

e e b e 5
10.23 9.11
10.29 9.45
10.31 9.50
10.30 9.56
10.37 9.74
10.44 9.64
10.44 9.58
10.43 9.68
10.43 9.78
10.42 9.91
10.45 10.04
10.48 10.09
10.49 10.14
10.50 10.19
10.52 10.21
10.52 10.23
10.53 10.25
10.53 10.25
10.54 10.25
10.55 10.26
10.55 10.26
10.55 10.29
10.55 10.32
10.55 10.35
10.55 10.38
10.56 1041
10.56 10.41
10.56 10.42
10.56 10.43
10.56 10.44
10.56 10.44
10.56 10.44
10.56 10.45
10.56 10.45
10.56 10.45
10.56 10.45
10.56 10.45
10.56 10.46
10.56 10.46
10.56 10.46
10.56 10.46

-372826526 -1.7486E8

187

10.65
10.65
10.65
10.65
10.65
10.65
10.65
10.65
10.65
10.66
10.67
10.67
10.66
10.65
10.63
10.64
10.64
10.64
10.64
10.62
10.60
10.59
10.58
10.57
10.56
10.56
10.56
10.56
10.56
10.56
10.56
10.56
10.56
10.56
10.56
10.56
10.56
10.56
10.56
10.56
10.56

420898289-37877027 -9.6418E8

48 =213
36 70

-964



188

a la Truite 14-May 09-Jun 03-Jui 03-Aug 10-Sep  26-Oct
e, 3 4 4 4 7 15
Epilimnetic Respiration (mg C m> d") 42.9 41.7 33.9 64.8 29.4 492
Epilimnetic Production (mg C m” d") 46.9 423 45.6 110.8 53.8 324
Depth Volume 14-May 09-Jun 03-Jul 03-Aug  10-Sep  26-Oct
Oto 1 493,738 10.80 9.38 8.24 8.79 8.52 10.07
1to2 455,683 10.76 9.43 8.27 1.79 8.50 9.94
2t03 419,054 10.72 9.43 8.29 8.84 8.52 9.89
3t04 391,966 10.71 9.60 8.29 8.88 8.49 9.88
4105 366,572 10.48 9.67 8.26 8.90 8.48 9.86
5to6 335,688 10.33 9.78 10.18 8.85 8.47 9.85
6to7 296,287 10.00 9.79 10.59 9.00 8.46 9.87
7to08 262,753 9.66 9.98 10.36 10.60 8.34 9.74
8to9 239,769 9.56 9.85 10.37 10.84 8.63 9.92
9to 10 218,733 9.54 9.85 9.23 10.96 10.55 9.92
10to 11 198,847 9.30 8.89 9.50 11.89 10.13 9.95
11t012 180,432 9.24 8.45 8.83 9.50 8.54 9.96
12t0 13 162,271 9.05 8.04 8.30 7.31 6.51 10.00
13 to 14 144,964 8.88 7.84 7.54 6.93 5.58 10.00
14to 15 129,704 8.77 7.56 7.33 6.60 4.54 9.73
15t0 16 114,972 8.64 7.08 6.85 6.15 3.7 7.74
16to 17 100,896 8.07 6.92 6.73 6.15 2.68 4.00
7t0 18 87,022 7.94 6.59 6.27 5.44 1.60 1.55
18 to 19 72,354 7.81 6.26 5.81 473 0.56 0.55
19 t0 20 55,857 7.58 5.95 5.49 436 0.00 0.00
20 to 21 36,422 7.34 5.64 5.18 3.99 0.00 0.00
21t022 17,386 7.11 5.32 4.86 3.61 0.00 0.00
221023 1,202 6.87 5.01 4.54 3.24 0.00 0.00
Hypolimnion NEP (mg C d*) -16527037 5776349.3 -5132408.8-27293885  -33095
Epilimnion NEP (mg C d") 1169857 24822239 97778778 73700261 -1.028E8
Total NEP (kg C) -15 31 93 46 -103
26 24 31 38 46

Average NEP (kg C d) 18

d'Argent 05-May 22-Jul 02-Nov

Oto1l 9.48 7.97 10.11

1to2 9.59 7.99 10.07

2t03 9.53 7.96 10.08

3to4 9.16 7.93 10.04

4t05 8.87 6.49 10.01

5t06 8.97 2.97 9.97

6to7 8.4 1.95 9.96

7t08 7.68 1.55 9.91

8to9 7.35 1.01 9.93

9to 10 7.3 1.01 10.01

10to 11 7.08 0.73 10.02

1fto 12 6.93 0.63 10.02

12to 13 6.71 0.5 9.97



13to0 14

Bowker

Depth
Otol
lto2
2t03
3to4
4t05
5t06
6to7
Tt08
8to9
9t0 10
10to 11
11to 12
12to 13
13to 14
14to 15
15to 16
16to 17
17to 18
18to 19
19t0 20
20 to 21

Brome
Depth
Otol
1to2
2t03
3to4
4t05
5to6
6to7
7to8
8to9
9t0 10
10to 11
11to 12

Orford
Depth
Oto 1
1to2
2to3
3to4
4t05
5t06
6to7

05-May
10.51
10.88
10.95
10.96
11.26
11.47
11.68
11.76
11.85
11.92
11.75
11.6
11.53
11.4
11.31
11.27
11.17
11.14
11.06
10.99
10.98

06-May
11.24
11.35
10.63
10.54
10.48
9.95
9.34
9.03
8.78
5.7
5.36
24

05-May

10.43
10.47
10.53
10.53
10.54
10.64

12.1

0.37

22-Jul
8.54
8.56
8.54
8.54
8.54
8.54
8.59
9.29
11.27
11.77
12.15
12.2
12.32
12.33
12.25
12.27
12.01
12
11.73
11.69
11.61

23-Jul
7.85
7.82
7.82
7.77
7.74
7.56
7.04
4
0.72
0.16
0.15

22-Jul
8.78
8.79
8.8
8.82
8.81
8.82
12.02

9.95

02-Nov
10.48
10.47
10.48
10.46
10.47
10.47
10.5
10.51
10.57
10.59
10.65
10.67
10.73
10.75
10.81
10.82
10.87
10.85
10.82
10.53
10.15

03-Nov
10.46
10.4
104
10.39
10.38
10.37
10.39
10.42
10.46
10.49
0.56

02-Nov
10.49
10.45
10.45
10.45
10.47
10.43
10.42
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Tto8

8§t09

9to 10
10to 11
11to 12
12to 13
13to0 14
14t0 15
15to 16
16to 17
17to 18
18t0 19
191020
20 to 21

Waterloo
Depth
Otol
1to2
2to3
3tod
4105
5t06

La Péche
Depth
Otol
Ito2
2t03
3to4
4t05
5t06
6to7
7t08
8109

Phillippe
Depth
Otol
1to2
2t03
3to4
4t05
5t06
6to7
7to8
8t09
91010
10to 11
11to 12

12.19
12.17
12.16

11.2
11.24
1111

111
10.98
10.98
10.98
10.88

10.8
10.79
10.71

06-May
10.27
10.25
9.6
8.99
7.85
2.71

03-Jun
9.86
9.67
9.75
9.83
9.71
9.47
94
9.3
7.16

03-Jun
10
9.99
9.99
10.03
10.03
10.03
10
992
9.71
9.27
8.3
8.07

13.36
13.34
13.16
12.65
12.35
12.05
11.37
11.21
11.01
10.93
10.78
10.22
10.22
10.22

23-Jul
8.18
8.21
7.83
6.23
4.8

25-Jul
8.74
8.865
8.99
8.98
8.99

8.7
432
0.82

25-Jul
8.45
8.44
8.45
8.42
8.39
8.37
8.56
9.23
6.63
4.71
2.93
2.06

10.43
10.43
10.44
10.43
10.46
10.51
10.53
10.52
10.48
10
92
9.06
8.87
8.83

03-Nov
8.95
8.88
8.75
8.84
8.83
8.67

31-Oct
8.95
8.88
8.86
8.86
8.81
8.81
8.76
8.81
8.88

31-Oct
9.44
9.4
94
9.38
9.38
9.38
9.4
9.44
9.49
9.54
9.6
9.7
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