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il
ABSTRACT

Ecosystem Carbon Cycles: Whole-Lake Fluxes Estimated with Multiple Isotopes

DARREN LEE BADE

Under the supervision of Professor Stephen R. Carpenter

At the University of Wisconsin-Madison

Inorganic °C additions to lakes were used to: 1) determine the atmospheric flux of
CO; isotopes in high pH lakes, 2) examine models of photosynthetic fractionation in
planktonic algae, 3) estimate the relative contribution of algal and terrestrial sources of
dissolved organic carbon (DOC), and 4) validate a combined bioenergetics/carbon model for
Chaoborus.

Stable carbon isotope analysis has advanced the understanding of carbon flow in lake
ecosystems. However, this approach is sometimes constrained by the limited range of carbon
isotope signatures (613C) found in nature. To overcome some of these limitations, inorganic
3C was added to the surface water of Paul and Peter lakes in 2001, and to Peter and Tuesday
lakes in 2002. Peter Lake also received nutrient additions in 2002 to stimulate primary
productivity. Photosynthetic uptake of added BC created algal isotope signatures that were
distinct from those of terrestrial organic carbon. Addition of B¢ also caused a large increase

in 83C of many other C pools. After the additions ended the 813C of these pools gradually
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returned to background levels. Natural abundance 8"3C does not display such dynamics. The
dynamic isotope signatures allowed us to estimate ecosystem and organism level carbon flux
rates.

Increased algal productivity generally is considered to increase the 8'%C of dissolved
inorganic carbon (DIC). However, increased productivity in Peter Lake caused conditions of
low dissolved CO,, high pH, and chemically enhanced diffusion of atmospheric CO, into the
lake. Isotopic fractionation of CO, during the process of chemically enhanced diffusion
created very negative 813C-DIC (about -20%o).

An accurate estimate of algal 8'°C, either by measurement or models, is necessary to

evaluate the 8'°C of other organic carbon pools. Algal 8!3C is dependent on the source §13C-
DIC and photosynthetic fractionation. Existing models of photosynthetic fractionation did
not accurately predict algal §13C in these study lakes. In addition, algal 813C may not be
equivalent to particulate organic carbon 813C because of the presence of non-algal material,
such as terrestrial detritus. Therefore, studies that require algal carbon signatures or estimates
of photosynthetic fractionation should use models of photosynthetic fractionation cautiously,
and instead, should directly estimate algal 8!3C by physical or chemical separation of algal
carbon.

I used the distinct algal §"°C to estimate the contribution of algal carbon to the

dissolved organic carbon pool. The DOC isotope signature increased in all four whole-lake

experiments due to the addition of BC labeled algal DOC. Between 5-40% of the dissolved

organic carbon pool is of algal origin in the four lakes studied. Percentage of algal



iv

contribution appears to be positively related to levels of primary productivity, and inversely
related to water color, a potential indicator of terrestrial carbon loading.

Algal-fixed B¢ was also observed in herbivorous and predatory zooplankton. I
constructed a bioenergetics model of Chaoborus spp. coupled with a carbon isotope mass
balance model to predict dynamics in Chaoborus isotope ratios. The model reasonably
reproduced the observed Chaoborus 8!2C dynamics. This model framework can be applied to
organismal isotope studies where diet isotope signatures are dynamic or the consumer is not

in equilibrium with the diet isotopic composition.
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Thesis Introduction

Stable isotope analysis has been increasingly used in ecological studies (Peterson and
Fry 1987). Appendix I presents stable isotope notation and conventions used throughout this
thesis. Natural abundances of C stable isotopes can be used for modeling carbon flows in
many ecosystems including lakes (Quay et al. 1986) or to estimate sources of carbon
important in animal diets (France et al. 1997, Jones et al. 1998). Weaknesses in the use of
carbon stable isotope arise when different sources of carbon do not have distinct signatures
(France 1996). This limitation has been overcome by experimentally manipulating the
isotope ratios of one of the sources (Cole et al. 2002). This thesis takes advantage of an
experimental addition of inorganic 13C to three lakes. These additions dramatically altered
the isotope signature of dissolved inorganic carbon (DIC) and thus labeled the algal organic
C, which can then be traced throughout the lake ecosystem and food web.

For the initial understanding of the isotope addition experiments it is necessary to
question how cycling of dissolved inorganic carbon (DIC) influences the isotopic ratios of
DIC in lakes. For a particular lake, the relationship between hydrologic inputs, metabolism,
sedimentation, atmospheric exchange and carbonate chemistry all potentially influence the
isotopic signature of DIC (8'*C-DIC). Bade et al. (2004) showed that in many lakes the
balance between respiration (R) and gross primary productivity (GPP) caused much of the
variation in 8'>C-DIC. It is generally assumed that R causes $13C-DIC to decrease and GPP
caused §"°C-DIC to increase (Rau 1978, Stiller and Nissenbaum 1999). However, the DIC

isotopic cycling in net autotrophic (GPP>R) or eutrophic lakes is enigmatic (Herczeg and



Fairbanks 1987, Gu et al. 1996, Bade et al. 2004). The uncertainty in understanding of DIC
cycling in lakes with high productivity is related to the process of chemically enhanced
diffusion of CO, and its associated isotopic fractionation.

Chapter 1 deals with inorganic carbon cycling in Peter Lake and specifically
determines the importance of isotopic fractionation under conditions of chemically enhanced
diffusion. The experimental addition of inorganic nutrients to Peter Lake stimulated

increased GPP. The increased levels of productivity drew down CO, concentration and

increased pH. When pH is high, the large concentration of OH" reacts with CO; at the air-
water interface to increase the flux of CO,. Craig (1953) demonstrated that this reaction
fractionates carbon much differently than purely physical exchange. In Peter Lake,
chemically enhanced diffusion caused up to a seven-fold increase in the mass transfer
coefficient of CO,. The resulting fractionation caused 813C-DIC to decrease to approximately
-20%o.

A critical component of stable isotope studies, and the experiments presented here, is
a clear characterization of the algal carbon signature. Several models, based on physiological
constraints and empirical laboratory data, exist to predict the fractionation that takes place
when inorganic carbon becomes organic carbon in the process of photosynthesis (Laws et al.
1997, Popp et al. 1998). Therefore, by measuring the isotopic signature of the inorganic
carbon it should be possible to estimate the carbon isotopic signature of algal material.
Models similar to these have been used in a broad range of carbon stable isotope studies
ranging from paleolimnology to food web analysis (e.g. Brenner et al. 1999, Karlsson et al.

2003). However there has been little testing of the applicability of the models to field



settings in freshwater lakes (Yoshioka 1997). The second chapter will analyze the utility of
the models of photosynthetic fractionation for freshwater lakes.

In addition to the experimental addition of inorganic 3¢, Chapter 2 employs a
comparative approach to examine photosynthetic fractionation (gp) in a broad range of lakes.
One of the most influential parameters predicting €,, determined from previous work, was the
concentration of CO, (Francois et al. 1993, Laws et al. 1995). In the comparative studies this
factor was generally not correlated with €,. Models containing both CO; and algal growth
rate bracketed the values of g, in the comparative study. No single model was suitable for all
the lakes, however.

The inorganic ">C addition created distinct algal signatures. However, the
experiment’s highly dynamic results did not allow an accurate estimate of €. The experiment
did show that in some lakes there could be a large proportion of terrestrial material in the
POC. This terrestrial carbon skewed POC isotopic signatures away from the actual algal
signature. In addition, there can be carryover in the POC isotopic signature when the algal
biomass is very large such that instantaneous measurements 8'*C-CO, and 8"C-POC may
not accurately reflect the actual &,. In general, the application of models of photosynthetic
fractionation did not seem reasonable, especially across a broad range of lakes.

Chapter 3 utilizes the distinct algal signatures created by the B3¢ additions to
determine the relative contributions of algal and terrestrial carbon to lake ecosystems,
specifically the contribution to the dissolved organic carbon (DOC) pool. Much work has
been done on the characteristics of terrestrial and algal DOC. However there have been few

studies comparing the contribution of algal and terrestrial carbon on a whole-lake scale



(Likens 1985, Schindler et al. 1992). Often lakes are considered to be dominated by either
terrestrial (Rasmussen et al. 1989) or algal carbon (McKnight et al. 1997). Chapter 3 shows
that both terrestrial and algal DOC are important sources of DOC in lakes. There is an
indication that the algal contribution can be estimated based on gross primary production and
the terrestrial contribution based on water color.

The inorganic *C additions also resulted in isotopic changes in most of the
organisms. This experiment allowed for the determination of the relative amount of algal
versus terrestrial carbon in organisms (Pace et al. 2004). The final chapter (4), utilizes the
dynamics in Chaoborus 813C to examine the utility of a bioenergetics model for Chaoborus.
Several studies have incorporated bioenergetics models of Chaoborus to show the impact
their predation has on zooplankton (Elser et al. 1987, Yan et al. 1991), and other studies have
incorporated organism (fish) growth into isotope dynamics (Hesslein et al. 1993, Vander
Zanden et al. 1998, Harvey et al. 2002). However, the model presented here may be the first
to combine the energetic balance of bioenergetics with a mass balance for both carbon
isotopes. The model simulated Chaoborus carbon isotope dynamics well. However, it
remains to be tested whether such a model would work under conditions where organisms are
not growing, but only receiving maintenance rations. Under these conditions tissue turnover
would be more important than growth and there is an important distinction between energy or
carbon that is used for maintenance respiration, but never becomes incorporated into new
tissue.

As a final issue I hoped to examine was the relative contribution of algal and
terrestrial carbon to the biomass of zooplankton across a gradient of lake size. Small lakes

tend to have larger inputs of terrestrial organic carbon due to the increased shoreline



perimeter to lake volume ratio and increased watershed area to lake area ratio (Schindler
1971). In addition particulate deposition declines exponentially with distance from shoreline
(Gasith and Hasler 1976). Therefore it seems likely that conclusions about the allochthonous
carbon contribution to zooplankton nutrition (Pace et al. 2004) should be partially a function
of lake area. In conjunction with one of the comparative studies in Chapter 2, I collected
zooplankton samples for isotope analysis. The results are presented in Appendix II. To
consider the relative contribution of algal and terrestrial material a two end-member mixing
model could be employed. The end-member isotope signatures are the measured algal
signature and an assumed terrestrial signature of -27%o (Lajtha and Michener 1994).
However in a large number of cases, the 8'3C of zooplankton was outside of the range of
these two end-members (Appendix II). Percent allochthonous contribution cannot be
calculated under these conditions and this suggests that another food source not sampled was
contributing a to a large fraction of zooplankton nutrition. Natural abundance isotope
analysis should be viewed with caution since erroneous conclusions can be reached if not all
diet items are considered in analysis. Because these data could not be interpreted, I did not
attempt to write a thesis chapter about them. The data are included as Appendix II for

possible use by other researchers in the future.

NOTE: Throughout the chapters I used we to represent the collaborators who will appear as
coauthors for these manuscripts. Coauthors are: Chapter 1) J.J. Cole, Chapter 2) M.L. Pace,
J.J. Cole and S.R. Carpenter, Chapter 3) S.R. Carpenter, J.J. Cole, M.L. Pace and M. Van de

Bogert, and Chapter 4) J.F. Kitchell, S.R. Carpenter, and C. Fankhauser.
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CHAPTER

CHEMICALLY ENHANCED DIFFUSION AND ITS IMPACT ON DISSOLVED INORGANIC CARBON
STABLE ISOTOPES IN AQUATIC ECOSYSTEMS

ABSTRACT

Diffusion of CO, in water often controls the mass transfer of CO, between air and water, but
chemical reaction with OH can significantly increase flux rates. This process, chemically
enhanced diffusion (CED), greatly influences the carbon budgets of lakes with high pH.
Using floating chambers we estimated mass transfer coefficients for CO, and a non-reactive
gas, CH, in an experimentally eutrophied lake. The mass transfer coefficient for CHy did not
vary greatly between measurements (k= 0.44 £ 0.08 m d!'; mean + 1 S.D.) and agreed well
with independent estimates. The mass transfer coefficient of CO, showed 3.5X to 7.5X
enhancement. This enhancement showed expected trends with pH and temperature, but was
generally higher than model predictions. The reaction of CO, with OH strongly fractionates
carbon isotopes. When CED is prominent, chemically enhanced fractionation (CEF) impacts
dissolved inorganic carbon isotope (8'*C-DIC) dynamics. We determined the role of CEF by
modifying a model of CED to include both carbon isotopes. An addition of inorganic BC to
Peter Lake created dynamics in §'3C-DIC that were used to test the validity of the new
model. 83C-DIC decreased from approximately -9%o to -21%o; a result that was well

predicted by the model including CEF, but could not be duplicated when CEF was omitted.
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10
INTRODUCTION

The flux of CO, between air and water is one of the most important processes in the
carbon budget of aquatic ecosystems. Although many lakes are supersaturated with CO, and
a net source to the atmosphere, lakes that are highly productive and are occasionally a net
sink of atmospheric CO, (Cole et al. 1994). The flux of CO; into a lake helps support large
standing stocks of algae (Schindler et al. 1972). Under conditions of extremely high

productivity, uptake of CO, by algae causes carbonate disequilibrium and high pH. At high

pH the flux of CO, is augmented by reaction with OH" (Schindler et al. 1972, Emerson
1975).

This augmented flux, referred to as chemically enhanced diffusion (CED) has been
well documented using a variety of gas transfer models and assumptions (Bolin 1960,
Hoover and Berkshire 1969, Quinn and Otto 1971, Broecker and Peng 1974, Emerson 1975,
Wanninkhof and Knox 1996). Most measurements of CED come from wind-wave tanks or
other laboratory settings, and a few measurements have been conducted in natural lake
settings (e.g. DeGrandpre et al. 1995, Wanninkhof and Knox 1996). Chemically enhanced
diffusion can increase the mass transfer coefficient of CO, several fold depending on
conditions of pH, wind-speed and temperature. For mean oceanic conditions, the
enhancement is generally considered negligible (Wanninkhof and Knox 1996).

Stable carbon isotopes aid in the understanding of inorganic carbon cycling in lakes
(Rau 1978, Quay et al. 1986, Herczeg 1987, Bade et al. 2004). Carbon isotopes also help
constrain estimates of CO, gas transfer in coupled atmosphere-ocean models (Quay et al.
1992). Knowledge of any fractionation of CO; isotopes that occurs during transfer between

air and water is extremely important for isotopic studies of dissolved inorganic carbon (DIC).
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Fractionation due to diffusive fluxes and carbonate speciation are fairly well understood

(Zhang et al. 1995, Szaran 1998). One facet that has received a smaller amount of attention,

since its discovery, is the fractionation associated with the reaction of CO, and OH". Craig
(1953) found that the reaction of CO, with an strongly alkaline solution of Ba(OH); resulted
in dissolved inorganic carbon that was 14%o to 15%o more negative than atmospheric carbon.
Several workers examined the impact of this chemically enhanced fractionation (CEF) on the
total amount of fractionation between air-sea gas exchange and concluded that CEF did not
contribute substantially to overall fractionation for mean oceanic conditions, similar to
conclusions for CED (Siegenthaler and Miinnich 1981, Inoue and Sugimura 19835,
Wanninkhof 1985).

Chemically enhanced fractionation has been given even less consideration in lakes,
but conditions in lakes may make CEF more prominent when it occurs. For example,
Herczeg and Fairbanks (1987) observed a large flux of atmospheric CO, into Mohonk Lake
(NY) that was depleted in BC. Mohonk Lake is a soft water lake that experienced an intense
algal bloom, creating a drawdown in CO; and an increase in pH. They attributed this flux to
the fractionation that occurred because of conditions of CED. Bade and colleagues (2004)
also observed several lakes that appeared to be influenced by CEF, and noted many others
from the literature with high pH and depleted DIC isotope signatures (8"*C-DIC).

In this study we examine the role of CED and CEF in the cycling of carbon isotopes
in Peter Lake (MI). Experimental nutrient additions created high levels of primary
productivity in Peter Lake, producing conditions that should induce CED and CEF. Because
few field measurements of CED exist, we compare our field measurements of CED with a

model of CED to assess their reliability. We modify the model of CED to account for



10

15

20

12
fractionation of '*C with the goal of providing a model of CEF which allows for modeling

§'*C-DIC dynamics under varying physical and chemical conditions in aquatic systems. An
experimental addition of inorganic Bc produced §'*C-DIC dynamics which could be used to
test the validity of the CEF model. This CEF model should have wide applicability for

systems ranging from lakes to seas or other aquatic systems with high pH.

METHODS
Experimental manipulation and limnological characterization of Peter Lake

Peter Lake is a small glacial lake located in the Upper Peninsula of Michigan. It has
been the site of numerous whole-lake manipulations and is described extensively elsewhere
(Carpenter and Kitchell 1993, Carpenter et al. 2001). In 2002, Peter Lake received nutrient
amendments to increase primary productivity. Initially we added 1.25 L 85% H3PO4 and 22.7
kg NH4NOs on 3 June and then continued with daily additions of 0.2 L 85% H3PO, and 3.2
kg NH4;NOj3 from 10 June to 25 August. Nitrogen was added well in excess of P to ensure
that P remained the limiting nutrient. Nutrients were dissolved in lake water and poured
slowly over the transom of a moving boat in the central area of the lake. Peter Lake also
received additions of 50 g NaH'>CO; d! from 17 June to 21 July. We added the 13C daily to
the epilimnion of each lake between 0600 and 0800 hours. On the lake, the preweighed
amount of NaH'">CO; (>98% *C; Isotec) was dissolved with lake water in a 20 L carboy. We
injected the solution into the epilimnion with a peristaltic pump at a depth of 1 m. The boat
was rowed around the midsection of the lake while the solution was being injected to provide

good coverage of the isotope and faster mixing throughout the epilimnion.
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Samples for DIC isotope analysis were collected in 60-ml serum vials immediately

prior to the isotope addition, acidified to pH <2 with 10N H,SOj, and sealed with butyl
rubber septa and aluminum crimp caps. Samples were analyzed by the University of
Waterloo Environmental Isotope Laboratory using a Micromass Isochrome GC-IRMS.
Particulate organic carbon (POC) was collected on pre-combusted 25-mm Whatman GF/F
filters, dried at 60°C for at least 48 hrs, and fumed with HCI prior to analysis. Carbon
isotopes were analyzed using a Carlo Erba Elemental Analyzer, a Finnigan MAT Conflo
/111 interface with a Delta+ mass spectrometer by the University of Alaska-Fairbanks Stable
Isotope Facility.

Deployment of YSI sondes in the center of the lake recorded temperature, O,
concentration and pH at 5-min intervals for most of the summer period. Diel dynamics of O,
were used to estimate ecosystem gross primary productivity (GPP) and respiration (R)
according to Cole et al. (2000). Chl. a was determined weekly and samples were filtered,
frozen, extracted with methanol and determined fluorometrically (Marker et al. 1980). DIC
was determined using the method of Stainton (1973) and analyzed on a Shimadzu GC-8AIT
with a TCD detector. DIC samples were initially collected at weekly intervals along with
Chl. a at mid-morning (0830 — 1000 hours). Later, we collected daily samples for DIC at the
time of DIC isotope sampling. These daily samples were collected in 300-ml BOD bottles,

acidified and refrigerated. The daily samples of DIC were analyzed opportunistically, but

always within one week of collection. Alkalinity was calculated based on DIC, pH, and lake

water temperature (Stumm and Morgan 1996).
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Field measurements of mass transfer coefficients

Floating chambers were deployed in Peter Lake during the summer of 2002
(Bastviken et al. In review). Change in gas concentrations in the chambers was used to
estimate mass transfer coefficients. The chambers were 5 L, high-density polyethylene
buckets that floated upside-down, intercepting the air-water interface. The opening of the
chamber was approximately 5 cm below the surface of the water. Each chamber was
equipped with a rubber septum to allow for extraction of gas samples. During the
deployment, the volume of air-headspace in the chamber was estimated by calibrated marks
on the chamber, and corresponding surface areas for these volumes were measured.

Changes in the partial pressures of both CO, and CH4 were measured inside the
chambers. Ambient air samples were collected in gas-tight syringes at the time of chamber
deployment. For CHy, chambers were generally deployed for approximately 24 hr, and for
CO; the deployments were 2-4 hr. The difference in deployment times was necessary to
insure measurable increase in concentration (pCHy), or to insure that the gas was not depleted
beyond what could be reasonably detected (pCO,). At the end of the deployment, gas
samples were collected with a syringe and needle through the rubber septum. In addition, the
partial pressures of both gases in the surface water were determined before and after
deployment. pCHy in the water was measured by a headspace equilibration technique similar
to Cole et al. (1994). Because of extremely low CO, concentration in the water, we
calculated pCO; from measurements of dissolved inorganic carbon (DIC), pH and carbonate
equilibrium constants (Stumm and Morgan 1996). Surface water temperature was recorded at

the beginning and end of deployment. Both gasses were analyzed using gas chromatography.
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CH, was analyzed using a Shimadzu GC-8A with an FID detector. CO; and DIC were

measured on a Shimadzu GC-8AIT with a TCD detector.
The mass transfer coefficient or piston velocity (k; m d!) for each gas was calculated

as follows (Macintyre et al. 1995, Wanninkhof and Knox 1996):

pX* - pX;
At

1 [\pXW—pX,‘;
j— n —
k=

][ 4 j 0

AK,RT
where pX" is the partial pressure (natm) of gas X in water, pX, and pX7 are the partial

pressures of gas X in that chambers at the initial and final times, respectively. A¢ is the time
increment (days), ¥ is the volume of the chamber (m?), 4 is the surface area of the air-water
interface (m?), Ky is Henry’s constant (mols L' atm™), R is the gas constant (L atm K mol’
1Y, and T is the absolute temperature (K). The values for pX* and T were the average of
values at the beginning and end of deployment.

Changes in CH,4 were used to estimate k., . Mass transfer coefficients of CH, were

converted to CO, with the relationship of their respective Schmidt numbers using the

following formulation (Macintyre et al. 1995):

e, [co, = (Secu, Seco, ] @)
with Schmidt numbers determined by Wanninkhof (1992).

Because the pH in Peter Lake for much of the summer was >9, changes in CO>
concentration represent a combination of diffusion and chemical reaction. The resulting mass

transfer coefficient based on CO; therefore includes chemically enhanced diffusion (%, ) .

The chemical enhancement factor, beta () can then be calculated as
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Modeling chemical enhancment

Chemically enhanced diffusion was calculated according to Wanninkhof and Knox
(1996) using the model of Hoover and Berkshire (1969). The chemical enhancement factor,
beta (/) is defined as:

T

:(r—1)+ tanh (%J%Z (@j%z

(4)

D

where D is the molecular diffusivity (Jihne et al. 1987), and z is the thickness of the stagnant
boundary layer (Lewis and Whitman 1924). The stagnant boundary layer thickness, z, is

equal to D/k, . Tau (t) is defined as:

T= (2T +1 %)
KK, +K|[H"]

where [H'] is the hydrogen ion concentration and K; and K; are the dissociation constants for

the reaction between CO;q) - HCO3', and HCO5' - CO5%, respectively, as given by Dickson
and Millero (1987). Finally, <r> is the combined rate of reaction terms:

(ry=rpp, + - [OH] (6)
where [OH]is the hydroxide ion concentration, and 7., and 7, are the forward rate

constants for CO, reacting with H,O or OH’, respectively, given by Johnson (1982).
Modeling atmospheric flux of C isotopes

The flux, F, of total CO, (12C02 +13c0o,= 12C02) across the air-water interface is

modeled as:
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F = —kg, B(CO,], -wpCO,), (7

where f is the chemical enhancement factor (described above), [CO, ], is the aqueous

concentration of CO,, y is the solubility of CO, (mols atm™), and pCO, is the partial pressure
of CO, in the air. An analogous equation can be written for BCoy:

Fl3 = _kﬁw([l?’COZ]aq _}/13p13C02)' (8)

The partial pressure of " CO, is calculated as p"’CO, = pCO, x propair, where propair is
the proportion of '*C in the air based on an isotopic signature of -7.6%o (Friedli et al. 1986)

The solubility of *CO, is determined from
Y2 = Y0y s 9)
where o, is the equilibrium fractionation factor between gaseous and aqueous COs,. Zhang

et al. (1995) provide estimates of @, . The model of 5" is given below.

B0, will experience the same chemically enhanced diffusion as 120, described
above. However the reaction of CO, with OH is selective for the lighter carbon isotope such
that there is an observed equilibrium fractionation of about -15%o (Craig 1953). Using this
information, known equilibrium and kinetic fractionation values and the above formulation it
is possible to calculate the chemical enhancement factor for 3CO,. The chemical
enhancement factor of 1>CO, can then be used to model BC flux.

Zhang et al. (1995) determined equilibrium isotopic fractionation factors as a function

of temperature between gaseous CO; and aqueous CO,, HCO;, and coy

(Olaq-g» Opic03—gr AN gy, Tespectively). From this, the equilibrium fractionation factors

between aqueous CO, and HCO;, and between HCO; and CO;* could be calculated as:
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Qycos.
Quco3-ag ™ —, (10)

aq-g

and

Ccosg
Xcos-ncos = . (11
HCO3-g

Applying these fractionation factors to their respective dissociation constants, equation 5 then

becomes,

+72
£ = L] 41, (12)
51c03-2q%c03-1c0s KK + Fucos-aaKi [H7]

with 7" representing the case for °C.
Kinetic isotopic considerations are applied to the reaction rates in equation 6.

Siegenthaler and Miinnich (1981) determined that the kinetic isotope fraction for the reaction
of CO, with [OH Jwas a,,, = 0.973. The kinetic isotope fractionation for the hydration of
CO, with water is @, = 0.9931 as determined by Marlier and O'Leary (1984). These are
applied to equation 6 to get:

(F) = @y, 7co, + @opy Ty TOH] (13)
Equations 12 and 13 are substituted back into equation 4. Substitutions were also made for

the differential isotopic diffusion of COy, a,, = D'*/D =0.9991 (Siegenthaler and Miinnich
1981), and the boundary layer thickness for '*CO,, corresponding to z"° =, D/k,, . Thus

B" could be calculated for input into equation 8.
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Dynamic DIC isotope model

We constructed a model of DIC isotope dynamics that models both total C and Be

simultaneously to predict 8'>C-DIC. The differential equation for total DIC is

d[DIC] =R-GPP+ F/Zmix (14)
dr
and for DIC
13
fl%—q =R, + Rl ~GPP + FV/z,, . (15)

Where F and F" is the atmospheric flux (mmoles C m>) of total CO; and B0, as described
above and z,,, is the mixed layer depth (m). R and GPP are total respiration and gross
primary productivity (mmoles C m>). GPP" is the amount of ">C taken up by gross primary
production. GPP" is determined by the isotopic signature of the organic carbon produced by
the algae, such that GPP" = GPP x propnp , where propnp is the proportion of 13C in new
algal production. Because of isotopic differences, R was split into the respiration of terrestrial

material (R..,) and respiration of POC (Rpoc), and R = R,,,, + R,,. With respect to 13C,

terr

Rl3 :R

o = Ry, X propterr and R} . = Rype x propPOC , where propterr and propPOC are the
proportions of BC in terrestrial material and POC, respectively. POC consisted mainly of
algal material. The proportion of C that is 13C follows proportion=q/(1+ q), where q is the
ratio of 1*C to '*C determined from isotopic signatures by
g =0.0112372x (1+ (6"°C x1000)) .

For Peter Lake we chose to model the period of time beginning on 22 July until 21

September. This time period was characterized by relatively stable limnological conditions,

which enabled us to focus on the process of interest, CEF. After 22 July, B¢ additions had
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ended, productivity and pH were high and not extremely variable, DIC was low and fairly

stable and mixed layer depth did not change substantially. Initial conditions of temperature,
DIC, pH, and calculated alkalinity in the model were set to those observed on 22 July, and
alkalinity and temperature are assumed to remain constant over the model period. Sonde
based estimates of GPP and R from this period averaged 111 and 68 mmoles O, m?d?,
respectively. These values were converted to volumetric C rates by applying a productivity
and respiration quotient of 0.7 mmoles CO,/mmoles O, (M. Van de Bogert; unpublished
data) and dividing by the mixed layer depth of 2 m. Since the model was iterated at hourly
time steps R was divided by 24 hr. GPP was assumed to take place over a 14 hr daylight
period, with account taken for decreased productivity for several hours immediately after and
before darkness.

The initial DI'*C was set based on the total DIC concentration and the §'>C-DIC
value of 22 July. Algal fraction of 1>C appeared to be extremely reduced in the low CO,
environment (Chapter 2). We chose a photosynthetic fractionation value of -3%o with respect
to 8'*C-DIC to calculate propnp. The measured isotopic signatures of POC were splined to
create daily values and used as input for propPOC, while propterr was based on the isotopic
signature of -27%o, representative of C3 terrestrial vegetation (Lajtha and Michener 1994).
The value of R,.,, was set at 2 mmols C m d”! based on results in Chapter 3.

At the beginning of each time step, pH and CO, are calculated based on DIC, and
alkalinity; 8and A" are calculated based on pH. *CO, was calculated from DIC, DIVC, pH
and carbonate fractionation factors of Zhang et al. (1995). The differential equations were

integrated using an ordinary differential equation solver in Matlab.
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RESULTS

Nutrient additions in Peter Lake caused increases in GPP and R (data not shown),
Chl. a, and oxygen (Fig. 1a). This led to decreases in total DIC, and increases in pH (Fig. 1a,
b). For much of the summer the pH exceeded 9.5. Alkalinity decreased during the first part of
the summer, until late July when it began to increase (Fig. 1b). During the periods of low
DIC concentration and high pH, OH™ was a large component of the calculated alkalinity. The
isotope addition created large shifts in 8!*C-DIC and 8" C-POC (Fig. 1c).

Given the pH conditions in Peter Lake described above, chemically enhanced
diffusion of CO; should be an important factor in the flux of atmospheric CO into the lake.

Figure 2 displays the calculated chemical enhancement factor (5) for different temperatures

over the range of pH typically observed in freshwater lakes. In Peter Lake, k., determined
from changes in pCH4 ranged from 0.39 to 0.70 m d” (Fig. 3). After normalizing ke, values
to a Schmidt number of 600, the average value of k,,, was 0.44 +0.08 m d” (mean + 1
S.D.). Chamber estimates of k,,, , based on change in pCO,, were 3.5X to 7.5X higher than
kco, (Fig. 3). Using the average value of kg, from chambers, pH, temperature, and the

model for chemical enhancement, k., was calculated for each interval of chamber

enh
deployment. In general, the CED was faster than the model predicted (Fig. 3).

The observed values of S (calculate from eqn. 3) were correlated with pH (Fig. 4a).
The large amount of variability in the model predictions of A for a given pH is due to the

dependence of temperature. Figure 4b confirms the observation that chamber estimates of 3
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are higher than model predictions, although the slope and intercept are not significantly

different from 1 and 0, respectively.

The condition of chemically enhanced diffusion should have an influence on §1*C-
DIC in Peter Lake. Figure 5 presents the results from a modeling simulation with starting
chemical conditions similar to Peter Lake near 22 July, but with 8"*C-DIC starting at 0%o and
only gas exchange occurring. The influx of CO; increases DIC and decreases pH until
equilibrium values are reached. The 813 C-DIC originally decreases due to the kinetic isotope
fractionation caused by chemically enhanced diffusion. As pH decreases, CED becomes less
important and 813C-DIC gradually approaches an equilibrium value near 0%o, which is
expected for pH near 7. A similar modeling exercise was conducted but this time CO, was
continuously removed at a rate of 11 mmoles C m” d" to represent non-equilibrium
conditions. There was no fractionation of DIC due to the removal of CO,, so that the only
mechanism causing changes in the 8!*C-DIC is the flux of CO, from atmospheric exchange.
This resulted in a 8*C-DIC value of -21 .7%o, which is 14.1%o below the atmospheric CO;
signature (Fig. 6a). DIC concentrations decreased and pH increased over this time period
(Fig. 6a, b). In the latter exercise, if B is set equal to S (i.e. no fractionation during
chemically enhanced diffusion), 8>C-DIC asymptotes towards the value of aqueous CO, at
equilibrium with the atmosphere (-8.8%o; data not shown).

The model of fractionation during CED was tested using 813C-DIC data from Peter
Lake. Model predictions matched closely with observed 8'3C-DIC (Fig. 7a). There was
considerable daily variation in 8'3C-DIC due to GPP only occuring during the day, and

variation in the ratios of chemical enhancement factors (,813 /) due to diel differences in pH.
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Samples for 8">C-DIC were collected in the early morning, when, according to the model,
8'3C-DIC values should have been near their nadir. Measured 8*C-DIC values asymptote to
a value of -19.7%o, very near the value reached in the hypothetical exercise above and in the
more realistic model. There is some amount of uncertainty and natural variability in several
parameters not directly related to CEF. Two important parameters that exert some influence
on predictions are the amount of respired terrestrial material and the extent of photosynthetic
fractionation. With reasonable values for these parameters, the predictions were similar to
those presented in Figure 7a. By not including CEF (setting ﬂ13 = f), the model fit was much
worse (Fig. 7b). Attempting to fit the parameters mentioned above in the model not including
CEF, we could not improve the fit to levels comparable when CEF was included.

Modeled diel dynamics of pH and DIC appear reasonably similar to those observed.
Modeled DIC ranged from approximately 20 umol L in the morning to 3 pmol L' at the
end of the day, and pH ranged from 9.64 to 9.81 over the same time period. No
measurements were made to test the diurnal variation in DIC, but some independent DIC
measurements made late in the afternoon had concentrations down to 7 umol L™, The routine
measurements of DIC, made in the early morning, were near 20 umol L™ for much of the
model period (Fig 1a). The diel range of observed pH (Fig. 1b) was similar to the range in
modeled pH on many dates. The value of net ecosystem production (NEP = GPP — R) used in
the model appears to have been the maximum possible for the conditions that were used in
modeling Peter Lake. A small increase in GPP caused DIC to become negative, at which

point the model was no longer realistic.



10

15

20

24
DISCUSSION

The nutrient addition in Peter Lake created conditions of increased productivity, CO,
concentrations well below atmospheric equilibrium, and elevated pH. It has been recognized
that high pH conditions can cause an increased influx of CO, over what would be expected
by purely physical process of CO; diffusion and mixing (e.g., Wanninkhof and Knox 1996).
This is due to the reaction of CO, with OH". This reaction also has ramifications for the
isotopic exchange of CO, between the atmosphere and water. We used the conditions in
Peter Lake to test our knowledge about these processes of gas exchange based on an existing
model of chemically enhanced diffusion that was modified to include C isotopes.

First the total flux of CO, was measured using floating chambers. Estimates of
based on chamber estimates were between 3.5 and 7.5, and therefore the flux of CO, for the
same time period should be increased by this factor over non-enhanced conditions. There
appears to be some bias between model estimates and chamber estimates. Wanninkhof and
Knox (1996) also noted that chamber estimates are often higher than model estimates. There
could be a number of explanations for this. Floating chambers are often thought to introduce
bias into estimates of gas exchange (Matthews et al. 2003). However in our application of

estimating f3, bias possibly is reduced or canceled as any artifact affecting estimates of

ko, (from ke, ) should also affect k,,, unless it affects the chemical and not the physical

aspect of CO, diffusion. Our chamber estimates of k,,, are in close agreement with values
determined by additional chamber estimates and an SF¢ addition in Peter Lake in 2003 (Cole

et al. 2004). Therefore, we feel the estimates of k., contain little bias. The timing and length

of chamber deployments could be a factor influencing £,,,. Chamber estimates of k., were
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from 24-hr deployments, whereas k,,, was determined from deployments that lasted only a

enh
few hours, always during the daylight hours. As seen in the model estimates of 3, there is a
strong dependence on temperature for a given pH (Fig. 2), therefore one source of bias might
be increased temperatures in the chambers deployed only for several hours during the

daylight period causing an increase in k,,,. Decreased concentrations of CO, inside the

chamber could potentially create higher levels of enhancement as high CO, concentrations

can lead to OH" depletion at the air-water interface, reducing enhancement. However this is
usually considered negligible for atmospheric CO, concentrations and typical values of gas
exchange (Siegenthaler and Miinnich 1981). Given the potential bias that could be present in
the chambers, we feel that the model of CED reasonably represents conditions observed in
Peter Lake.

For lakes, Herczeg and Fairbanks (1987) were perhaps the first to observe and
describe an influx of CO, depleted in BC that could not be attributed to respired organic
matter and must have come from the fractionation that occurs when CO, reacts with OH".
Their approach was a mass balance of carbon isotopes, and the period of CED was relatively
short-lived compared with the situation in Peter Lake. The prolonged period of high pH in
Peter Lake allowed for a more detailed examination of carbon isotope flux under conditions
of CED. Isotopic dynamics of DIC could not have been understood well without the
inclusion of CEF. Bade et al. (2004) noted several lakes where GPP exceeded R, and models
that did not include CEF produced poor predictions of 8'3C-DIC in those lakes. Therefore,
the inclusion of CEF should be considered important for studies of 8'>C-DIC dynamics in

lakes.
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Chemically enhanced fractionation of atmospheric CO; has been considered

unimportant for isotope dynamics in the ocean; however, these studies generally only
consider mean ocean conditions of moderately high wind speeds (Siegenthaler and Miinnich

1981, Inoue and Sugimura 1985, Wanninkhof 1985). At high wind speeds, diffusion is the

rate-controlling step, and although the rate reaction with OH’ remains unchanged it is
comparatively small. However, significant portions of the ocean experience low wind speeds
for significant periods of time and CED can increase the flux of CO, (Wanninkhof 1992).
Figure 8 shows the extent of chemically enhanced fractionation as a function of piston
velocity for a non-reactive gas, given oceanic carbonate chemistry. For a mean oceanic pH,
the isotope fractionation is not very large, however as piston velocity decreases or
temperature increases the fractionation becomes larger. The overall impact of this process on
8"*C-DIC dynamics over the entire ocean is beyond the scope of this work, but results here
strongly suggest a possibility of patches of ocean that have markedly different influx of
carbon isotopes compared with mean conditions. We suggest that spatial distribution of CEF
might be an important factor to include when using isotopes to understand global flux of CO,
between the atmosphere and ocean.

The process of chemically enhanced diffusion is well recognized as an important
factor in the carbon budget of lakes. Here we provided field-based estimates of the degree of
chemical enhancement in a highly productive soft water lake. Additionally, we formulated a
simple means of estimating the amount of isotopic fractionation that occurs during the
process of CED. Including CEF in the model of inorganic carbon for Peter Lake provided
good agreement with observed 8'3C-DIC. This formulation allows for dynamic modeling of

isotopes in aquatic systems that are not in isotopic equilibrium with the atmosphere.
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FIGURE LEGENDS

Figure 1. Time series for a) DIC, Chl. a, and O, % saturation; b) pH and alkalinity; and,
¢) 83C-DIC and 8">C-POC in Peter Lake 2002. O, % saturation and pH are measured
at 5 min intervals using a sonde (see text). DIC was measured at weekly intervals for
the entire summer and at daily intervals for the later portion of the summer.
Differences between daily and weekly DIC concentrations can often be attributed to
the fact that daily samples were collected earlier in the morning. Alkalinity was
calculated based on DIC, pH and temperature. In ¢) the solid vertical lines demarcate

the beginning and end of the isotope additions period.

Figure 2. Model predictions of S for typical pH and temperature in freshwater lakes. It should
be noted that the level of diffusive flux also influences these predictions. In this

example kg,=0.44md".

Figure 3. Chamber estimates of k., , k,,,, and model estimates of k,,,. Measurements of
ko, are based on k,, from changes in pCHy and Schmidt number conversion, and

k_ . are determined directly from changes in pCO,. Model estimates of £, are

enh
calculated based on pH, temperature and mean ko= 0.44 m d”'. Error bars are 1 S.D.
usually based on 3 chambers. The large deviations in the one measurement of

kco, were caused by a heavy rain event during that deployment.
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Figure 4. Chamber estimates and model predictions of . Chamber estimates are

B =k, /kco,» Where kg, is based on the average kg, = 0.44 m d" and temperature,
and model predictions are determined from kg, pH and temperature for the period of

chamber deployment. The plots are: a) The relationship of £ from model predictions

and chamber estimates ( S = £,,,, /k.,, ) versus pH, and b) the plot of observed versus

“predicted . The regression line in b) has a slope of 1.3 + 0.4 (£ 1s.e.) and intercept of

0.9+1.9(R*=0.47;p=0.01;n=13).

Figure 5. Model results of a) §"3C-DIC, b) DIC concentration, and c) pH for a hypothetical
scenario. Most initial conditions used represent typical values for Peter Lake: DIC =

20 umoles L™, alkalinity = 67 peq L™, temperature = 20 °C, k,,= 0.44 m d'and

8'3C-DIC = 0%o. There are no sources or losses of carbon except atmospheric flux.

Figure 6. Same as Fig. 5, but includes a non-fractionating loss of CO, to maintain high levels

of pH.

Figure 7. Model simulation and observations of 83C-DIC in Peter Lake beginning the
morning of 22 July. In a) the model includes the term for CEF, while in b) CED is
modeled but there is no associated fractionation. Daily variations in §"°C-DIC can be
observed. The model predictions extend past the observations because inputs where
available for the extended period, and shows that the plateau near -20%o may persists

for some time.
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Figure 8. Estimates of CEF (CEF = ((8" / £)-1)x1000) given oceanic conditions versus

mass transfer coefficient for a range of temperatures. The assumed oceanic conditions

were pH = 8.3 and salinity = 35%o.
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Figure 1 (continued)
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CHAPTER 2

CAN ALGAL PHOTOSYNTHETIC FRACTIONATION BE PREDICTED FROM EXISTING MODELS?

ABSTRACT

Differential fractionation of inorganic carbon during photosynthesis is an important cause of
variability in algal carbon isotope signatures. Understanding this fractionation is a key
component to using carbon stable isotopes for studies ranging from food webs to
paleolimnology. Several physiological models have been proposed to explain algal
photosynthetic fractionation. These models generally consider CO, concentration, growth
rate, or cell morphometry, and have been supported by empirical evidence. We explore the
applicability of these models to a broad range of lakes. Fractionation was highly variable
among lakes and over time within a lake. There was no relationship with one of the most
important predictors in existing models, pCO,. We cannot recommend that the available
models be used to predict fractionation. Instead, algal carbon isotopes should be determined

directly.
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INTRODUCTION

Fractionation of carbon isotopes during photosynthesis is a key parameter for
understanding carbon isotope signatures in aquatic ecosystems. Models of algal
photosynthetic fractionation have served as components of certain paleolimnological and
aquatic food web studies. Paleolimnological studies benefit from fractionation models,
because with the models and with measurement of the isotope signatures of sedimented algal
material it may be possible to reconstruct past levels of productivity or CO, concentrations
(Oana and Deevey 1960, Hollander and McKenzie 1991). Aquatic food web studies utilize
models of photosynthetic fractionation to determine the isotope signature of phytoplankton,
one important base of aquatic food webs (Karlsson et al. 2003).

During photosynthesis, plants preferentially take up the lighter carbon isotope, 2¢,
Consequently the plant organic matter has a lighter isotope ratio than the source inorganic
carbon. Most of this fractionation occurs during carboxylation of CO,, and for the enzyme
RUBISCO this fractionation may be near -25%o to -28%o (Goericke and Fry 1994, Popp et al.
1998). If diffusion of CO into the cell becomes rate limiting (i.e. if CO; concentration is
low), than the fractionation during carboxylation will become minimal. Diffusion of CO; is
slower in water than in air, thus the decline from the maximal fractionation is observed
frequently in aquatic plants, especially benthic algae (Finlay et al. 1999). Early observations
of the photosynthetic fractionation factor (g,) found a relationship between external CO;
concentrations and &, (Rau et al. 1989). Later workers recognized the possibility of an
inverse relationship between ¢, and W/[CO,], where p is the growth rate of the algae (Francois
et al. 1993, Laws et al. 1995). Cell geometry also explained some of the species-specific

differences observed in the g, versus W/[CO,] relationship (Popp et al. 1998).
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Other factors may also affect the photosynthetic fractionation by algae. Some algae

have the ability to use HCOj  in addition to CO,, Since HCOj3 has a greater affinity for 13C,
the apparent fractionation (g, = 513CO, - 5"algae) will be lowered. However, present models
are not able to discern whether CO, or HCOj5 is the source of inorganic carbon and whether
it is taken up passively or actively (Laws et al. 1997, Keller and Morel 1999). The presence
of a carbon concentrating mechanism has been proposed for some algae, and this mechanism
has been shown to reduce fractionation (Sharkey and Berry 1985). Finally different
photosynthetic pathways in land plants (Cs, C4, and CAM) fractionate carbon distinctively.
Analogously, carboxylation by enzymes other than RUBISCO within aquatic algae could
lead to differences in the degree of fractionation observed (Falkowski 1991).

Although models of photosynthetic fractionation have seldom been tested in natural
freshwater environments (Yoshioka 1997, Finlay 2004), their use has been relatively
widespread in aquatic ecology. However, there is some indication that these models may not
be appropriate in all freshwater situations (Cole et al. 2002, Pace et al. 2004). Also, it is
increasingly being recognized that these models are not applicable to all species of marine
algae, and that differing growth limitation may also influence €, (Burkhardt et al. 1999b, a).

This study examines estimates of €, in freshwater lakes. The goal is to determine if
models of &, have widespread applicability in freshwater ecosystems. We examine ¢, based
on isotopic measurements of dissolved inorganic carbon (DIC), particulate organic carbon
(POC) and algal material, across a gradient of lakes. We made similar measurements during
an experimental inorganic carbon isotope manipulation in two lakes to assess temporal

variability in g, Our results suggest that there are many complicating factors that prevent the
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general use of fractionation models. Instead, investigators should consider measuring algal

carbon isotopes directly.

METHODS

Two separate comparative studies were conducted. The first involved collection of
whole water POC for isotope analysis and the second involved collection of specific size
fractions of POC for isotope analysis. For the first study, surface waters were sampled in 32
temperate lakes in the Northern Highland region of northern Wisconsin and the Upper
Peninsula of Michigan during the summer of 2000. POC was collected on pre-combusted 25-
mm Whatman GF/F filters and dried at 60°C for at least 48 hrs. Filters were fumed with HC1
prior to analysis to remover inorganic carbon. The University of Alaska-Fairbanks Stable
Isotope Facility conducted C and N elemental and isotopic analysis of the POC using a Carlo
Erba Elemental Analyzer, a Finnigan MAT Conflo II/III interface with a Delta+ mass
spectrometer. Samples for §"3C-DIC (dissolved inorganic carbon) were collected in 1 L
amber glass bottles and preserved at pH < 2 with 1 ml 10 N H,SO4. The samples were stored
in the dark until they were sent to the Marine Biological Laboratory, Woods Hole, MA for
isotope analysis. Other limnological sampling of these lakes is outline by Bade et al. (2004).
Of interest for this study are the partial pressure of CO; (pCO»), and Chl. a. CO, partial
pressures were measured with the headspace equilibration technique of (Cole et al. 1994).
Chl. a was collected 47-mm Whatman GF/F filters, frozen, and extracted with methanol;
concentrations were measured fluorometrically with corrections for pheopigments (Marker et
al. 1980). Several lakes were sampled multiple times throughout the summer. These were

considered independent samples in any statistical analysis.
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Although POC is a mixture of material, in the first study we estimated the signature

of the algal portion. The proportion of algal material in the POC was estimated by assuming
a C:Chl ratio of 40 (by mass) and the measured Chl. a concentration. The non-algal
component was assumed to have an isotope signature of -27%o, similar to that of C3
terrestrial vegetation (Lajtha and Michener 1994). A signature for the algal component could
then be calculated given the POC isotope signature. C:Chl ratios are variable in nature so a
range of values (25 and 100) was examined to assess the potential effect on conclusions of
the assumed C:Chl ratio. At a C:Chl ratio of 100 there were many cases in which the amount
of POC that was algal was greater then 100%. For these samples the C:Chl ratio was adjusted
to a lower value so that 100% of the POC was algal.

In the second comparative study, POC was size-fractionated by filtering water
through consecutively smaller sized Nitex mesh. We sampled three lakes in the summer of
2002 and 16 lakes in the summer of 2003. For most samples, water was first prefiltered
through 153-um mesh to remove most large zooplankton and then through 65-um mesh
removing most rotifers, but sometimes large or filamentous algae were also removed. The
water was then filtered through 35-um and then 10-pm mesh sizes. In a few samples mesh
sizes of 45-pm and 20-pm were also used. The material collected on the mesh was examined
qualitatively under a microscope for the presence of non-algal material immediately after
collection, or refrigerated and examined within one day. All size fractions that were analyzed
for isotopes consisted of a large majority of material that could be identified as algal, and in
general, only a small proportion of unidentifiable amorphous material. The filtered material,
if it was identified as being a reasonably clean algal sample, was then collected on GF/F

filters for Chl. a and carbon isotope measurements. As well, measurements of Chl. a were
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made on the filtrate of each size mesh to determine the amount Chl. a that was captured by

any particular size mesh. Samples for DIC isotope analysis were collected in 60-ml serum
vials, acidified to pH <2 with 10N H,SOj and sealed with butyl rubber septa and aluminum
crimp caps. Samples were analyzed by the University of Waterloo Environmental Isotope
Laboratory using a Micromass Isochrome GC-C-IRMS. All other analysis was similar to the
first comparative study.

Two lakes were the sites of whole-lake additions of NaH'*CO, in the summer of
2002. Tuesday and Peter lakes are small softwater lakes in the Upper Peninsula of Michigan
(Carpenter and Kitchell 1993). We made daily additions of 250 mmoles and 590 mmoles of
NaH"®CO; (>98% purity; Isotec) over 35 days in Tuesday and Peter Lakes, respectively.
Samples for isotope analysis were collected for DIC and POC as outlined above. DIC isotope
samples were sent to the University of Waterloo Environmental Isotope Laboratory. Other
methods were similar to those described above. In addition, Peter Lake received nutrient
amendments to increase primary productivity. H3PO4 (85%; 1.25 L) and NH4NOs (22.7 kg)
was added initially on 3 June and then daily additions of 0.2 L 85% H3PO4 and 3.2 kg
NH;NO; were made from 10 June to 25 August.

During the period of the isotope addition, there were large daily fluctuations in 31C-
DIC. The addition of isotope caused a large concentration gradient of BCO, between the
water and atmosphere, creating a large flux out of the lake and highly variable signatures
throughout the day. Samples were collected each morning immediately before the addition,
and therefore represent the lowest signature likely observed in a 24-hr period. The daily
isotope addition, based on the depth of the mixed layer, was calculated to increase the

signature by up to 30%o. on some days. Using values of measured 813 C-DIC, it was possible
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to estimate the maximum isotope signature immediately after the addition of the isotope on

the previous day. Since the main loss of 13C is diffusion to the atmosphere, which is expected
to follow an exponential decline, the geometric mean of the measured 8'3C-CO, and the
previous day’s estimated post-addition §'3C-CO, was calculated. This value may be more
representative of the isotope ratio that was experienced by the algae.

In all studies, values of photosynthetic fractionation (g,) were calculated as
£,(%0) = (81°C-algae) — (5°C-COy). 5"*C-CO, was calculated from &'*C-DIC, DIC
concentration and pH or pCO,, using carbonate equilibrium constants (Stumm and Morgan

1996) and associated equilibrium fractionation factors (Mook et al. 1974).

RESULTS
Comparative Study

From the 32 lakes surveyed in the Northern Highland Lake District, 813C-C02 varies
by nearly 30%o, while §'3C-POC only varies by about 15%o (Appendix III; Fig. 1a). In most
cases 8°C-POC is lower than 8'°C-CO,, which is expected due to preferential uptake of I2c,
POC isotope signatures were inversely related to pCO, (Fig. 1b).

In several lakes (Snipe, Peter, Diamond (day 201 and 229), Bog Pot, Cranberry (day
165), and Crystal) 813C-POC was higher than §8'*C-CO, (Fig 1a). This group of lakes does
not appear to have many commonalities, except low DIC concentrations (< 55 pmol/L)) and
some of the lowest 8'C-CO, values. Peter Lake had extremely high pH (9.04) owing to high

levels of productivity. The other lakes had ranges of pH from circumneutral to slightly acidic

(7.42-4.83).
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Particulate organic carbon is composed of algal material, detritus and other seston.

The proportion of each will vary among lakes, so 8'*C-POC may not always be a good
surrogate for algal isotope signatures. Particulate organic carbon concentrations increased
with increasing Chl a (Fig. 2a). The C:Chl ratio of the POC in these lakes was variable
(Table 1; 98.7 + 47.5; mean + stdv.). All lakes with Chl a concentrations less than 5 pg L
had C:Chl ratios greater than 100 (Figure 2b). Above 5 ug L C:Chl ratios were closer to
what might be expected for algal cells. C:N ratios were also positively correlated with Chl a
(Fig. 2c¢).

After correcting for the amount of POC that is not algal using C:Chl ratios, the
photosynthetic fractionation factor (g,) ranges from approximately +20 to -40%o with an
average €, approximately -9%o (Fig. 3a). There appears to be some correlation of ¢, with
pCO,, however when the points with positive g, were excluded the pattern was less strong.
Some values of €, were not greatly affected by the variability in C:Chl, while others ranged
greater than 30%o. Those with the greatest range in signatures were the samples that had
estimated algal signatures (at the nominal C:Chl ratio of 40) that were most different from
the terrestrial signature of -27%e. This is because variations in the proportion of algal and
terrestrial material will have little impact on the resulting signature if the estimated algal
isotope signature is near the terrestrial signature.

The lakes with algae that had little variation in their isotopic signature were examined
more closely because of the potential for greater certainty in the estimate of the algal
signature, regardless of the assumed C:Chl ratio. €, values in lakes with a range of algal

signatures within 27 + 4% were plotted against pCO, (Fig. 3b). In addition, €, values in lakes






