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ABSTRACT

DISSOLVED ORGANIC CARBON IN LAKES: EFFECTS ON THERMAL STRUCTURE. PRIMARY

PRODUCTION. AND HYPOLIMNETIC METABOLISM.

JEFFREY NEIL HOUSER

Under the supervision of Protessor Stephen R. Carpenter

At the University of Wisconsin-Madison

Watershed characteristics determine the inputs of dissolved organic carbon (DOC) and
nutrients into lakes. In-lake processes modity these inputs to determine lake characteristics. |
examined the role of allochthonous DOC as a master variable that aftects the thermal structure
of lakes during summer stratification. primary production. ecosystem respiration. and
dynamics of the biota. [ combined comparative studies. theoretical modeling. and ecosystem
experiments to address the following questions: 1) s light important in the interactions of
algal biomass and DOC concentrations? 2) How does the input of allochthonous nutrients
(which affects chlorophyll concentrations) and DOC (which determines water color) affect
lake thermal structure? 3) What effect does DOC have on hypolimnetic metabolism? 4) Do
short-term fluctuations in food-web structure have long term etfects on luke nutrient dynamics

and primary production?
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The response of algal biomass to increased nutrient inputs was lower in a high DOC

lake than a low DOC lake. Modeling results indicate that light absorption by colored DOC is
a reasonable mechanism behind this pattern. Colored lukes have epilimnia that are more
shallow. darker. and colder than clear lakes. Colored lakes also experience more pronounced
diel temperature cycles and higher resistance to mixing across the thermocline. Lakes with
higher DOC inputs have higher rates of hypolimnetic metabolism as indicated by the rates of
accumulation of dissolved inorganic carbon (DIC) and methane (CH.). Furthermore. in most
lukes DOC concentrations declined during the stratified season and the accumulations of
DIC+CH. in luke hvpolimnia were positively correlated with. and of comparable magnitude
to. this DOC decline.

In a related study. [ evaluated long-term eftects of temporary tood web manipulations
as biological controls of nutrient cycling and primary production in lakes. Though the upper
level of Tuesday Lake's food web had recovered from a food web manipulations conducted in
1985-1986. zooplankton and Chaoborus remained below their premanipulation abundance:
chlorophyll ¢ remained low. and the dominant premanipulation phytoplankton had not
reappeared. Thus. inputs of nutrients and DOC trom the landscape atfect the primary
production. respiration and thermal structure of lakes. and these effects can be modified by in-

lake interactions and biological processes.
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CHAPTER |

THESIS INTRODUCTION

Lakes function as biogeochemical reactors in the landscape. Watershed characteristics
determine the inputs of nutrients and carbon to likes (Dillon and Molot 1997). and nutrients
and carbon are transtormed by in-lake processes such as primary production and microbial
respiration. Human activity has created a wide range of nutrient inputs in the world’s lakes
(Cantield and Bachman 1981, Harper 1992). As a result. the effects of nutrient inputs on
processes such as primary production and hypolimnetic oxygen consumption have been
important areas ot inquiry (e.g. Schindler 1977. Cornett and Rigler 1980: Lehman 19838).
Dissolved organic carbon (DOC) inputs also varv widely among lakes (Hessen and Tranvik
1998a). and this variability is driven by watershed and lake morphometry and wetland
abundance in the watershed (Gorham et al. 1983. Rasmussen et al. 1989. Gergel et al. 1999).
Furthermore. DOC inputs may be altered by anthropogenic impacts via wetland removal and
climate change (Schindler et al. 1992: Schindler ct al. 1997). The effects of DOC inputs on
lake processes is a rapidly developing area of limnology (Hessen and Tranvik 1998b.
Williamson et al. 1999).

The effects of DOC inputs on lakes are moditied by a complex series of in-lake
processes and interactions. DOC can affect algae production by binding rutrients (Jackson

and Hecky 1980. Guildford et al. 1987) and by affecting light penetration (Jones 1992).
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Because DOC and chlorophyll are the primary determinants of the absorbance of solar
irradiance in lakes (Elser 1987, Kirk 1994). DOC concentration and algal biomass determine
light absorbance i the water column.  In small lakes. changes 1n the absorbance can reduce
the depth of the mixed layer and affect hypolimnetic temperature dynamics ( Mazumder and
Taylor 1994: Fee et al. 1996: Snucins and Gunn 2000). DOC and algal biomass may also
affect epilimnetic light climate, epilimnetic temperature dynamics. whole-lake heat budgets.
and lake stability. Epilimnetic light climate can atfect the algal community structure
(Ramberg 1979). Epilimnetic temperature dynamics attect many components of lake
ccosystems including algal production (Reynolds 1988). zooplankton reproduction (Threlkeld
1980). and fish metabolism (Kitchell et al. 1977). Changes in thermocline stability can affect
nutrient cyeling (Soranno et al. 1997: Lathrop et al. 1999).

The rate of hypolimnetic metabolism determines hypolimnetic O: concentrations. the
availability of inorganic nutrients. and the production ot CO: and CH. (Cornett and Rigler
1980: Kelly et al. 1988: Hope et al. 1996: Michmerhuizen et al. 1996). The rate of
hypolimnetic metabolism is determined by the inputs of organic matter (Kelly and Chenowyth
1981) which may be derived from either autochthonous (algal production) or allochthonous
(dissolved organic carbon trom the watershed) sources. Photic zone algal production has been
shown to affect hypolimnetic metabolism (Charlton 1980. Cornett and Rigler 1980). and
winter. under-ice oxygen dynamics (Welch et al. 1976. Mathias and Barica 1980. Babin and
Prepas 1985). Yet the role of allochthonous DOC in these processes is unclear.

If DOC is an important source of organic C for hypolimnetic metabolism. it is likely to

affect winter. under-ice oxygen dynamics. Winter oxygen conditions play an important role in



structuring fish communities (Tonn and Magnuson 1982). This interaction may be an
important link between nutrient and DOC inputs and tood web structure. In lakes that
experience occastonal winterkill due to oxygen depletion. tish communities are dominated by
minnows. Piscivores are found in lakes that rarely winterkill. The dominance of piscivores
vs. planktivores affects nutrient cycles and primary production (Schindler et al. 1993,
Carpenter et al. 1995). However, the long-term eftects of temporary switches from
planktivore to piscivore dominance are poorly Known.

The overarching hypothesis of my thesis is that the allocthonous DOC is a master
variable that attects physical structure of the water column during summer stratification,
primary production. ecosystem respiration. and dynamics of the biota. [ tested this hypothesis
by investigating a number of specific eftects that allochthonous DOC inputs may have on
lakes. Addressing questions concerning ecosystem scale processes can be logistically
challenging und requires the use of multiple approaches. My dissertation research employed
theoretical modeling (Chapter |). comparative approaches (Chapters 2 and 3). and ecosystem
experiments (all 4 chapters) to address the extent to which allochthonous DOC is a master
variable for luke ecosystems.

in Chapter One. [ present a theoretical model that investigates the interactions of the
two substances which control light penetration in lakes. DOC and chlorophyll. [ began with
the assumption that light controls the interactions of DOC and algae and used the model to
explore the logical consequences of that assumption. The model predictions are subsequently

compared with the results of a set of whole-lake experiments to determine if the observed
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DOC-chlorophyil dynamics are consistent with the pattern predicted by the model based on

light interactions.

The strong control of DOC on light penetration presents a mechanism through which
DOC may exert control over luke physics. My objective in Chapter Two was to determine
the effects of DOC and chlorophyll concentrations on a number of aspects of the thermal
structure of lakes. Specifically. [ examined how epilimnetic temperature dvnamics.
epilimnetic light climate. thermocline depth. whole-lake heat budgets. and luke stability were
aftected by DOC and chiorophyll concentrations. [ used the results trom whole-lake
experiments conducted from 1991-1999 and two additional lakes which were sampled
intensively in 1999. Among luke comparisons were used to investigate the etfects of DOC
concentration. whereas comparisons among vears with different nutrient input rates within
lakes indicated the role of algal biomass in determining these various physical properties ot
lakes.

The effect of DOC on lake metabolism has two components. its effect on primary
production. which [ examine in Chapter One. and its effect on respiration which [ examine in
Chapter Three. As a consequence of the isolated nature of the hypolimnion in north
temperate lakes during stratification. it provides a natural “bottle™ in which to test the effects
of DOC on the respiration component of lake metabolism. [ conducted a comparative study of
22 lakes located in northern Wisconsin and the upper peninsula of Michigan. These lukes
were chosen to span a gradient of DOC concentrations. My objective was to address the

following questions: 1) Does hypolimnetic metabolism vary systematically along a gradient



of DOC inputs? 2) Is there evidence that DOC is an important substrate tor hypolimnetic
metabolism? and 3) Does light attenuation by DOC aftect hypolimnetic metabolism?

Nutrient and DOC inputs can structure lake tood webs through changing the
probability of winterkill. These changes in food web structure can have far reaching ettects
for lukes. In Chapter Four [ examined the iong term effects of a short term food web
manipulation in which Tuesday Lake was manipulated from planktivore dominance to
piscivore dominance. The initial food web manipulation from planktvore to piscivore
dominance caused the lake to experience an increase in Daphnia abundance and zooplankton
grazing pressure on algae, a reduction in total ecosystem P. reduced algal biomass. and
dramatic changes in the algal community composition. In Chapter Four. [ compare the state
of Tuesday lake in 1997 o 1984 (betore the switch to piscivore dominance) and 1985/6
tduring piscivore dominance). This chapter emphasizes the role of biological processes in
controlling nutrient dvnamics and primary production. and takes advantage of an unusual
opportunity to investigate the recovery of an ecosystem trom disturbance.

My dissertation shows how external chemical drivers (inputs of DOC and nutrients)
can affect biological processes such as algal production and microbial respiration which
comprise luke metabolism. [ also show important mechanisms through which these external
chemical drivers can alter the physical environment within which these hiological processes
occur. Finally. I demonstrate the potential long term effects that changes in biological

components can have on ecosystem nutrient dvnamics.
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CHAPTER I

LIGHT MEDIATED INTERACTIONS BETWEEN DISSOLVED ORGANIC CARBON
AND ALGAL BIOMANSS.,

ABSTRACT

Watershed characteristics determine the inputs of dissolved organic carbon (DOC) and
nutrients into lakes. However. in-lake processes modity these inputs to determine observed
lake characteristics. Light penetration into a lake atfects both DOC (through
photodegradation) and algal biomass (through photosynthesis). Conversely. both DOC and
algal biomass affect light penetration. [ constructed a simple model to determine if the
relationship between DOC and algal biomass can be explained by these light mediated
interactions. In the model. light attenuation is a function of DOC and algal biomass: algal
biomass is a function of growth rate. and losses due to flushing. zooplankton grazing. and
sedimentation: and DOC is a function of DOC input from the watershed. and losses due to

photodegradation and flushing. The predictions of the model are compared to data trom

10

whole-luke experiments in which lakes with different DOC concentrations were enriched with

a range of nutrient input rates. The model correctly predicts the qualitative resuits of the

whole-lake experiments suggesting that light is an important mechanism in the interactions of

DOC and algal biomass. The quantitative analysis suggests that while DOC has a strong

affect on algal biomass. algal biomass does not exert a strong etfect on DOC.
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INTRODUCTION

Many lake properties derive trom therr watersheds re.g. Gorham et al. 1983, Fee and
Hecky 1992). Watershed characteristics and land use affect the inputs ot nutrients (e.g.
nitrogen (N) and phosphorus (P)) and allochthonous dissolved organic carbon (DOC) (Dillon
and Rigler 1975, Daniel et al. 1982, Rasmussen et al. 1989, Curtis and Schindler 1997, Dillon
and Molot 1997, Gergel et al. 1999). Changes in nutrient and DOC inputs can affect lake
primary production (Schindler 1977, Jones 1992). Increases in nutrient concentration increase
algal production by alleviating nutrient limitation (Schindler 1977). and there are multiple
mechanisms by which DOC may atfect primary production.

Water color in lakes is largely due to allochthonous DOC (Rasmussen et al. 1989.
Jones 1992, Meili 1992, 1. In consequence. light attenuation is one mechanism through which
DOC may negatively atfect primary production (Jones 1992). Despite this potential negative
ettect of DOC on algal biomass. comparative studies across lakes have tound that epilimnetic
algal biomass is positively correlated with DOC (Elser 1987. Beaver and Crisman 1991.
Niirnberg 1999). but this may be explained by a correlation between P inputs and DOC inputs.
Experimental manipulations of DOC or nutrients. which circumvent the natural correlation
between DOC and nutrient inputs have generally found that DOC has a negative effect on
algal biomass (Jackson and Hecky 1980. Guildford et al. 1987. Carpenter et al. 1998).
Binding of micronutrients and light attenuation have been proposed as possible mechanisms

behind these observed negative effects.
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The interactions among nutrient inputs, primary production. DOC and light suggest
that in-lake dynamics may influence the concentrations of colored DOC and algal biomass.
Light attenuation by DOC can reduce the light available for photosynthesis iJones 1992,
DOC muay itself be aftected by the light climate of the epilimnion because photodegredation
degrades the larger light absorbing DOC molecules into inorganic carbon and smaller. more
lubile dissolved organic forms (Mopper et al. 1991, De Haan 1993, Reche et al. 1999,
Shading by algae and self-shading by DOC may reduce the photodegredation of DOC.  Thus.
light penetration into a lake atfects both DOC (through photodegredation) and algal
production (through photosynthesis). Conversely. both DOC and algal biomass aftect light
penetration.

DOC in lukes is made up of hoth colored (primarily of allochthonous origin) and
colorless (primarily of authochthonous origin) components. Allochthonous colored DOC
dominates the DOC pool of the lakes included in this study. tacilitating the investigation of
light as a mechanism of DOC and algae interactions. In this chapter. [ use a simple model to
explore the logical consequences of these light mediated interactions. The predictions of the
model are compared to data from whole-lake experiments in which lakes with different DOC
concentrations were enriched with a range of nutrient input rates. The goal of this comparison
is to determine if the patterns of DOC concentration and algal biomass can be explained by
light-mediated interactions alone. Therefore. the model does not include other possible

interactions.



METHODS
Study site

East Long Lake and Peter Lake are located on the University of Notre Dame
Environmental Rescarch Center (UNDERC) property near Land o” Lakes. Wisconsin, U.S.A.
A detailed description of this region and its lakes can be found in Carpenter and Kitchell
(1993). Both lakes were experimentally fertilized with phosphorus (P) and nitrogen (N) from
1993 to 1997 as part of a set of whole-lake experiments designed to determine the effect of
food web structure. nutrient inputs and DOC concentrations on primary production (Carpenter
etal. 2001). P fertilization rates ranged from approximately | to 6 mg m “d' (N:Pin the
fertilizer exceeded 30 (by atoms) to prevent N limitation). Peter (area = 2.7 ha: maximum
depth = 19.0 m: mean depth = 5.7 m) has relatively low DOC concentrations (summer mean
DOC concentration: 4-7 mg L' ) and East Long Lake (area = 2.3 ha: maximum depth = 16.0
m: mean depth = 5.4 m) has relatively high DOC concentrations (summer mean DOC

concentration: 11-15mg L"),

Limnological Methods

East Long Lake and Peter Lake were sampled weekly during the stratified season
(mid-May to early September) from 199!-1997. Algal biomass was estimated as chlorophyll
« concentration. Chlorophyll a samples were collected at 3 depths: surface. 50% surface
irradiance. and 25% surface irradiance. The volumetric chiorophyll « was calculated as the
volume weighted mean of these depths. Areal chlorophyll ¢ was calculated by multiplying the

volume weighted mean by the depth of the thermocline (always>25% light depth).



Chlorophyll a was collected on GF/F filters. extracted using methanol. quanutied
fluorometrically. and corrected for pheopigments (Marker et al. 1980).

Eptlimnetic DOC samples were collected by pooling mixed layer water from multiple
depths (0. 1 and 2 m for Peter Lake: 0. 0.5 and | m in East Long Lake). Samples tor DOC
analysis were filtered through GF/F filters (retains particles >0.7 um). preserved by reducing
sample pH to <2 with 2 N HaSO4 (1% tinal sample volume). and analyzed using a Shimadzu
model 5050 high temperature TOC analyzer.

Temperature profiles were measure using a YSI temperature/dissolved oxygen meter.
Measurements were taken at 0.5 m intervals trom the surface through the metalimnion. then at
| m intervals in the hypolimnion. Thermocline depth was determined as the depth of
maximum change in temperature with depth. Light intensity profiles were measured using a
Li-Cor spherical quantum sensor (LI-193SB). Light intensity was measured at the surtace. at

0.25 m intervals to 1 m. and at 0.5 m intervals until the depth of 1 light was reached.

Model construction

The model builds on three basic principles and a testable assumption: 1) light
absorption can be described using the Beer-Lambert equation: 2) there is a hyperbolic
relationship between algal growth and light (Jassby and Platt 1976). 3) DOC photodegredation
follows first-order kinetics (Reche et al. 1999). and 4) light reaching the bottom of the
epilimnion is constant. [mplicit in assumption (4) is the assumption that light penetration
determines the depth of the mixed layer. As a consequence of assuming that the light reaching

the bottom of the epilimnion is constant. the mean light in the epilimnion is constant. Thus. in



the model. the mechanisms of light-mediated interactions between DOC and algae are
changes in the depth of the epilimnion and changes in the partitioning of light absorbance
between DOC and chlorophyll.  In the model. C refers to colored DOC . For the empirical
comparisons [ use the measured DOC values as an approximate measure ol colored DOC. In
these lakes the DOC largely consists of colored DOC (Chapter 3) and this approximation is
reasonable.

Light intensity in the water column at any given depth. /.. tollows the Beer-Lambert

equation (see Table | for symbol definitions):

[ =], ,expl=k A z—-kCz=-0n2) th

If it is assumed that the proportion of surface light reaching the bottom of the epilimnion. zb.

is a constant. b, the depth of the epilimnion can be calculated as totlows:

b=1 /1, =exp(=k Az, -k Cz, -nz.) (2

L, ==(nb)/(k,A+k C+1n) (3

Photodegredation of DOC:
[ assumed that the epilimnion is well mixed so that the volumetric DOC concentration
(C,) is constant with depth. so that at any depth. z, C=C,. The photodegradation rate at any

depth in the epilimnion is:



dC.ldt=-pl C 4
The areal epilimnetic photodegradation rate (g m = d') can be determined by integrating
cquatien (4) from the surtace (2=0)) to the bottom of the eptiimniont ==z,

dC, 1 dt==pC [ I.dz (5)
1}

Substitution of equations ( 1) and (3) into (3) and integrating vields:

~pi (1= hC
dC, /1 dr = P, ) (6)
tk,A+kC =m

In the model. the expression ply 1-b) is constant (surtace light assumed constant at 50 (Einst

m =~ d') and is represented by .

Epilimnetic DOC dynamics:

16

The arcal epilimnetic DOC dynamics are a function of DOC input rates. DOC outtlow.

and photodegredation of DOC. Adding terms for inputs and outflows to eq. (6) vields:

dC /dt=L —fC —[} C (kA +k C +nl (7

Growth of algae in the epilimnion:

[ assumed that algal production is a tfunction of phosphorus inputs and light intensity.

Light limitation is described by a hyperbolic function (Jassby and Platt 1976). and the
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maximum growth rate, V., is scaled to P input, P. Algal production at depth = can be

represented as:

VP,
dA /1 dt = PAL (8)
(s+1.

It [ assume the epilimnion is well mixed so that at any depth. z. A=A, epilimnetic areal algal

growth rate (mg m -~ d*) can be described as:

dA, 1 dt=VPA [[1./(s+1.)ld: (9)

i}

If eq (1) and (3) are combined with (9) the integration vields:

(] +5 )
APVIn 22—
\ I” +_\’}

dA, 1 dt = (1
thk A ~kC -m

: )
: A

Because [ was not concerned with variation in L. the expression Vln T 'is constant and

LD+ Yy

1

is represented by a.

Epilimnetic algal dvnamics:
The areal epilimnetic algal dynamics are a function of algal production (eq. 10). algae

flushed from the lake, zooplankton grazing rate. and sedimentation:



dA /T dt =[aPA (kA +kC +m]-fA —gAZ-0A (rh

Equilibrium algae and DOC:
By setting dA,/dr=0 and dC,/dr=0. equilibrium expressions for algac and DOC in both
volumetric (mass m ') and areal (mass m~) concentrations can be found. Equilibrium algal

biomass. A, . interms of C, is obtained simply by solving (11) for A, when A, /dr = O

oP _Kﬁi+n

= - 12
gZ+ f+0)K, K,

Combining equations (12) and (7). and solving tor C, vields the equilibrium DOC

concentration. C. . as a function of model parameters:

. L
C =——F—— (13)
f+/mZ+j+G)
i aP
By combining equations ( 12) and (13), the equilibrium chlorophyll concentrations. A, . as a
tunction of model parameters can be determined:
i aP KL
= — - - - ——— -n ’ (4
K | (gZ+f+0) f+/(.£’Z+f +0) !
\ aP /

Once A, and C. . are known. z, can be calculated by combining equations (3). (13). and (14):
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. =Inh(gZ+ f+0 -
o= (8 / J (15)
aP

Since areal epilimnetic chlorophyll (mg m*) and DOC (gm 7y are the product of their
volumetric concentration and the depth of the epilimnion. their equilibrium expressions

follow from the equations for C,". A, and 2, .

Areal Chlorophyll:

{ )
| i
KL
-lnh{ o +n(¢Z+ f+0)
- eZrfro) ’7;( !
,\'=_lnb_ \ aP ) (16)
) Ku K

“

Areal DOC:

C = —InbigZ+ f+0)L

;= - (17
Y faP+ g+ f+0)
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Parameter estimates:

I used the k, value (standard deviations in parentheses) of 0.01772 (0.00177) m- mg A’
and the k- value of 003141 (001901 m” ¢ C ' deternmuned by Carpenter et al. 1 [998) tor the
lakes included in this study . N represents the absorption of pure water and substances other
than chlorophyil or DOC and was determined empirically (see Results).

The epilimnetic water loss due to tlushing. s, was estimated to be approximately 0.01
m d”' using the results from hydrologic tracer additions in Peter and East Long Lake (Cole and
Pace 1998). The proportion of chlorophyll lost to sinking. . was determined empirically in
lakes similar to the lakes in our study to be 0.21 (m d'y (Baines and Pace [994). [ calculated
grazing from mean crustacean length using a value of g typical for these lakes. 0.5 (m (mmy) '
d'") (Carpenter et al. 2001). Solar irradiance at the water surtace. measured with a Li-Cor
spherical quantum sensor (LI-193SB). ranged trom ~10 to ~70 Einst m “d'. Results
presented here are based on constant irradiation of 50 Einst m “d.

The photodegredation coefficient. p. varies somewhat among lukes and is
approximately 1.0 x 10" (Einst m™)" in East Long Lake and 2.0 x 10" (Einst m ™)' in Peter
Lake (Reche et al. 1999). The difference between the lakes is due to the fact that Peter Lake is
more alkaline because of regular limings from 1952-1976 (Elser et al. 1986). For the model
calculations. [ used p=1x10"" (Einst m ™"

[ estimated arand L, by fitting the model to the July-August means of DOC.
chlorophyll «. P input. and mean crustacean length by least squares. A single value of o was

estimated for both laass. and separate values for L, were fit for Peter and East Long lukes. [
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tfixed v at 0.05. the value obtained when p=1 x 10", b=0.03. and [,=50. because it was not
possible to fit both L, and v. For clarity. East Long Lake will be referred to as the high DOC
luke and Peter Lake as the low DOC lake in the Results and Discussion.

RESULTS

Model analysis

[ present both qualitative and quantitative approaches to compare the model
predictions to the results of the whole-lake experiments. The model clearly expresses the
logical consequences of our assumptions and hypotheses in the form ot predictions concerning
the interaction of DOC and algue in lakes. Qualitative comparisons gave general insights into
the dvnamics of DOC and algal biomass observed in the whole-lake experiments. The
quantitative titting of the model addressed whether the mechanisms of the interactions
between DOC and algae have been adequately described.

The equilibrium dynamics of the model system can be seen ineq. (13) -eq. (17) and in
plots of zb*. Cv*. Ca*. Av*. and Aa* vs DOC input and P input. As P input increased. Av”
increased linearly due to the dependence of algal growth on P inputs teq 12) (Fig. 1A).
Volumetric DOC increased with P input because the increased algal biornass reduced the light
available for photodegredation (Fig. 1B). The increased light absorption by higher algal
concentrations reduced light penetration as P input increased and theretore decreased the
depth of the mixed layer (Fig. 1C). The change in areal algal biomass with increasing P inputs
was determined by the eftects of P input on volumetric algal biomass (increasing with P input)
and 25, (decreasing with P input). At low P inputs. the relatively deep epilimnion (large )

caused small changes in volumetric algal biomass to result in large changes in areal algal



biomass (Fig. 1D). At higher P loads. the epilimnion was relatively shallow and smaller
changes in arcal algal biomass occurred per unit change in volumetric algal biomass. Though
volumetric DOC increased with increases in Pinput rate. the increased DOC and afgal
biomass reduced the depth of the mixed layer such that areal DOC was reduced (Fig. 1E).

The eftects of changing DOC input (L,) were evaluated in a similar manner. C,
increased with L, (eq. 13) (Fig. 2B). Increased C. reduced A, by a factor of K/K, (eq. 12, Fig.
2A). Thus. in terms of “light equivalents™. the decrease in algal biomass was equivalent to the
increase in DOC concentration. Consequently. 2, was not atfected by changes in L,. Because
= was unattected by DOC inputs. the changes in areal algal biomass (A,) and DOC (C,,) were
simply the product ot the respective volumetric concentrations and 2, which is constant across
L. values (Fig. 2D-E).

Analysis of the areal algal biomass and volumetric DOC isoclines highlights some
important aspects of the model dvnamics. [ evaluated the eftect of changing DOC inputs by
comparing the predicted equilibria of two hypothetical lakes that were the sume except that
the DOC tnput was 0.2 g m* d"' for the “low” DOC input and 0.6 g m = d'' for the “high" DOC
input. The intersections of the DOC and algae isoclines indicate equilibrium DOC
concentration and algal biomass for a given set ot parameters. For this simulation P input was
I.5mgm-d"'. Increasing the inputs of DOC from 0.210 0.6 ¢ m - d " increased the
equilibrium DOC from ~+4.5t0~ 10 g m' (Fig. 3). Higher DOC inputs increased light
absorption by DOC and decreased the light available for algal production. Equilibrium algal

biomass decreased from ~85 mg chlorophyll m to 15 mg chlorophyll m™~.
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Increasing P inputs from | to 3 mg m* d”' while maintaining DOC inputs constant at

0.3 ¢ m -~ d"' caused the equilibrium areal algal biomass to increase from ~235 mg chlorophyll
m " to ~ 140 mg chiorophyll m ; tFig. 41, The equilibrium DOC concentration increased trom
~4tw~10gm * because of the increase in the proportion of light absorbed by algae decreased
the light available for photodegredation of colored DOC.

Thus. the qualitative predictions of the model are: 1) Increases in DOC input to a lake
will reduce the equilibrium areal and volumetric algal biomass while increasing volumetric
and areal DOC concentrations: 2) Increased P input will increase volumetric and arcal algal
biomass. increase volumetric DOC and reduce areal DOC. 3) Thermocline depth will

decrease with increases in P input and remain constant with changes in DOC input.

Comparison of model predictions to whole-lake experiments

These model predictions of the consequences of increased P load were tested against
the results from the whole-luke nutrient enrichment experiments. The model correctly
predicted the trends in algal biomass seen within the lakes over a range of P loads. and the
relationship between the lakes with contrasting DOC loads. though many of these regressions
were not signiticant. For volumetric and areal algal biomass. the high DOC luke showed a
weaker positive response to P inputs than the low DOC lake (Table 2. Fig. SA. D).

The model also predicted the correct trends in DOC dynamics seen in the lakes as P
input was increased. although most regressions were not significant. Volumetric DOC

increased in both lakes. though the change was not significant in the low DOC lake (Table 2.
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Fig. 5B). Areal DOC decreased in both lakes. though this regression was not significant tor

cither lake (Fig. 3E).

As predicted by the model. thermocline depth decreased i both fukes as P input
increased (Fig. 5C). However. the model prediction that DOC inputs would not affect
thermocline depth were not supported by the experimental results. The high DOC lake

consistently had a shallower thermocline than the low DOC lake (Fig. 5C).

Light intensity at the thermocline

In order to construct a generic model. I assumed that the fraction of surtace irradiance
reaching the thermocline was constant at 3% of surface irradiance. The data show that this
assumption is only approximate. but it results in reasonable predictions of thermocline depth
using eq. 3. DOC and chlorophyll concentrations. In this section [ evaluate the assumption of
constant light at the thermocline and discuss the predictions of thermocline depth that result
trom this assumption.

Within the low DOC and high DOC lakes. the changes in light intensity at the
thermocline over a wide range of algal biomass were small (Fig. 6A). In the high DOC lake.
the percent surtace irradiance at the thermocline varied 0 to 1.2 %. in the low DOC lake the
range was slightly higher. 2.5 - 7 %. Thus. there was a larger difterence between the lakes.
than over time within each lake. and the interlake difference was associated with ditferences
in DOC concentrations (Fig. 6B). The center of mass of the light reaching the thermocline

data was approximately 3% so this value was used in the general model.



[ estimated the value of n by using eq. 3. h=3%. the estimates of Kk, and k. from
Carpenter et al. (1998). and the July-August means for the depth of epilimnion, epilimnetic
algal bromass. and epilimnetic DOC concentrations. The esumated value of ipwas 038,
Using this value tor i and the July-August means tor DOC concentrations and algal biomass.,
the predicted and observed values for thermocline depth agree reasonubly well (Fig. 7). In the
high DOC lake. the predicted thermocline depths match the observed depths better than in the
fow DOC luke where the predicted thermocline depths were consistently slightly shallower
than those observed.  Using these predicted thermocline depths. and the measured epilimactic
volumetric algal biomass (mg Chl m') and DOC {gm ') concentrations. arcal epilimnetic
algal biomass (mg Chl m ~) could be predicted well at low and moderate algal biomass (Fig.

3). When algal biomass was high predictions tended to be lower than observations.

Model fit to data

The fit of the model to the data indicates that the model captures some of the important
interactions between DOC and algal biomass across a range of P inputs. The quantitative tit
of the model to the data was best for areal algal biomass and DOC (Fig. 9A-B. Fig. 10A). At
very low P input rates (<0.5 mg m™~ d') the observed algal biomass in the two lakes are
similar. However. the response of algal biomass to nutrient inputs is stronger in the low DOC
lake than in the high DOC lake. The model captures this difference in luke responses to
changes in P input rates. but the fit of the model to the data indicate that substantial variability

in the annual areal algal biomass is not explained by the model. The model correctly predicts



that areal epilimnetic DOC will decrease as P input increases. but predicts a stronger
response than is observed (Fig. 10B).

Though the model predicted the correct trends in yvolumetric algal biomass and DOC
concentration over a range of P inputs. it substantially overestimated volumetric algal biomass
and DOC concentration, especially at high P input rates (Fig. 9 C.D: Fig. 11).

The range in predicted values of 2, (eq. 15) was substantially greater than the range of
vilues observed in the lake data (Fig. 12A0. At low P input rates (and theretore low
chlorophyll values) the model predicted deeper than observed thermocline depths whereas at

high P input rates. the model predicted extremely shallow thermocline depths (Fig. 12B).

DisCUSSION

Studies of relationships between DOC and chlorophyll have found positive. negative
and ambiguous relationships (Canfield et al. 1984, Elser 1987. Carpenter ct al. [998). One
generalization that has been made is that areal chlorophyll is negatively atfected by increases
in DOC and that volumetric chlorophyll is positively correlated with DOC (Niirnberg 1999).
Our results suggest that this is an oversimplification. Model predictions and the results of the
whole lake experiments show that areal and volumetric chlorophyll can be negatively atfected

by higher DOC.

Model insights

The model correctly predicts the qualitative patterns of volumetric and areal DOC and

chlorophyll dynamics seen in the results of the whole-lake experiments. suggesting that light
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is an important mechanism of interaction between DOC and algae. [In addition, the arcal

algal biomass and volumetric DOC model predictions show a reasonable quantitative fit to the
data.

The relationships among thermocline depth. volumetric algal biomass and volumetric
DOC concentration in the model highlight an important aspect of the relative light absorbance
of algae and DOC in lakes. The denominator of eq. (3) represents the total light absorption
(m "1 in the water column. Constant z, across DOC inputs means that total light absorption (m
') is constant across DOC inputs (Fig. 13A). Thus. as DOC concentrations increased. the
proportion of light absorbed by DOC increased and that absorbed by algae decreased
proportionally (Fig. 13B.C). This result shows a mechanism by which DOC shading can
affect areal and volumetric chlorophyll in addition to any effect it may have on the depth of
the epilimnion in lakes.

Simulated increases in P input showed that the effect on the light absorbed by DOC
and algae was more complex because 2, was reduced as chlorophyll increased. In this case.
the total light absorption (m’") increased as P input (and theretore chlorophyll) increased (Fig.
14A). The result is that the proportion of light absorbed (m ') by DOC is only slightly
decreased as P input increases. and the proportion of light absorbed by algae increases
substantially (Fig. 14B.C).

The empirical results of this study and others indicate that changes in DOC
concentration may cause changes in the depth of the epilimnion (Chapter 2. Mazumder and
Tayvlor 1994, Fee et al. 1996). Any net change in mixed layer depth. however. will be

influenced by the extent that changes in algae concentrations compensate for changes in DOC.
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For example. the model predicts that decreases in DOC will be completely compensated tor

by increases in algal biomass leading to no change in the depth of the epilimnion. This
prediction is not supported by the data: however some compensation in Hight absorption by
increased algal biomass may occeur in response to decreased DOC concentrations in lakes.

The etfect of DOC on the depth of the epilimnion seen in the whole-lake experiments
has significant consequences for volumetric nutrient input rate to the epilimnion. The
shallower epilimnion in higher DOC lakes results in a higher nutrient load per unit epilimnetic
volume tor any given arcal input rate (Fig. 15). Despite the higher volumetric nutrient input
rate. areal and volumetric algal biomass was lower in the higher DOC lake. Thus. the
negative effect of DOC on algal biomass was strong enough to cause lower algal biomass in
the lake with higher nutrient loading.

If it is assumed that chlorophyvll and DOC are well mixed in the epilimnion. the areal
concentration of DOC or chlorophyll is simply the volumetric concentration multiplied by the
predicted thermocline depth. Under these conditions. the thermocline depth predicted using
equation (3). and a surface sample of volumetric DOC and chlorophyll concentrations can be
used to estimate epilimnetic areal chlorophyll concentration. This is a usetul conversion
because areal chlorophyil is a better measure of ecosystem production than is volumetric
chlorophyll (Carpenter et al. 1999).

In these small lakes. assuming constant light at the thermocline allows us to make
several usetul predictions using the observed DOC and chlorophyil concentrations and the

Beer-Lambert equation. In larger lakes. fetch becomes the dominant driver of depth ot the



epilimnion. and predictions based on these three factors will not hold (Hanna 1990.

Muzumder and Tavlor 1994, Fee et al. [996).

Model criticisms

The quantitative tit of the model to the volumetric chlorophyll und DOC data was
poor. The model predicts a volumetric algae and DOC concentrations that are too high at high
P inputs. At high P input rates. the erroneously high A, and C. predictions produce =, values
that are smaller than the observed values. Because areal concentration is the product of
volumetric concentration and 2. the small 2, values compensate tor the high volumetric
concentrations producing reasonable predictions for A, and C,. Thus. the trends predicted by
the model are correct. but the magnitudes predicted tor volumetric concentrations do not
match the lake data well. Modifving the form of the algal response to P input such that the
algal response to P input is reduced in the model may improve the model predictions.

The model prediction of a constant 2, across a gradient of L, is not consistent with the
luke data. In the model. the constant z, is a consequence of increased C, reducing algal
biomass by a factor of k/k, (eq. 12). If the actual reduction of algal production is less than
k./k, . then the depth of light penetration and theretore the depth of the thermocline would
decrease with increasing DOC inputs. This situation could occur if light limitation is
negligible across much of the DOC gradient. For example. Fee et al. (1978) found that light
must be <10% of surtace intensity before light limitation is important. Alternatively. P inputs
may be correlated with DOC inputs such that the etfect of increased DOC is dampened by

increased nutrient availability.
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The relatively long turnover time for DOC suggests that the assumption of

cquilibrium tor DOC may be inappropriate. The turnover time for DOC in the high DOC lake
i~ approximately 70 days. while the wurnover ume tor algal C v 0.9 days. Thus. tollowing a
perturbation (such as a fluctuation in input rates ot P and DOC), algae would reach steady-
state more rapidly than DOC. Consequently the effect of DOC on algae is significant while
the effect of algae on DOC is barely discernible (Fig. 5). At the time scale of our data. slowly-
changing DOC acts as a parameter in the chlorophyvll dynamics. while fluctuations in
chlorophyll do not have discernible effects on DOC. Though DOC can vary through time
(Schindler et al. 1990. Schindler et al. 1992, Sanderson 1998). this variability 1s otten driven
by external drivers (i.e. rain. drought). Big pulses of DOC inputs (e.g. trom rain events) decay
slowly. contributing to the low within lake variability in DOC (Carpenter and Pace 1997).
Other model limitations include the tact that algal standing stock requires a minimal P
input of about .5 mg m =d'. If there is such a minimum P input. it must be lower because
many lakes with lower P input rates support phytoplankton populations (Fee 1979). Also. the
assumption that light is constant at the thermocline is true within a limited range ot DOC
(within the low DOC lake. within the high DOC liake). but across a wider range (tfrom the low
DOC lake to the high DOC lake) light intensity at the thermocline is variable. Nevertheless.
this assumption leads to reasonable predictions of thermocline depth trom the observed DOC
and chlorophyll concentrations. Finally. I included no microbial metabolism losses in the
DOC model. This omission was intentional because my goal was to determine how much of
the DOC and chlorophyll interaction could be explained by the shading etfects of DOC and

chlorophyll.
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General Discussion

The interactions of DOC and chlorophyll affect not only the epilimnetic light intensity.
but also the depth over which epilimnetic processes oceur. The extent to which DOC and
chlorophyll atfect the depth of the mixed layer is in part determined by the response of one to
the decline of the other. In the model. increases in DOC are completely compensated for by
decreases in algal biomass. resulting in no net reduction in thermoctine depth. The data show
that this complete compensation does not occur in lakes. More subtle compensations do
occur. however (as can be seen by lower algal biomass in the higher DOC luke). and suggest
an important in-luke interaction that may modify the etfects of changes in climate and
watershed land-use on the light climate and thermal structure of lakes.

Though a negative relationship between algae and DOC was scen in these lakes. the
model analysis and whole lake results suggests mechanisms that could produce positive
correlations between DOC and algal biomass in some lakes. In a high DOC like. with a
shallower mixed laver. P input per unit volume will be higher than in a clearer luke with a
deeper mixed layer and the same areal P input rate. A second mechanism that could produce a
positive correlation is the shading effect of chlorophyll on DOC photodegredation. The
present model overestimates this effect. but the data suggest that it is not zero. Thus the
patterns in the experimental lake data are consistent with the idea that light is an important
factor in the relationship between algae and DOC. but that light alone is not sufficient to
explain the joint dynamics of DOC and algae. Additional mechanisms are needed to explain
the observed dvnamics. The quantitative tit of the model to the data was reasonable for areal

chlorophyll and areal DOC. but poor for volumetric chlorophyll and volumetric DOC. These



'
9

departures are explainable by the omission of a metabolism term. nonconstancy of light

intensity at the thermocline, or nonequilibrium of DOC
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Table |. Symbol definitions and units.

L. =DOC input rate tmg - m =~ - d'")

A, = Volumetric chlorophyll concentration tmg - m )
A, = Areal chlorophyll concentration (mg - m)

C. = Volumetric DOC concentration (g - m)

C. = Areal DOC concentrations (g - m™)

k., = coetticient tor light extinction due to algae (m” - mg A"

k. = coetticient for light extinction due to colored DOC (m~-gC™")

n = coetficient for light extinction due to pure water (m'')

I, = irradiance at the lake surface (einst - m )

[, = irradiance at depth z (einst - m”)

b = light intensity at the bottom of the epilimnion as a proportion of surtace light
zn = depth at bottom of epilimnion (m)

p = photodegradation coefficient for colored DOC (einst' m )"

V = maximum algal growth rate (d')

s = half-saturation irradiance for algae growth

¥ = composite bleaching rate (d’'y: plo(1-b)

(continued)




Table | (continued). Symbol definitions and units.

« = composite growth rate (dy: Vin[lo + )/ tlob + 5]
f = flushing rate of epilimnion (proportion of epilimnion flushed each day) (d™')

= grazing coefficient (m (mm)"' d")

as

Z = mean crustacean length (mm)
. . - - N
o = sedimentation coetticientim d™)

P=phosphorus input (mg m~d'")




Table 2. Results trom regressions of chlorophyll and DOC variables against P input rate
(mgm “dh,

Dependent Vanable Slope R- p
Volumetric Chlorophyll
East 6.60 0.282 0.126
Peter 12.40 0.846 0.002

Volumetric DOC
East 0.60 0.0577 0.029
Peter 0.072 0.000 0.728

Thermocline depth
East -0.18 0.736 0.008
Peter -0.28 0.008 0.739

Areal Chlorophyll

East 11.80 0.192 0).180

Peter 34.51 0.785 0.005
Areal DOC

East -0.79 0003 ().359

Peter -0.97 0.132 0.225
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FIGURE LEGENDS

Figure 1. Model predictions of the effect of P input rate (mg m * d'") on equilibrium algal
hromass and DOC concentrations. and thermocline depth. AL Volumetrie algal bromass emg
chlor. m "): B. Volumetric DOC (g m '): C. Thermocline depth (m): D. Arcal algal biomass
(mg chlor. m *): E. Areal DOC (mg m *). For this simulation: DOC input=0.6 g m U

g=(.5: mean crustacean length= 0.8: 0=0.95: v=0.05: 6=0.21: N=().38.

Figure 2. Model predictions of the effect of DOC input rate (mg m = d ") on equitibrium algal
hiomass and DOC concentrations. and thermocline depth. A. Volumetric algal biomass (mg
chlor. m *): B. Volumetric DOC (g m *): C. Thermocline depth (my: D. Areal algal biomass
(mg chlor. m *): E. Areal DOC (mg m ). For this simulation: P input rate = 1.0 mg m “d

g=0.5: mean crustacean length = 0.8: a=0.95: v=0.05: 6=().21: N=0.38:

Figure 3. Effect of changes in DOC input rate on the equilibrium 1soclines tor areal algal
biomass uand volumetric DOC. High DOC input =60 mg m~d "' : Low DOC input rate = 20

mg m “d'p input rate = 1.0 mg m-d": ¢=0.5: Mean crustacean length=0.8 mm: a=0.95.

Figure 4. Etfect of changes in P input rate on the equilibrium isoclines tor the areal algal
biomass and DOC isocline. Low P input =1 mg m~d"': High P input = 3 mg m-d"'. DOC

input = 30 mg m~ d’': Mean crustacean length = 0.8 mm: a=3:
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Figure 5. Results from whole-lake experiments showing the effect of P input rate (mg m "

d'"y on eauilibrium chlorophyil and DOC concentrations. and thermocline depth. A
Volumetric chlorophvll img m “): B. Volumetric DOC (g m " C. Thermocline depth cmo: D.
Arcal chlorophyll (mg m 7). E. Areal DOC (mg m°). Open triangles are the low DOC luke.
Filled triangles are the high DOC lake. See Table 2 for the results of the regression analyses

of these relationships.

Figure 6. Percent surface irradiance at the thermocline. Open triangles are the low DOC lake.
Filled triangles are the high DOC lake. A. Effects of algal biomass tmg chlor. m ‘12 B.

Effects ot DOC.

Figure 7. Predicted thermocline depth (using eq. 3 and the observed chlorophyll and DOC
concentrations in the lake) vs. observed thermocline depth. Open triangles are the low DOC

lake. Filled triangles are the high DOC lake.

Figure 8. Comparison of the observed areal chlorophyll and areal chlorophyll predicted trom
surtace chlorophvli. DOC. and the depth of the thermocline calculated using eq. 3. Open

triangles are the low DOC lake. Filled triangles are the high DOC lake.

Figure 9 Model predictions and observed lake concentrations of algal biomass and DOC. A.

Areal algal biomass (mg chlor. m™): B. Areal DOC (g m~): C. Volumetric algal biomass (mg
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chlor m*); D. Volumetric DOC (g m). Triangles are data from the low DOC lake and

circles are the data from the high DOC lake.

Figure 10. Model predictions and whole lake data vs. P input rate (mg m “d™. AL Areal algal
biomass (mg chlor. m”). B. Areal DOC (g m~). Open triangles are the observed values for
the low DOC lake. Filled triangles are the observed values for the high DOC lake. Dashed
line connects the model predictions tor the low DOC lake. Solid line connects the predictions

tor the high DOC lake.

Figure 1 1. Model predictions and whole lake data vs. P input rate tmg m “dh. A
Volumetric algal biomass (mg chlor. m ). B. Volumetric DOC (g m . Open triangles are
the observed values tor the low DOC lake. Filled triangles are the observed values tor the
high DOC lake. Dashed line connects the model predictions for the low DOC luke. Solid line

connects the predictions tor the high DOC lake.

Figure 12. Model predictions ot equilibrium thermocline depth. A. Predicted equilibrium
thermocline depth vs. observed thermocline depth (July - August mean). B. Predicted
thermocline depth vs. P input rate. Triangles represent the high DOC luke. circles represent

the low DOC lake.

Figure 13. Epilimnetic light absorbance as a function of DOC input. A. Total light

absorbance (m'). B. Proportion of absorbance accounted for by chlorophyll as a tfunction of
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DOC inputs. C. Proportion of absorbance accounted for by DOC as a function of DOC

inputs.

Figure 14. Epilimnetic light absorbance as a function of P input. A. Total light absorbance
(m '). B. Proportion of absorbance accounted tor by chlorophyll as a tunction of P inputs. C.
Proportion of absorbance accounted tor by DOC as a function of P inputs. Note scale

differences for v-axis.

Figure 15. Comparison of areal and volumetric P load to the epilimnion ot the experimental
lakes. Open triangles represent the low DOC lake. Filled triangles represent the high DOC

lake.
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CHAPTERIII

THE THERMAL STRUCTURE OF LAKES: EFFECTS OF WATER COLOR AND CHLOROPHYLL.

ABSTRACT

Lake thermal structure influences biological. chemical and physical processes. Thermocline
depth determines the volume of water with tavorable conditions for primary production:
epilimnetic light intensity and temperature atfect algal growth, reproduction and species
composition: and thermocline stability affects nutrient entrainment from the hypolimnion o
the epilimnion. [ used data from o set of whole-lake experiments conducted trom 1991-99 to
investigate the etfect of algal biomass and water color on several aspects of lake thermal
structure. The experimental lakes experienced a wide range of chlorophyll concentrations
(because of experimental nutrient enrichment) and water color (because of natural vanability
in dissolved organic carbon inputs among lakes). Thermocline depth and mean epilimnetic
light intensity were negatively correlated with color and chlorophyll concentrations.
Resistance to mixing at the thermocline was highest in colored lakes. Epilimnetic
temperatures were generally cooler and showed more pronounced diel cycles in the colored
lakes. Thus. chemical inputs from the watershed in the form of nutrients (which atfect
chlorophyll concentrations) and dissolved organic carbon (which affect water color) have

significant effects on the physical characteristics of lakes.
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INTRODUCTION

A fundamental characteristic of lakes is their stratification which forms a well-mixed
epthimnion overlying a cooler hypolimnion. The depth of the mixed layver. and the stability of
the thermocline separating it from the hypolimnion. influence biological. chemical and
physical processes in lukes. Thermocline depth determines the volume of water with
tfavorable conditions for primary production (Arvola 1984) and affects the recycling of
nutrients (Fee 1979). The temperature gradient through the thermocline attects the rates of
eddy ditfusion through the thermocline (Fee et al. 1994). und the resistance 1o mixing across
the thermocline (Birge 1910). Thermocline stability has been shown to be an important tactor
regulating the rate at which nutrients are entrained from the nutrient-rich hypolimnion to the
nutrient limited epilimnion (Soranno et al. 1997, Lathrop et al. 1999).

Lake stratification is affected by the physical (morphometry). chemical torganic water
color) and biological (algal aubundance. food web structure) properties of lakes. Lake size is
an important correlate of mixing depth (Hanna 1990. Fee et al. 1996). However. the
relationship between luke size and the mixing depth is substantially modified by the degree of
light attenuation in water column (Kling 1988. Mazumder and Taylor [994. Fee et al. 1996.
Pérez-Fuentetaja 1999). Increased light attenuation reduces the penetration ot solar radiation
which can reduce the depth of the thermocline. In lakes of low to moderate productivity. light
attenuation is determined primarily by the water color provided by dissolved organic carbon
(DOC) (Jones and Arvola 1984. Elser 1987. Fee et al. 1996. Sanderson 1998). However.
chlorophyll concentrations may also atfect mixing depth (Mazumder et al. 1990. Carpenter

and Kitchell 1993, Fee et al. 1996).
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Epilimnetic light climate is determined by the depth of the mixed layer and water

column light attenuation (Riley 1957, Sterner 1990). Mean epilimnetic light climate can aftect
algal successton, species composttion. and algal production tRamberg 1979, Fee et ai. 19920,
In clear lakes. epilimnetic light climate is strongly affected by morphometry because ot its
effect on mixing depth (Sterner 1990). With constant transparency. a deeper mixed layer will
have a reduced etfective light climate. However, in small lakes. the reduction in thermocline
depth with increasing light attenuation may compensate tor reduced light penetration as water
color increases. It so. changes in absorbance should have minimal effects on epilimnetic light
climate. Thus. the effect of water color on epilimnetic light climate is determined by the
interaction of its etfect of on light penetration and thermocline depth.

The stability of a lake is the amount of work needed to mix the warm epilimnetic
water with the colder. denser hypolimnetic water such that a uniform temperature throughout
the water column is achieved (Idso 1973). The etfect of increased light absorbance on lake
stability is complicated. High color lakes have been shown to exhibit steep temperature
gradients across the thermocline (Bowling 1990. Bowling and Salonen 1990). which increases
lake stability. However. there is evidence that the total heat storage of high color lakes 15
reduced (Bowling 1990). thereby decreasing lake stability.

Water color. through its effect on light absorption and thermocline depth. may aftect
surface temperatures and whole-lake heat budgets. Lakes with shallower epilimnia. due to
their high surface area to volume ratio. may lose more heat through nocturnal cooling than
lakes with deeper epilimnia causing such lakes to accumulate less heat over the course of the

summer (Bowling and Salonen 1990). For the same reason. colored lakes may experience
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more pronounced diel temperature cycles than clear lakes with deeper epilimnia (Bowling and

Salonen 1990, Fee et al. 1996).

My purpose in ths chapter is to examine the effects ot water color and chlorophyil on
the physical structure of lakes. Specifically, I address how water and chiorophyll attect
thermocline depth. epilimnetic light climate. epilimnetic temperature dynamics. thermocline

stability, and whole lake heat budgets.

METHODS
Study site

This study included 6 lakes. Hummingbird. East Long. West Long. Tuesday. Paul. and
Peter lakes. located on the University of Notre Dame Environmental Research Center
(UNDERC) property near Land o™ Lakes, Wisconsin. U.S.A. A detailed description of this
region and its lakes can be found in Carpenter and Kitchell (1993). Three of the lakes (Peter.
East Long. and West Long lakes) were experimentally tertilized with phosphorus (P) and
nitrogen (N) from 1993 to 1997 as part of a set of whole-lake experiments designed to
determine the effect of food web structure. nutrient inputs and DOC concentrations on
primary production (Carpenter et al. 2001). P tertilization rates ranged from approximately |
to 6mg m~ d"' (N:P in the fertilizer exceeded 30 (by atoms) to prevent N limitation). General

morphometric and limnological characteristics are shown in Table 1.



Limnological Methods

Four of the lakes (Peter. Paul. East Long and West Long lakes) were sampled weekly
from mid-May o carly September during 1991-1999. Two of the fakes. cHummingbird and
Tuesday lakes) were sampled only during the 1999 stratified season.

Integrated epilimnetic chlorophyll was determined as the volume weighted mean of
chlorophyll concentrations at 3 depths: surtace. the depth of 50% surtace irradiance. and the
depth of 25% surface irradiance. Chlorophyll was collected on GF/F filters. extracted using
methanol. quantitied fluorometrically. and corrected for pheopigments (Marker et al. 1980).

Epilimnetic DOC and color samples were collected by pooling mixed layer water trom
multiple depths (0. | and 2 m in Peter. Paul. and West Long lakes: 0. 0.5 and | m in East
Long Lake: 0.5 m in Hummingbird Lake). DOC samples were preserved by reducing sample
pH to <2 with 2 N H.SO: (1% final sample volume} and analyzed using a Shimadzu model
5050 high temperature TOC analyzer. Color was determined spectrophotometrically on
unpreserved samples using a 10 cm cuvette after samples had been tiltered through GF/F
tilters.

Temperature and dissolved oxygen profiles were measured using a YSI
temperature/dissolved oxygen meter. Measurements were taken at 0.3 m intervals trom the
surface through the metalimnion. then at | m intervals in the hypolimnion. Thermocline
depth was determined as the depth of maximum change in temperature with depth. Water
density protiles for use in the lake stability and resistance to mixing calculations were
calculated using water temperatures and the corresponding absolute density of water (Smith

1974). Light intensity was measured at the surtace. every 0.25 mto | m. and every 0.5 m
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until the depth of 1% surface light was reached using a Li-Cor spherical quantum sensor (LI-

193SB)..

In 1999 diel temperature cyeles were measured in Peter. Paui and East Long Tukes
using Endeco-YSI sondes (model UPG-6000) deployed at (0.7 m which recorded epilimnetic
temperature every 5 minutes. For clarity in the Results and Discussion pertaining to the sonde
data. East Long Lake (a high color lake) is referred to as the “colored’ luke. whereas Peter and
Paul (low color ukes) are referred to as “clear’ lakes.

Lake Stability

Schmidt stability (S,) was calculated after Idso (1973):

| & -
S.=N\—Z(:——:;,Np.—p).4.x (1
e £ BN

where A, is the surtace area of the lake (m™). A-is the area at depth ¢ m-). P is the mean
density that would result if lake were evenly mixed (g cm ). p-1s the density at depth 2. 2 1s
lauke surface. g is the maximum lake depth (m). -, depth where the mean density ( p ) occurs

. Mean density is calculated as:
I N
pzvz,o:.{.s: (2)

were V is lake volume (m ).
Thermal resistance to mixing. R. is determined by the difference in density between
the top and bottom of a layer of water (Birge 1916). The thermal resistance is the amount of

work required to completely mix the layer of water. For a column of water with a uniform
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temperature gradient. an area of | cm” and a height of 100 cm, the relative thermal resistance

L/}

to mixing. R. can be calculated as (Birge 1916):

_p.-p 1)
3

R

where p, is the density at the top of the water column and p: is the density at the bottom of the
water column. Relative thermal resistance to mixing was calculated tor 0.5 m intervals for

cach sample date in cach lake.

Light Climate

Riley (1957) developed an expression for mean mixed layer light intensity which was
moditied by Sterner (1990) to express mean epilimnetic light intensity as a proportion of the
irradiance at depth = 0:

-KZ.
E‘?:——IOOHK; ’ (4)
T

where E% is the mean epilimnetic irradiance as a proportion of the surtace irradiance. K 1s the
absorption coefticient. and Zr is the depth of the thermocline. We calculated K using the
depth of the thermocline (Zp). surtace irradiance (/) (measured just below the water surface).
irradiance at the thermocline (/) and the Beer-Lambert equation. Rearranging the Beer-

Lambert equation to solve for K yields:
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K was calculated for each sampling day and then used in equation (4) to calculate mean

epilimnetic light intensity.

Energy Budgets
The energy budget of a lake can be described as follows (all units are
W m-):
Riui+Q+A -(E+H) =5 (6)
where A, is the net heat advected into the lake by precipitation. groundwater inflow and
outtlow. and changes in heat storage due to variations in luke level. Q is the heat released by
the sediments. £ is evaporative cooling., and A is sensitive cooling. § is the change in heat
content of the water body. R, is the net input of energy from solar radiation and i1s composed
of the following components:
Ruer = Row + Riu - R (7
where R.. is the incoming short wave radiation. Ry, is the incoming long wave radiation. and
Ry 15 the long wave radiation emitted by the water body. § is calculated as S = @1/, - By

where @,,,,is the heat content of the lake at time (£). Heat content is determined tor each

sampling date as follows (Wetzel and Likens 2000):
o, = A,,"i T.Ah (8)

where A, is the surface area of the lake. 2, is the lake surtace. . is the maximum depth. T is
the temperature at depth z. A- is the area at depth =. and . is the thickness of the layer of water

centered at depth =.
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For present purposes, the components of the lake energy budget (eq. 6) can be divided

into two classes: those which may be significantly affected by lake characteristies (i.c. water
color) and theretore vary signiticantly among the fakes in this study. and those which should
be essentially the sume among the lakes in this study. We assume that A, 1s small and does
not vary significantly among the study lakes because the lakes receive the same precipitation
and similar groundwater inflows and outflows (Cole and Pace 1998). The heat released by the
sediments. (. is generally a very small portion of lake heat budgets (Sacks et al. 1994). and
hecause the lakes included in this study are similar in size and shape. (2 should be similar
among them. For the components of R,... R.. (short wave radiation) and R, tdownward long
wave radiation) are simply incoming solar radiation and should be the same tor cach of these
lakes. However. if there are differences in albedo among lakes with different [evels of water
color. the R, absorbed by the lakes may ditfer. Ry, tupward long wave radiation) is a
function of water temperature and theretfore may be aftected by water color to the extent that
surface temperature differs among the lakes. E (evaporative cooling) and A (sensitive
cooling) are also temperature dependent and as such may also be attected by water color.

Assuming Q and A, to be constant among the study lakes. eq. (6) can be rewritten as
tollows:

E+H=R,..-§ (9)

combining eq. (9) with eq. (7) and rearranging:

E + H = R\'u 'Rl\ul = '(R[uu + 5') { l())



68
Sensible heat loss, H. is generally a very small part of lake heat budgets (Sacks et al. 1994),

and R, will be the same among the lakes in this study. Theretore eq. ¢ 10) can be simplified
to the tollowing:

E+R. =-(Ruu+35) (ol

R.... is simply a function of temperature:

Ri..=¢oT' (12)
where € is the emissivity of water (0.07). and & is the Stefan-Boltzman constant (5.67x 107 W
m= K. R, . was calculated for each week and the [0 week average was used in the heat
budget calculation. For the comparison of the heat budgets among lukes. @,. was calculated
teq. 8) for week | (began 25 May) and week 10 (began 28 July). the week of peak temperature
content for most of the lakes. § is simply the ditference between @, at week | and week 10.
We empirically determined all of the quantities on the right side of eq. ¢ 1 1. For the heat
budgets to balance. differences in the quantity (R, + 3) among lakes must be explained
cither by differences in evaporative cooling (E) or differences in albedo (which would cause

R, to differ among lakes).

RESULTS
Thermocline depth

Color was the strongest predictor of thermocline depth (Fig. 1A). Because DOC
accounts for much of the color. it was also a strong predictor ot thermocline depth (Fig. 1B).

The correlation of chlorophyll with thermocline depth was noisier but still significant (Fig.
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1C). Because of their log-linear relationship with thermocline depth. color and chlorophyll

concentration were log transtormed for the regression analysis (Fig. 2).  DOC and color are
strongly correlated. and water color is the characteristic that directly ettects light penetration.
so water color and not DOC was included in the multiple regression analysis. Multiple
regression analysis showed that water color and chlorophyll explained over 90% of the
variability in thermocline depth (R*=0.926. Table 2).

Water color and chlorophvll also affected the variability in thermocline depth over the
summer. [n the high color lakes, the thermocline depth varied over approximately a | m range
(e.g. in Hummingbird: -2 m deep). whereas in the clear lakes thermocline depth varied over a
3 mrange (e.g. Paul: 1.5 to 4.5 m) (Fig. 3). [n lukes that received experimental enrichment. a
similar effect was seen with respect to chlorophyll concentrations. In the years of nutrient
enrichment. when the average summer chlorophyll concentrations was quite high in Peter and
East Long lakes (Carpenter et al. 2001). the thermocline depth and variability in thermocline
depth were reduced (Fig. 4A.B). Chlorophyll concentrations in West Long Lake were not as
high (Fig 4C). and there was no discernible effect of these small changes in chlorophyll on
thermocline depth. In Paul Lake. which received no nutrient enrichment. the range of
observed chlorophyll concentrations was small and no correlation with thermocline depth was

seen (Fig. 4D).
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Epilimnetic Light Climate

Water color was also strongly correlated with mean epilimnetic light intensity. As
witer color tncreased. a log-linear decrease in mean light climate was seen rey. o4 Figo 3AL
6A). When color was less than 5 m™' the mean epilimnetic light intensity reached almost 60
of surface irradiance. When color was above 5 m'' mean light intensity was always less than
30% surtace irradiance and was as low as 10%. DOC also showed a strong, but more variable
than color. relationship with mean epilimnetic light intensity (Fig. 5B). A direct comparison
of chlorophyll and mean epilimnetic light intensity showed a weak effect ot chlorophyll (Fig.
5C). However. multiple regression analysis shows that a significant amount of the variation in
mean light intensity was explained by chlorophyll once the ettect of water color was removed.

(Table 3. Fig. 6.

Daily Epilimnetic Temperature

All of the lukes showed a seasonal trend of increasing mid-morning surtace
temperatures trom the beginning of the sampling season (late-May) until approximately Julian
Day 208 (July 27th) and then decreasing temperatures tor the rest of the summer (Fig. 7).
This trend was associated with seasonal patterns of daily solar irradiance and air temperature.
These climatic factors are essentially the same for all of the lakes in the region. To detect
differences due to internal lake characteristics. [ examined the patterns in the deviations of
each lake from the all-lake mean for each saumpling period (Fig. 8). There are two important
patterns in the data. First. the deviations trom the means for clear lakes and the dark lakes

generally have opposite signs (Fig. 8B). Second. there is a trend across water color for these






