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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
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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






