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Abstract
Devlin, Shawn P. Ph.D., Environmental Sciences Ph.D. Program, Wright State
University, 2011. Littoral Zone Structure, Energy Mobilization and Benthic Food Webs
in Oligotrophic Northern Temperate Lakes.
Lakes are usually described by pelagic-based characteristics such as trophic status
or stratification and mixing regimes. These categorization schemes neglect among-lake
differences in the physical and biological structure of the littoral zone. The extensive use
of stable isotopes has led to a better integration of pelagic dynamics and littoral processes
in limnology. In order to further our understanding of littoral trophic dynamics I
conducted a detailed investigation of benthic primary production, littoral sediment
bacterial production, and zoobenthic consumer resource use in oligotrophic temperate
lakes. I have found that among-lake variation in benthic primary and bacterial production
reflects littoral zone structure. Specifically, the magnitude of benthic primary production
relative to benthic bacterial production is influenced by the amount of organic carbon
associated with littoral sediments. I determined resource use among zoobenthic
functional feeding groups using stable isotopes. Macroinvertebrate production was
strongly dependent on benthic algae, but variation in algal isotope signatures associated
with lake depth and sediment depth complicates the interpretation of mixing models. I
compared estimates of whole-lake benthic primary production with various levels of
spatial variability of photosynthetic parameters incorporated into primary production
models to determine how much effort is needed to accurately quantify whole-lake benthic
primary production. Estimates of mean areal littoral primary production using mean lightsaturated maximum primary production were comparable to estimates calculated with
highly resolved, depth-specific estimates of maximum primary production. Thus,
iii

accurate estimates of whole-lake benthic primary production can be obtained with
relatively simple models, but an accurate, depth-averaged estimate of maximum benthic
primary production is crucial. This study demonstrates that littoral primary production is
a major source of energy for aquatic consumers, and the contribution of littoral processes
to whole-lake trophic dynamics is dependent on littoral zone characteristics. Further
integration of littoral processes into whole-lake food webs is vital to a comprehensive
understanding of lake ecology.
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Chapter One

AMONG-LAKE VARIATION IN BENTHIC BACTERIAL AND PRIMARY
PRODUCTION REFLECTS DIFFERENCES IN LITTORAL STRUCTURE.

Introduction
Littoral primary and secondary production are substantial sources of energy and
nutrients to food webs in oligotrophic lakes (Hecky and Hesslein 1995, Vadeboncoeur et
al. 2002, Vander Zanden et al. 2006). Lake categorization schemes are almost universally
based on pelagic parameters such as trophic status or mixing regimes (Dillon and Rigler
1974, Schindler 1978). Despite the wide variation in littoral zone physical and biological
structure, lakes are not categorized based on littoral characteristics beyond
acknowledging the importance of the presence or absence of macrophytes. Rather, littoral
zone heterogeneity has been an intimidating obstacle to research. Differences in littoral
zone structure both reflect and determine differences in basal resource availability
including the relative contributions of terrestrial and autochthonous (macrophytes,
periphyton, phytoplankton) sources to energy flow (Bouillon and Boschker 2006, Jansson
et al. 2007). Here I explore how among-lake variation in littoral sediments affects basal
production dynamics among oligotrophic lakes.
Geologic parent material and weathering provide a physical-chemical template
that is transformed by biological processes on the lake bottom. Littoral sediments are a
composite of mineral, detrital, and living components and littoral slope, depth, and
geological features determine their composition and distribution (Vadeboncoeur et al.
2008). Hard substrates such as rocks and course woody debris are commonly found in
1

shallow depths in areas of high disturbance, and soft sediments accumulate where
disturbance is low (Lowe et al. 1996, Wetzel 2001). Sediments are a primary element of
littoral structure and sediment composition varies from highly mineral to predominantly
organic sediment.
Detrital pools in littoral sediments can originate from the terrestrial landscape
(allochthonous source) or from within lakes in the form of phytoplankton, periphyton and
macrophytes (autochthonous). With increasing littoral depth, the potential for detrital
phytoplankton inputs to benthic sediments increases, however, deeper waters offer more
opportunity for microbial decomposition during settling. In oligotrophic lakes, bacterial
processing of dead phytoplankton biomass during transit through the water column is
high (75-99%) and physical rates of deposition of planktonic detritus vary among lakes
(Wetzel 2001).
Littoral sediment detritus can also originate from benthic primary producers,
including periphyton and macrophytes. Macrophytes have a seasonal growth pattern
ending with deposition of detritus to benthic sediments. Macrophyte decomposition rates
are variable in space and time (Pieczynska 1993) and dependent on nutrient content of
detritus (Carpenter and Adams 1979). Self shading can cause periphytic detritus to
accumulate under the active biofilm and become integrated with sediment mineral matter.
In addition to the mineral and detrital elements, littoral sediments have an integral
living component composed of benthic microalgae and bacteria. Bacteria decompose
benthic detritus and recycle nutrients. Benthic microalgae fix carbon that then becomes
available to higher trophic levels. Periphyton also oxygenate sediments, affecting redox
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controlled ionic transport across the sediment water interface. Bacteria and benthic algae
together form complex biofilms on littoral substrates that stabilize unconsolidated
sediments (Yallop et al. 2000), and regulate nutrient flux across the sediment-water
interface (Carlton and Wetzel 1988). Both types of organisms provide an energy source
to meiofauna and macro- invertebrate consumers (Karlsson and Bystrom 2005, Jansson et
al. 2007).
Here I address the role of among-lake variability in littoral structure by examining
benthic heterotrophic and autotrophic microbial dynamics in three lakes with different
littoral zone sediment types; Crystal Lake has a highly mineral sandy bottom lake with
very little organic content, Sparkling Lake sediments are rich in organic carbon
originating from primary production by benthic algae, and Little Rock Lake, which has
very high sediment organic carbon content of planktonic or allochthonous origin. I
examine how the quantity and source of littoral sediment organic carbon is related to the
relative contribution of algae and bacteria to benthic energy mobilization. Further, I
examine whether differences in algal and bacterial contributions to benthic energy
mobilization is reflected in consumer production and carbon utilization. The objectives
and goals of this study are to determine within-lake and among-lake patterns in benthic
primary production and bacterial production, bacterial abundance and bacterial
community structure, and to determine bacterial and benthic consumer utilization of
carbon fixed by benthic algae.

3

Methods
Study Sites
I measured benthic primary production as well as bacterial production, abundance
and community structure in Sparkling Lake, Crystal Lake and Little Rock Lake, three
clear-water lakes with contrasting littoral zone structures. These lakes are in the Northern
Highland Lake district in northern Wisconsin, USA. The lakes range in surface area from
eight hectares to 64 hectares and vary in mean depth from 3.3 to 10.9 meters. Each lake is
dominated by soft sediments, but sediment organic carbon content ranges from 10.1 ±1.3
to 241.4±18.2 mg C g-1 (Table 1.1). Crystal and Sparkling Lakes are monitored as part of
the Long Term Ecological Research program. Little Rock Lake was experimentally
acidified in the 1980’s, but has since recovered (Watras and Frost 1989).
Characterization of Littoral Sediments
To determine the carbon content of littoral sediments and the source of organic
matter associated with littoral sediments, I sampled the top 5 mm of the sediments along
three transects at 0.5 m, and 1 through 10 m of depth at one meter intervals twice during
the summer in each lake while SCUBA diving. Sediment samples were frozen,
lyophilized and homogenized then sub-sampled into aluminum tin capsules for stable
isotope analysis. I sent samples to the UC-Davis stable isotope facility, where the mass
and isotopic ratios of carbon and nitrogen were measured on a PDZ Europa ANCA-GSL
elemental analyzer interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer
(Sercon Ltd., Cheshire, UK). Isotopic values were reported in standard delta notation and
elemental masses in µg. Carbon content per gram dry sediment was calculated dividing
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µg C by the subsample weight. Mean carbon content and sediment δ13C values for each
lake are reported in Table 1.1.
Benthic Primary Production
I measured photosynthesis-irradiance responses of benthic algae at mid-day at 0.5,
2, 4, and 8 m of depths throughout the summer of 2005.In Little Rock Lake, primary
production was measured at 1, 3, and 5 m depths. I calculated photosynthesis rates by
measuring the change in oxygen concentration in sealed chambers with Winkler titrations
(Bryan et al. 1976, Wilkin et al. 2001) after a 2 h incubation across a range of light
intensities. SCUBA divers collected intact sediment cores (10 cm deep) at each sample
depth using transparent acrylic chambers (160 mm x 52 mm). Eight cores from each
depth were incubated in situ at one of seven light intensities. For epilimnetic samples,
two of the eight cores were incubated in complete darkness, while a gradient of light
intensities was created by using various layers of shade cloth and incubation depth. Due
to concerns about variation in incubation temperatures, I incubated cores collected from
the metalimnion only at the collection depth and shade cloth alone was used to vary light
intensity. This limited my ability to expose metalimnetic cores to saturating light
intensities. Before collecting a sediment core, I used 60-cc syringes to sample the water
immediately above the sediments (N=3 per depth). I used the average of these water
samples to estimate the initial oxygen concentrations in the incubation chambers at each
depth. I determined net primary production with light exposed chambers by converting
oxygen production to carbon fixation with a photosynthetic ratio of 1.2 and measured
community respiration in dark chambers.

5

I characterized the relationship between primary production and incubation light
intensity using the non-linear regression based nls function in R (R Foundation for
Statistical Computing, Vienna, Austria). I fit primary production data to a hyperbolic
tangent function (Jassby and Platt 1976):
 =  tanh



Eq 1.1

where PMAX is the maximum rate of primary production at saturating light intensities, α
or photosynthetic efficiency, is the slope of linear portion of the response curve at presaturating light intensities and I is the manipulated incubation light intensity. I calculated
seasonally averaged light extinction coefficients to determine light intensity for littoral
depths in each season. I determined maximum benthic primary production within each
lake for each season at depths based on light intensity at depth. I modeled maximum
benthic primary production as a function of light at depth with the loess function in R
Statistical Environment (R Foundation for Statistical Computing, Vienna, Austria) and
extrapolated benthic primary production throughout the littoral zone in each lake and in
each season.
Benthic Bacterial Production
I measured bacterial production in littoral sediments in August and October of
2008 and January and June in 2009. I collected sediment samples while SCUBA diving at
0.5, 2, 4, 6, 8, and 10 m on three transects in each lake. I used an ethanol-sterilized, cut
off 20-cc plastic syringe to collect a 1 cm deep core of sediment at each depth on each
transect. In January of 2009, I collected intact sediments cores (10cm x 100cm) through
the ice using an acrylic sediment corer. I subsampled each core with a 20 cc syringe as
6

described above. I collected winter sediments at 2 m and 4 m. Deep snow restricted
sampling to a single transect in each lake. On all dates, samples were kept at 4° C until
analysis.
I measured bacterial production with radio-labeled [3H]-leucine (Smith and Azam
1992, Karlsson et al. 2001, Ask et al. 2009). Natural concentrations of leucine are high
enough to dilute the labeled leucine, which confounds the interpretation of tracer results.
To avoid isotope dilution effects, I tested increasing concentrations of unlabeled leucine
on bacterial incorporation to ensure that I used saturating concentrations (Pollard and
Moriarty 1984). To determine sediment bacterial production, I thoroughly mixed each
sample replicate and drew a known fraction of the slurry into a cut-off one mL syringe.
Each replicate syringe was then equilibrated to in situ collection temperatures for one
hour. I added 0.1mL aliquots of each replicate to five individual micro-centrifuge tubes
with a mixture of labeled and unlabeled [3H]-leucine and vortexed each tube. I sterilized
two of the five aliquots with Trichloroacetic Acid (TCA) to create killed controls.
Samples were incubated for one hour at depth-specific in situ temperatures in the dark. I
terminated each incubation by adding TCA to live samples and vortexing. I centrifuged
each sample at 12,000g for ten minutes, after which the supernatant was discarded. I
added 1.2 mL of 5% TCA and vortexed the sample again. This process was repeated with
80% ethanol. After removing the ethanol supernatant, I added liquid scintillation cocktail
directly to the micro-centrifuge tube, and the tube was placed into 20-mL scintillation
vial. I measured sample activity with a liquid scintillation counter (Beckman LS 1801,
Beckman Coulter, Fullerton, CA, USA) and converted incorporation of leucine to
bacterial production in mg C m-2 h-1 (Simon and Azam (1989).
7

Bacterial Abundance
I measured bacterial abundance using 4', 6-diamidino-2-phenylindole (DAPI) and
acridine orange (AO) staining with epifluorescence microscopy (Schallenberg et al. 1989,
Kuwae and Hosokawa 1999). After determining the proper dilution for each sample with
a serial dilution experiment, I incubated samples with stain for 20 minutes and then
filtered onto 25mm black polycarbonate filters (0.22µm pore size). I cleared each filter
with non-fluorescent immersion oil. Two observers counted each slide (minimum of 20
random fields per slide) at 1000x magnification on a Nikon Optiphot microscope (Nikon,
Tokyo, Japan) equipped with a high pressure mercury bulb and DAPI and AO specific
wavelength filter sets (Chroma Set #51000, DAPI/FITC, Chroma Technology Corp,
Bellows Falls, VT, USA).
Compound Specific Stable Isotope Analysis and Microbial Community Analysis
To determine bacterial utilization of carbon fixed by benthic algae, I used
compound-specific stable isotope analysis by measuring the isotopic ratio of fatty acid
biomarkers specific to bacteria. I analyzed lyophilized samples reserved from benthic
primary production measurements for compound-specific stable isotopes of phospholipid
fatty acids. I sent samples to a soils laboratory where PLFAs were extracted using
modified Bligh and Dyer methods (Middelburg et al. 2000, Boschker and Middelburg
2002, Boschker et al. 2005). The laboratory extracted PLFAs from lyophilized lake
sediment with serial separations of chloroform, acetone and methanol washes, and then
PLFAs were derivatized into Fatty Acid Methyl Esters (FAMEs). FAMEs were then
analyzed on a Trace GC Ultra gas chromatograph (Thermo Electron Corp., Milan, Italy)
that was coupled to a Delta Plus Advantage isotope ratio mass spectrometer (Thermo
8

Electron Corp., Bremen, Germany) at the UC-Davis Stable Isotope Facility. Data were
reported as concentration of specific PLFAs. Isotopic signature is reported in standard
delta notation. I corrected isotopic values for the addition of a carbon atom during
derivatization using the following calculation found in Boschker and Middelburg (2002):
δ13CPLFA = ((n +1) x δ 13FAME – 1 x δ 13CMETHANOL/n

Eq. 1.2

where n is the number of carbon atoms in the particular PLFA. I chose small chain PLFA
a15:0 and i15:0 to indicate bacterial isotopic signatures due to the small number of
carbon atoms in the molecule, predictable fractionation (Hayes 2001) and because they
are specific to bacteria (Boschker and Middelburg 2002). I corrected isotopic signatures
for PLFA specific fractionation as reported in Boschker et al. (2005) by adding 4‰ to the
reported δ13C values. I converted PLFA concentrations from chromatograph peak areas to
nmol PLFA g dry sediment -1 in order to quantify relative abundance of each PLFA for
bacterial community analysis. PLFA diversity, or the number of unique PLFAs in a
particular bacterial community, is often used as proxy for bacterial diversity (Zelles
1999) and allows community level analysis of diversity without advanced molecular
genomic techniques. I included samples collected from a fourth lake for microbial PLFA
analysis to insure statistical power when examining bacterial communities.
Consumer Production and Stable Isotope Analysis
I quantified the reliance of benthic macroinvertebrate production on carbon fixed
by benthic algae in each lake. Methodological details regarding how benthic consumer
production was quantified for this study can be found in Butkas et al. (2011). To
summarize, zoobenthic consumers were quantitatively sampled by SCUBA divers and
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with Ekman dredges at several depths in each lake. Organisms were identified to lowest
feasible taxonomic group (usually genus) and individual lengths were measured.
Individual dry mass was calculated based on group-specific length to dry mass
regressions. Annual areal production (g C m-2 y-1) was calculated for each taxa using
Plante and Downing’s production to biomass regression models (P/B)(1989). Annual
rates were divided by the number of days in one year, and the number of hours in one day
(Butkas et al. 2011) and converted to mg C to compare benthic maximum primary
production as mg C m-2 h-1.
I collected benthic macroinvertebrates for stable isotopes via SCUBA along depth
transects in each lake. I pooled lyophilized consumer samples by lake, transect, and depth
then homogenized, subsampled, and sent to the UC Davis stable isotope facility for taxa
specific 13C and 15N analysis (see above for instrument details).
Carbon Source Mixing Models and Statistical Analysis
I determined benthic consumer reliance on benthic carbon (  ) using a two
end member mixing model (Hecky and Hesslein 1995). I used depth specific mean
benthic grazer δ13C to represent the isotopic value of carbon fixed by benthic algae
( ) and I collected zooplankton using vertical tows (epi- and metalimnion) and
benthic bivalves while SCUBA diving to determine the δ13C of primary consumers of
phytoplankton ( ). I calculated consumer reliance on benthic algae (  ) with
the following equation:
 =

 !"# $ %&'() *
 !"# $ +&!"#
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Eq. 1.3

In cases where sample δ13C values exceeded the benthic end member or were more
deplete than the planktonic end members I set reliance on littoral carbon to 100% or 0%
respectively. In order to determine the littoral contribution to total zoobenthic production,
normally the total production of each taxa would be multiplied by the result of the taxonspecific mixing model, but in this case not all taxa that contributed to consumer
production were found while collecting samples for isotopic analysis. To work around
this discrepancy, I pooled benthic organisms into functional feeding groups according to
Cummins et al. (2005) and Merritt and Cummins (1996). I summed production by
functional feeding group at each depth and calculated mean  for each feeding group
at each depth. Functional feeding group production was multiplied by the mean
functional feeding group  at each depth. I multiplied each habitat-specific portion
of production by area at depth and summed to determine the whole lake consumer
reliance on each carbon source. Whole-lake estimates of invertebrate production were
divided by the total littoral area in each lake to determine mean production per m-2 per h.
I summed planktonic and littoral proportions by lake to determine overall mean
invertebrate consumer production.
I calculated bacterial production dependent on littoral carbon by multiplying the
average bacterial production within lakes by the mean bacterial  in each lake.
Here, I used mean values due to the limited within lake variability in bacterial production
and carbon utilization, which allowed for a coarse estimation compared to zoobenthic
carbon use and production estimates.
I used ANOVA to quantify temporal and among-lake variation in bacterial
production, bacterial abundance, and benthic primary production. I examined microbial
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communities derived from fatty acid analysis using non-metric multi-dimensional scaling
(NMDS). I used Sorenson distance measures to define a distance matrix. Random starting
coordinates were used with 200 real data runs and with 25 iterations with randomized
data to a stability criterion of 0.0001. I tested differences in communities among lakes
with multi-response permutation procedures (MRPP) based on Sorenson distances. Both
non-parametric analyses were completed with PC-ORD (MjM Software, Gleneden
Beach, Oregon, U.S.A.) (McCune and Grace 2002).
Results
Littoral sediment organic matter content expressed as mg C g dry sediment-1,
varied significantly among lakes (F3,28=121.9, p<0.001) (Table 1). Organic matter content
did not vary significantly within lakes (F1,59=0.5272, p=0.613), although a slight positive
trend with depth was observed. The δ13C of Sparkling Lake sediment (-22.4±0.5 ‰) and
Crystal Lake sediment (-21.7±1.0 ‰) were not significantly different from each other
(p=1.000), but were significantly different from Little Rock Lake sediment isotopic
values (-28.7 ± 0.9 ‰) (p=0.005 and p=0.01093, respectively), indicating that the origin
of Crystal Lake and Sparkling Lake sediment organic matter (autochthonous benthic
primary production) differed from the origin of Little Rock Lake sediments (planktonic
primary production or terrestrial allochthony).
Maximum primary production (BPMAX ) did not vary through the summer season
(Figure 1.1a). Maximum benthic primary production varied significantly among lakes,
(F4,68=5.465, p=0.0007) (Figure 1.1b.). Within lakes, maximum benthic primary
production had a uni-modal response with depth, peaking in the mid-epilimnion. (Figure
1.2). Seasonally, benthic bacterial production varied significantly (F3,48= 14.93,
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p<0.0001), peaking in late summer and dropping to nearly zero during the fall, winter,
and early summer (Figure 1.1a). Littoral sediment bacterial production varied among
lakes by nearly three-fold (F3,48=6.154, p=0.0012, Figure 1b). Benthic bacterial
production did not vary with depth (Figure 1.2) in any of the lakes studied. Mean summer
benthic bacterial production was 4.23 (±1.31) mg C per m2 per h in Crystal, 15.67 (±3.25)
mg C per m2 per h in Sparkling, and 24.91 (±0.34) mg C per m2 per h in Little Rock Lake
(Figure 1.3). Summer benthic bacterial production per gram sediment carbon ranged from
0.10 (±0.03) to 0.19 (±0.02) and did not vary significantly among lakes (F2,16= 2.254,
p=0.15).
I measured bacterial abundance only in the early summer and fall seasons.
Relative to other studies (Marxsen 1996, Haglund et al. 2003), high numbers of bacteria
were found in all benthic sediments. Crystal Lake had the lowest abundance with an
average of 4.5 x 10+12 (±1.2 x 10+12) cells m-2. Sparkling Lake, 9.6 x 10+12 (±1.4 x 10+12),
and Little Rock Lake, 1.04 x 10+13 (±1.7 x 10+12), had significantly higher bacterial
abundance than Crystal Lake, but were not significantly different from each other (F
3,29=5.1506,

p=0.0134). There was a significant, positive relationship between bacterial

abundance and depth in Crystal Lake (F 1,31= 7.416, p=0.0235), but not in Sparkling or
Little Rock lakes (data not shown).
Non-metric multidimensional scaling based on bacterial PLFA assemblages
revealed distinct microbial communities among and within lakes with a stress value of
4.53 and model instability of 0.00. Crystal Lake exhibited little within lake microbial
community differences, whereas Little Rock Lake and Sparkling Lake microbial
communities had greater within-lake variation (Figure 1.4). According to multi-response
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permutation procedure, each study lake had unique and significantly different microbial
communities (T=-2.53, p=0.013).
Bacterial reliance on carbon fixed by benthic algae, measured by compoundspecific isotopic analysis of bacterial PLFAs, was extremely high in Crystal Lake and
Sparkling Lake, at 90% and 88% respectively. Isotopic signatures of carbon source end
members in Little Rock Lake did not have a wide enough isotopic differential between
end members to draw valid inferences regarding carbon source utilization, although the
model outcomes are reported in Figure 1.5. Zooplankton in Little Rock Lake had carbon
isotopic signatures of -31.7‰ and sediment periphyton mean δ13C was -29.7‰. Bacterial
a15:0 and i15:0 PLFA δ13C were between these values but with only a 2‰ difference
between planktonic and benthic end members interpretation of this result is difficult.
Mean areal consumer production (mg C m-2 h-1) was positively correlated with
littoral energy mobilization (benthic primary production + benthic bacterial production)
(Figure 1.5) in our limited sampling of lakes. Consumer reliance on benthic carbon varied
among lakes but overall was 65% in Sparkling Lake and 98% in Crystal Lake. Little
Rock Lake consumers showed a 78% reliance on benthic primary production, but this
finding is subject to question due to the narrow margin between carbon source end
members.
Discussion
Among lake patterns in the relative contributions of benthic primary production
and bacterial production to whole-lake energy mobilization are linked to the structure of
the littoral zone. Organic carbon is a key predictor of bacterial production (Cole et al.
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1988) and the data presented here indicate that organic content of littoral sediment
regulates whether littoral autotrophic or bacterial production will dominant littoral
metabolic processes. Bacterial and autotrophic organisms within benthic biofilms are
subject to organism-specific resource demands leading to different competitive or
mutualistic microbial interactions (Daufresne and Loreau 2001). The natures of these
microbial interactions are regulated by littoral structure, i.e. sediment organic carbon
content. Littoral sediments alter ecosystem functions, bacterial community composition,
and regulate zoobenthic production via bottom up control among lakes. The data
presented in this study show that dramatically different trophic structures occur among
lakes with differing littoral structure.
Temporal measurements of bacterial production revealed that the majority of
microbial benthic heterotrophy occurs in late summer (Figure 1.1a). The observed
temporal trends in bacterial activity followed seasonal variation in temperature
predictably. Maximal benthic primary production showed no trend with time throughout
the growing season in all lakes, regardless of littoral structure. I did not measure benthic
primary production over the course of a whole year. Instead, I estimated rates of primary
production for non-summer months based on changes in light intensity at depth as light
attenuation (Kd) varied throughout the year. Light penetration is highest in summer and
fall months and decreases under ice cover and during spring mixis. I assumed that benthic
primary production would respond to seasonal changes in light attenuation. If this is the
case, during ice cover benthic primary production would be low due to low light levels
and low temperature. After the ice melts, benthic primary production would increase and,
according to our data, remain stable throughout the summer into fall, until fall turnover.
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Then benthic primary production would decline when ice formed again in early winter.
Temperature was not taken into consideration when calculating non-summer rates.
However, benthic algae are known to remain photosynthetically active during ice cover
provided there is enough light penetrating the ice and snow pack (J. Ask, pers. comm.).
Within-lake variation in bacterial and primary production is expected to be
regulated by light, nutrients (organic carbon for bacteria), and temperature (Kalff 2002).
Primary production declined with depth as light became limiting. Bacterial production,
however, showed no decline with depth despite stratification and reduced temperatures
below the thermocline (Figure 1.2). Regardless of the strong seasonal temperature effect
mentioned above, within lake variation showed no effect of temperature. Temperature
varied far less among lakes than within lakes, ruling out temperature as a driver of among
lake variation in autotrophic and heterotrophic microbial activity. Due to the close
proximity of the study lakes to each other, no appreciable differences in solar insolation
existed and light attenuation coefficients for each lake were similar (data not shown).
Therefore, the variability observed in benthic primary production among lakes cannot be
explained by differences in light intensity and must be due to other factors. It is possible
that increases in carbon resources available to bacteria with depth are confounded by
decreases in temperature with depth resulting in relatively constant rates of BP and
number of bacterial cells across all littoral depths. The complex nature of within lake
controls of bacterial production and a lesser degree of variation of littoral structure within
lakes weakens the influence of littoral structure on within lake energy mobilization.
Studies that have addressed both primary and bacterial production in the littoral
zone are rare; however, several studies in the pelagic zone have provided useful insight
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into bacterial/primary producer interactions. In planktonic systems, microbial interactions
act as a regulatory mechanism in controlling both primary and bacterial production
(Currie and Kalff 1984a). In systems where carbon resources are abundant,
stoichiometric constraints lead to bacterial- mediated nutrient immobilization (Danger et
al. 2007a) and increased competition between algae and bacteria for labile nutrients. In
systems where bacteria are reliant on autochthonous carbon sources, nutrient competition
is less likely to occur and remineralization of nutrients positively affects primary
production. Planktonic systems have illustrated that microbial interactions influence
ecosystem function and that the balance between competitive and facilitative
relationships between bacteria and algae is regulated by carbon availability (Currie and
Kalff 1984b, a, Daufresne and Loreau 2001, Danger et al. 2007b). Differences in organic
carbon content among lakes are correlated with among-lake variation in bacterial and
primary production (Figure 1.1b and Figure 1.3).
The littoral sediment of Crystal Lake was extremely sandy and was comprised of
little organic carbon from any source. Littoral production in Crystal Lake reflects the lack
of organic carbon, with low bacterial production and abundance and moderate primary
production. Isotopic analysis shows that the small amount of organic carbon that is
present is entirely of periphytic origin. High bacterial utilization of benthic autochthony
confirms bacteria do not rely on exogenous carbon (Figure 1.5). Sparkling Lake exhibited
the highest rates of primary production resulting in the development of a thick periphyton
mat. Stable isotopes show that the organic carbon associated with sediments in Sparkling
Lake is almost exclusively of benthic autochthonous origin with low relative amounts of
allochthonous carbon subsidies. Bacterial production is moderately high, indicating
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strong coupling of autotrophic and heterotrophic micro-organisms. The heterotrophic and
autotrophic microbial interactions in Sparkling Lake are mediated by the characteristics
of the sediment complex and results in a pool of highly labile carbon resource for bacteria
as well as a biomass pool that consumers can exploit, leading to high areal benthic
consumer production (Figure 1.5).
Little Rock Lake littoral sediments were highly organic and δ13C signatures
confirm that originates from allochthonous or planktonic sources. In response to the high
amount of organic carbon available, bacterial production in Little Rock Lake sediment
was high. Further, PLFA stable isotopes indicate low bacterial reliance on benthic
autochthony. Nutrient dynamics are likely altered by high amounts of exogenous carbon
utilization by sediment bacteria and scouring and immobilization explain the low rates or
benthic primary production observed (Daufresne and Loreau 2001). Isotopic separation
between Little Rock Lake sediment isotopic signatures and planktonic/terrestrial end
members was small (2‰), making distinction between bacterial carbon sources
impossible. Thus our interpretation of these findings has limited strength (Vander Zanden
and Rasmussen 2001). When considering the low rates of benthic primary production in
Little Rock, littoral carbon resources are low and any perceived utilization of benthic
carbon by bacteria or zoobenthic consumer is an artifact of the small difference between
planktonic/terrestrial and littoral end members. Further, the bacterial isotopic results
indicate that there is not enough benthic primary production to support the level of
bacterial production that is reliant of benthic carbon in Little Rock Lake. This finding
supports that the use of littoral carbon by both bacterial and macro-invertebrates in Little
Rock Lake is not clear and needs further investigation. The narrow difference between
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planktonic and benthic isotopic signatures may also explain higher than expected use of
benthic carbon by littoral consumers in Little Rock Lake (Figure 1.5).
The carbon limitation hypothesis (Currie and Kalff 1984a) provides a mechanistic
framework that relates how littoral structure influences relative contributions from algae
and heterotrophic bacteria to energy mobilization. Although algal and bacterial
interactions were not explicitly measured in this study, I observed functional shifts in the
dominance of autotrophy or heterotrophy across gradients of sediment organic carbon
content among lakes. Littoral sediment characteristics vary greatly within and among
lakes (Rowan et al. 1992, Kalff 2002) and the spatial distribution of sediments has strong
effects on ecological processes such as spatial patterns in nutrient flux from sediments
(Carlton and Wetzel 1988) and the distribution of zoobenthos (Rasmussen and Rowan
1997). I observed contrasting ecosystem function in lakes with differing amounts and
sources of organic carbon illustrating that littoral zone structure and microbial
autotrophic and heterotrophic production are consistent with the predictions of the carbon
limitation hypothesis. Among-lake littoral zone structural heterogeneity has strong
implications for determining the amount of energetic resources available to littoral
consumers. Among lake differences in littoral basal production that arise from variation
in littoral zone structure have indirect effects on the trophic dynamics of the littoral and
whole lake food webs. Basal benthic production is exploited by zoobenthos and higher
trophic levels (Vander Zanden and Vadeboncoeur 2002), even in large lakes where
benthic trophic contributions are thought to be minor (Hecky and Hesslein 1995,
Bootsma et al. 1996). Variation in littoral sediment organic carbon content influences the
relative rates of primary production and decomposition, profoundly affecting the
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contribution of littorally derived energy to whole lake food webs via algal and bacterial
interactions.
Carbon-specific bacterial production unexpectedly showed little variation among
lakes, indicating that the source and quality of organic matter may not influence bacterial
production rates. Rather, the mass of carbon available to bacteria leads to differences in
bacterial production among lakes (Figure 1.3). Similar trends exist in bacterial abundance
among lakes, higher amounts of organic matter yield higher numbers of bacteria
regardless of carbon source. Given that carbon specific bacterial production does not vary
widely among our study lakes, despite previously reported differences in the quality of
resource from terrestrial versus within lake sources of carbon (Cimbleris and Kalff 1998,
Kritzberg et al. 2005), sediment organic matter source does not influence bacterial
dynamics as much as quantity of sediment organic matter.
Despite uniform production and bacterial abundance in relation to the amount of
organic matter among lakes, different bacterial community assemblages occur in lakes
with different sources of sediment organic matter. Allochthonous organic matter is highly
recalcitrant compared to benthic autochthony and carbohydrate rich benthic algal
exudates (Hessen and Tranvik 1998, Jansson et al. 2000, Grossart and Simon 2007).
Specialized bacterial communities adapted to break down refractory energy sources have
been reported (Cottrell and Kirchman 2000). The community analysis presented here
shows that littoral sediments with variable amounts of allochthonous organic matter
foster different bacterial communities. Planktonic bacterial assemblages in lakes across a
gradient of allochthonous carbon inputs (Jones et al. 2009) have been shown to vary as a
fuction of dissolve organic carbon availibility, but never before in littoral sediments. It is
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clear from these results that there are unique bacterial communities in lakes with different
amounts of organic carbon associated with littoral sediments, but whether organic content
of sediments is what drives these community differences cannot be inferred. I observed
no significant difference in overall PLFA richness (p=1.000) among lakes indicating that
variation in sediment organic matter content is not correlated with bacterial diversity,
rather, sediment organic matter leads to unique within lake bacterial communities that are
composed of equally diverse microbial meta-communities at among lake or regional
scales.
Zoobenthic organisms rely heavily on littoral autochthonous carbon in all lakes in
this study. When exogenous carbon stocks are high, such as in Little Rock Lake, benthic
primary production is still exploited by benthic consumers, although the validity of this
finding is questionable. When carbon resources are rare, as is the case in Crystal Lake,
consumer production is low and completely reliant on autochthonous production.
Sparkling Lake consumer production was the highest measured and illustrates that
abundant energetic resource is reflected by high consumer production. Interestingly,
Sparkling Lake zoobenthos have moderate reliance on benthic autochthony, which could
be due to high production of deep water deposit feeders such as chironomids that exploit
either detrital phytoplankton or unproductive benthic algae. The littoral characteristics
that balance autotrophy and heterotrophy in littoral sediments indirectly regulate littoral
consumer production, via regulation of benthic primary production. This finding offers an
explanation of among lake differences in trophic structure. Fish production was not
included in this study, but it is not difficult to envision the ramifications that littoral
structure may have on fish production and habitat utilization. Northern temperate fish
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rely heavily on benthic primary production via littoral invertebrates (Wiedel et al, 2008)
and therefore primary production rates mediated by littoral structure may be reflected by
higher trophic level production.
Studies done in Swedish lakes suggest that allochthonous carbon is a major
regulator of heterotrophic and autotrophic metabolism (Ask et al. 2009) and a key to
production of both benthic and planktonic biomass (Karlsson and Bystrom 2005). Both of
these processes are regulated via microbial utilization of exogenous carbon. Here, I
suggest that allochthonous carbon is also key to constraining the potential contribution of
littoral primary production to whole lake autochthony via microbial interactions and
competition (Currie and Kalff 1984b, Daufresne and Loreau 2001). Bacterial utilization
of benthic autochthony in lakes with low allochthonous inputs will result in higher
utilization of benthic carbon by higher trophic levels, as a result of bactivory by
organisms that have been traditionally associated with detrital food chains, i.e.,
meiofuana.
The findings reported here suggest that littoral zone characteristics influence
among lake differences in rates of littoral ecosystem processes. Littoral sediment organic
carbon content impact microbial interactions in accordance with the carbon limitation
hypothesis and rates of microbial production and bacterial reliance on benthic
autochthony demonstrate that littoral heterogeneity influences ecosystem processes. The
littoral zone qualities of a particular lake shape the relative importance of littoral energy
mobilization within that lake. While planktonic process are often cited as ways to
differentiate expected ecosystem processes among lakes, here I demonstrate that littoral
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structure should also be considered when describing among lake differences in ecosystem
function.
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Table 1.1. Study site lake characteristics. † data obtained from LTER database, summer
means are shown, ‡ data from this study (±SE). DOC, dissolved organic carbon, C:Chl,
Color to Chl a ratio (index of allochthony (Carpenter et al. 2005)), Chl a, Chlorophyll a,
Sediment Organic Content is per gram sediment dry weight.
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Figure1.1. Maximum benthic primary production (open circles) and benthic bacterial
production (closed circles) throughout the year (a) and among lakes (b).
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Figure 1.2 Bacterial production and benthic light saturated primary production among
and within four northern temperate lakes. Error bars represent standard error
(n=3) and when not shown are obscured by plot symbol. Solid line indicates
benthic primary production modeled as a function of depth. * Data not
collected for logistical reasons.
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Figure 1.3. Mean summer benthic bacterial production per gram organic C (closed
circles) and summer areal bacterial production (open circles) among northern
temperate oligotrophic lakes
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Figure 1.4. Non-metric multi-dimensional scaling of littoral sediment microbial
communities as indicated by PLFA profiles. Trout Lake bacterial
communities were included to increase model stability.
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Figure 1.5. A comparison of benthic primary, bacterial, and consumer production.
Production rates are represented by the length of the horizontal bars. Light
grey sections represent the proportion of production that is either benthic
primary production or consumer production that is derived from benthic
autochthony. Dark grey sections indicate bacterial production derived from
benthic primary production and black sections represents bacterial and
consumer production derived from pelagic or allochthonous sources.
Proprotional use of littoral based carbon in Little Rock Lake are questionable
due to a small difference in planktonic and littoral isotopic signals (2‰).
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Chapter Two

BENTHIC MACROINVERTABRATE RESOURCE USE IN A
HETEROGENIOUS RESOURCE ENVIRONMENT
Introduction
A broader view of trophic dynamics in lakes has raised awareness of the
exploitation of non-planktonic based carbon sources by aquatic consumers. Several
studies have illustrated that littoral trophic pathways can contribute greatly to whole lake
consumer production (Schindler and Scheurell 2002, Vander Zanden et al. 2006).
Increasing attention to the role of exogenous contributions from terrestrial sources has
expanded our understanding of the complexity of aquatic food webs (Pace et al. 2004).
Littoral-benthic macroinvertebrates are important prey items for higher trophic levels,
particularly fish (Weidel et al. 2008). Zoobenthic invertebrates rely on three main sources
of energy: planktonic autochthony in the form of detrital phytoplankton, benthic
autochthony (periphyton), and terrestrial detritus (Vadeboncoeur et al. 2003, Carpenter et
al. 2005, Solomon et al. 2008). The relative contribution of each of these carbon sources
to lake food webs depends in part on use by zoobenthic organisms and the fate of
zoobenthic prey items (Vander Zanden and Vadeboncoeur 2002, Vander Zanden et al.
2006). Most assessments of the energy resources that support zoobenthic communities in
lakes have been conducted at coarse scales (ecosystem level). There are few detailed
studies of zoobenthic carbon use at fine spatial scales within lakes.
The fate of carbon sources can be traced through aquatic food webs using isotopic
signatures of carbon. 13Carbon enrichment of benthic algae and discrimination against 13C
by phytoplankton during photosynthesis leads to distinct isotopic signatures for each
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carbon pool. Little to no fractionation between food and consumer biomass δ13C ratios
leads to a time integrated consumer signature that represents proportional utilization of
benthic and planktonic carbon resources (Hecky and Hesslein 1995). This technique has
revealed high dependence of macroinvertebrates on carbon fixed by benthic algae
(Vadeboncoeur et al. 2003, Vander Zanden et al. 2006, Premke et al. 2010). Researchers
have investigated trophic structure of invertebrate communities using stable isotopes
(Vander Zanden and Rasmussen 1999a), as well as use of macro-invertebrates by higher
trophic levels (Vander Zanden and Vadeboncoeur 2002, Vadeboncoeur et al. 2003,
Vander Zanden et al. 2006, Weidel et al. 2008). However, there has been little
exploration into the effect of zoobenthos on resource dynamics in lakes compared to the
vast amount of work focused on the role of zoobenthic functional feeding groups in
energy and organic matter processing in streams. Spatial variations in the distribution and
resource use of zoobenthos and the effect of this variation on organic matter processing in
streams is a central tenet of stream ecology (Vannote et al. 1980, Minshall et al. 1985,
Vadeboncoeur et al. 2003, Vander Zanden et al. 2006, Weidel et al. 2008). In contrast,
the spatial distribution of zoobenthos with respect to resources and the effects of
macroinvertebrate resource use on carbon flow is poorly resolved and generally
overlooked in lakes.
Zoobenthic organisms occur in both littoral and profundal habitats and often live
within sediment biofilms. Benthic macroinvertebrate communities are diverse
assemblages and occupy many trophic niches ranging from detritivores to predators.
Zoobenthos perform many lake ecosystem functions, including nutrient cycling (Wallace
and Webster 1996) and conversion of detrital pools into living biomass (Covich 1988).
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Feeding guilds or functional feeding groups of zoobenthos have been a central conceptual
element of descriptions of food webs and quantification of energy flow in streams
ecosystems (Merritt and Cummins 1996). Functional feeding groups provide a
classification system that group organisms by feeding strategies and offer a way to assess
community function while avoiding the complexity of a species-level assessment of
consumer dynamics (Merritt and Cummins 1996, Cummins et al. 2005). The functional
feeding group classification system has been used extensively in lotic systems. In
particular, the relative proportion of each feeding group within invertebrate communities
has been used as bio-indicators of stream ecosystem integrity (Cummins and Klug 1979,
Rawer-Jost et al. 2000, Merritt et al. 2002, Cummins et al. 2005). Here, I will use
functional feeding groups to reduce the complex nature of benthic macro-invertebrate
communities in lakes to make among lake comparisons in resource use.
Lake sediments appear to be structurally and physically simple, but it has been
difficult to detect patterns in benthic community structure on lake sediments (Harrison
and Hildrew 2001, Stoffels et al. 2005). Complex assemblages of benthic invertebrates
with diverse functional feeding strategies inhabiting sediments suggest that benthic
organisms live in a complex and structured resource environment. Stable isotopes provide
a vantage of sediment biofilms from the perspective of benthic consumers, enabling
researchers to examine patterns of carbon resource use among zoobenthic communities.
This approach allows for a detailed look at how complex invertebrate communities can
exist in an apparently homogeneous habitat.
The objectives of this study were to examine within-lake and among-lake carbon
isotope signatures of several functional feeding groups of zoobenthic invertebrates in
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temperate oligotrophic lakes to quantify the extent to which macro-invertebrates rely on
periphyton. I quantified the extent to which zoobenthos are energetically dependent on
periphyton production.
Methods
Study Sites
This study includes Big Muskellunge Lake, Crystal Lake, Little Rock Lake,
Sparkling Lake and Trout Lake (Chapter 1). Table 1.1 provides a summary of lake
characteristics. These lakes are oligotrophic and are representative of common northern
temperate lakes. Sediments of the study lakes range from highly organic mud to sand.
Littoral zones of each lake are comprised mostly of soft sediments although areas of
cobble and macrophytes are present in Sparkling Lake, Trout Lake and Big Muskellunge
Lake.
Benthic producer and consumer stable isotopes
I collected sediment and benthic consumer samples for stable isotope analysis to
determine zoobenthic use of littoral carbon pools. I used two methods to collect
zoobenthos for isotope analysis. The majority of our isotope data came from animals that
were collected during routine summer monitoring of zoobenthic biomass. SCUBA divers
used a suction device to collect all the animals within small (0.018 m2) quadrats at 0.5, 2,
4, 8, 10 m in each lake (Butkas et al. 2011). Samples were dried at 60° C and frozen. No
periphyton was collected at this time.
I also made simultaneous collections of benthic invertebrates and sediment
biofilms. Macroinvertebrates were sampled by sweeping the sediments with a D-net
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immediately after collecting a periphyton sample from the sediments (see below).
Sediment from the D-net was returned to the lab. Zoobenthic organisms were picked
from sediment, sorted by family (in some cases order) and assigned to one of the
following functional feeding groups: grazer, collector, predator, or filterer (Merritt and
Cummins 1996).
While SCUBA diving I collected periphyton biofilms at 0.5 m, and 1 to 10m of
depth at 1m intervals in all lakes. I collected sediment for isotopic analysis using a freshly
cleaned cut-off 20 mL syringe. The samples consisted of a mixture of sediment and
periphyton. I reserved only the active photosynthetic layer (~5 mm, with an obvious
green biofilm visible) for analysis and discarded the rest of the sample core. Sediment
samples were then frozen, lyophilized and stored in the freezer.
Zooplankton was collected five times in each lake throughout the summer of 2007
with epilimnitic vertical plankton net tows (243 µm mesh). Samples were sieved, then
frozen and lyophilized. In Sparkling Lake, I sampled the foot tissue of Unionid mussels
collected at nine depths in the littoral zone. This large benthic filter feeder was used in
place of zooplankton as the planktonic end-member in the Sparkling Lake analysis. I
froze and lyophilized all invertebrate samples.
I homogenized all samples and sub-sampled each for stable isotope analysis.
Sub-sample weights for bulk sediments ranged from 2 to 10 mg depending on organic
matter content. A single macroinvertebrate sample included between 1 and 10 organisms
and for zooplankton samples roughly 30 mLs of dry zooplankton biomass was
homogenized and subsampled. For all faunal samples approximately 1mg of
homogenized subsample was analyzed for 13C and 15N. Machine replicates were run on
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8% percent of the samples to determine analytical error. The Stable Isotope Facility at
UC-Davis conducted the isotopic analysis. δ13Carbon and δ15Nitrogen were measured on
a PDZ Europa ANCA-GSL elemental analyzer interfaced to a PDZ Europa 20-20 isotope
ratio mass spectrometer (Sercon Ltd., Cheshire, UK). Final δ13C relative to Pee Dee
Belemnite are reported.
Benthic primary production
I measured benthic primary production to investigate relationships between
periphyton production and benthic macro-invertebrate reliance on carbon fixed by
benthic algae. Between 2005 and 2007, I measured primary production of benthic algae
throughout the growing season at several depths in the littoral zone in each study lake.
SCUBA divers used sealable clear acrylic cores to sample undisturbed sediment cores at
0.5, 2, 4, and 8 m depths (1 m, 3 m, 5 m in Little Rock). I measured gross and net primary
production using Winkler titrations to determine the change in oxygen within chambers
relative to initial water column oxygen concentrations. Sediments cores were incubated in
situ for two hours at various manipulated light intensities. I fit photosynthesis-irradiance
curves with non-linear regressions in R (nls function) to determine photosynthetic
efficiency, α, and light saturated maximum productivity, PMAX. Using the loess function
in R, I modeled benthic primary production as a function of light at depth in order to infer
primary production rates between the depths where primary production was measured.
Benthic and planktonic algal biomass
I measured benthic algal biomass four times throughout the summer and in
conjunction with biomass measurements on samples acquired during primary
productivity measurements. While SCUBA diving, I collected sediment with a cut-off
41

20-cc syringe along specific transects at depth of 0.5 m, 1 m, and at each 1 m increment
up to 10 m. Each lake is represented by at least three and as many as seven transects to
capture spatial variation in algal biomass. I collected the upper 0.5 cm of sediment from
each syringe core. After returning to the lab, I froze, lyophilized, and stored sediment
samples until analysis. I extracted periphyton samples in 95% ethanol at -4° C for 24
hours and measured phaeophyton corrected chlorophyll concentrations using a Turner
TD-700 laboratory fluorometer (Turner Designs, Sunnyvale, CA, USA). Chlorophyll
concentrations are expressed as mg Chl a per m2.
The North Temperate Lakes Long Term Ecological Research program (NTLLTER) program measured planktonic algal biomass fortnightly throughout the growing
season. Lake water was collected at specific depths above the deepest point of each lake.
Water samples were returned to the lab and filtered through glass fiber filters (Whatman
GF/F, 0.7 µm) chlorophyll concentrations were measured on a spectrophotometer at
665nm and corrected for phaeophytin. Chlorophyll data and detailed methodology are
available for download on the NLT-LTER website (http://lter.limnology.wisc.edu). I
multiplied mean water column chl a concentration by the water column depth above the
sediments to determine the pool of planktonic algal biomass that could potentially settle
onto lake sediments per area at littoral depths.
Data Analysis
I used depth-specific two end member mixing models to determine consumer
reliance on carbon fixed by periphyton. I set mean zooplankton δ13C and, when present,
included bivalve δ13C signatures as planktonic end members and the depth specific δ13C
of benthic grazers (Planorbid snails or Ephemeropterans) represented littoral end
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members. Neither of these grazing taxa occurred in Little Rock Lake or Crystal Lake. For
these two lakes, I used amphipods and/or Trichopterans as the benthic end members.
Amphipods have been shown to feed on benthic algae in Lake Superior (Sierszen et al.
2006). Trichopterans were categorized as collectors but Limnephilid caddis graze benthic
algae in northern temperate lakes (Vadeboncoeur, unpublished data.) Zoobenthic
consumer benthic carbon utilization (BFRAC) was calculated for each taxa at each depth
using the following equation:
 =

 − -./() 
 − 

Eq 2.1

where PelEND is the mean planktonic end member (zooplankton or bivalves) δ13C, ConEND
is the depth specific mean consumer δ13C, and BenEND represents the depth specific mean
δ13C of benthic end member (grazers or collectors). Mean functional group δ13C was
calculated for each depth. Linear regression and ANCOVA was used to determine
relationships between benthic primary production and δ13C signature of functional
feeding groups among lakes.
Results
Within and among lake variation in consumer δ13C and δ15N
Consumer δ13C signatures varied with depth and patterns differed substantially
among lakes (Figure 2.1). Within lakes, benthic grazer δ13C varied with depth as a
function of benthic light saturated primary production (Figure 2.2). Primary consumers
were collected at only two depths in Little Rock Lake and the relationship between
primary production and grazer δ13C could not be determined. There was a positive
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relationship between grazer δ13C and benthic primary production (F4,22 =46.1, p<0.001)
with no significant difference in slope among lakes (not including Little Rock)
(p=0.9302). Maxima δ13C of grazers and sediments samples occurred at mid-epilimnetic
depths in several lakes (2 m-6 m) in response to high rates of benthic primary production
that occurred at these depths (See Figure 1.2)
For all functional feeding groups, δ13C declined with increasing depth in all lakes.
Grazers had the most enriched δ13C signatures and collectors and predators were slightly
more depleted than grazers (Figure 2.1). Planktonic end members (bivalves and
zooplankton) were the most deplete isotopic signatures. The average filterer δ13C among
lakes ranged from -17.7‰ in Big Muskellunge to -31.9‰ in Little Rock Lake.
Zoobenthic functional feeding group δ13C showed divergent patterns across lakes
when compared to bulk sediment δ13C (Figure 2.3). Despite the strong relationship
between benthic primary production and grazer isotopic signal, grazers had only a weak
positive relationship with sediment δ13C. ANCOVA was used to determine the
relationship of collector δ13C and sediment δ13C with lake as a covariate. The result was
significant (F3,20= 23.11, p< 0.0001) and determined that Trout Lake had significantly
different intercept than other lakes but no significant differences in slope was
found(p=.062). Grazers were consistently more enriched than the sediment where they
were collected. Collectors δ13C (F3,20= 25.83, p< 0.0001, R2 =0.88) and predator δ13C (F3,
20 =

28.02, p<.0001, R2= 0.85) were positively related to sediment. Collector and predator

δ13C were positively related to each other (F3,20= 25.96, p<0.0001, R2= 0.69). Collector
and predator δ13C were weakly related to benthic primary production. Although general
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positive trends were evident, there were no consumers with highly depleted δ13C
signatures collected in areas with moderate to high benthic primary production.
Zoobenthic carbon source utilization
Benthic grazers (snails, mayflies and caddis flies) and phytoplankton filters
(zooplankton and benthic mussels) had distinct isotopic separation in all lakes except for
Little Rock Lake, which had a 2‰ difference between planktonic and benthic end
members (Figure 2.1). This narrow difference limited the strength of the end member
mixing model approach for this lake (Vander Zanden and Rasmussen 2001). Benthic
reliance was calculated for Little Rock Lake consumers, but interpretations are
confounded by this methodological limitation. Mean use of benthic carbon was high at 71
% (SE ± 3%, n=105). Mean non-filter feeder benthic invertebrate dependence on littoral
carbon in Crystal Lake (94% ±4%) was significantly higher than the other lakes (F4,105=
4.174, p=0.003), which had similar proportions of benthic carbon use (Figure 2.4). End
member functional feeding group δ13C were significantly different from each other and
other functional feeding groups (F5,122= 21.62, p<0.0001). However, BFRAC of collectors,
and predators were not significantly different from each other (Figure 2.6). Utilization of
benthic carbon by collectors and predators was positively related to benthic primary
production in most instances (Figure 2.5). However, Crystal Lake zoobenthic use of
benthic carbon was high, despite low benthic primary production relative to other lakes in
this study. Organisms collected from areas within Crystal Lake where benthic primary
production was low still relied heavily on benthic algal carbon. In all remaining lakes,
non-filterer feeding group reliance on benthic algae was positively correlated with
benthic primary production.
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δ15N of functional feeding groups
Mean δ15N of functional feeding groups showed substantial variation within lakes
(Figure 2.6.). Within lakes, δ15N of consumer feeding groups were distinct. Mean
functional feeding group δ15N ranged from 1.8‰ to 5.8‰ and periphyton ranged from
-0.54‰ to +1.9‰. Lake specific δ13C and δ15N bi-plots of zoobenthos reveal that
functional feeding groups had distinct trophic positions (Figure 2.6) and substantial
variation among lakes existed. In Trout Lake and Big Muskellunge Lake, mean
differences in δ15N values of zoobenthic primary consumers (excluding bivalves) relative
to zooplankton indicate that benthic consumers exploit different sources of nitrogen than
plankton filters (Figure 2.7). In the remaining lakes, there was overlap in
macroinvertebrate and plankton filter feeder δ15N and it was not clear whether these
consumers used different nitrogen sources. Neither use of planktonic nor benthic nitrogen
could be ruled out.
Discussion
I found that zoobenthic communities in five temperate oligotrophic lakes relied
extensively on benthic primary production. This finding complements previous reports
that benthic invertebrates are highly dependent on benthic autochthony and are a major
potential pathway for littoral carbon to enter whole lake food webs. Except for filter
feeders, δ13C signatures of benthic consumers showed similar trends with depth among
lakes. Use of benthic autochthony was high among non-filtering functional feeding
groups. Based on the homogeneous physical appearance of lake bottoms, uniform
isotopic signatures of consumers would indicate a homogenous resource pool. However,
within-lake differences in isotopic signatures among non-filterer functional feeding
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groups collected at the same depth suggest that sediment biofilms offer a structurally
complex resource environment. Among- and within-lake patterns in isotopic signatures of
benthic functional feeding groups were strongly correlated to benthic primary production
and sediment biofilms. Benthic collectors were moderately depleted in 13C and appear to
mix benthic and planktonic resources in some lakes, although in other lakes there is
evidence of nearly exclusive use of benthic carbon.
Among and within lake patterns of zoobenthic isotopic signatures
In all lakes except Little Rock Lake, δ13C of sediment and benthic invertebrates
peaked at about 2 m and then declined with depth (Figure 2.1). δ13Carbon of the sediment
biofilm and benthic grazers are positively correlated with benthic primary production
(Figure 2.2). A similar relationship in sediment δ13C and benthic primary production
were reported by Karlsson et al. in a clear water subarctic lake in Sweden (2008). The
correlation between primary production and 13C of sediments and/or grazers is likely
generated by the effect of primary production on CO2 availability, rather than
assimilation of enriched respired CO2. High rates of primary production lead to decreased
discrimination of the 13C isotope by benthic algae due to boundary layer induced
inorganic carbon limitation (Farquhar 1983, Hecky and Hesslein 1995, Hill et al. 2008).
Less productive benthic algae have lower demand for inorganic carbon and discriminate
against the heavier isotope leading to the 13C depletion. The consistency of the
relationship between benthic primary production and δ13C of sediments and grazers
across lakes (Figure 2.2), coupled with increased δ13C at mid epilimnetic depths suggest
that within lake patterns in δ13C with depth were generally related to rates of benthic
primary production, which is regulated by light availability (Vadeboncoeur et al. 2003).
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Light availability also regulates productivity within the periphyton mat. Light
penetration into benthic sediments is low and nears zero a few millimeters below the
sediment surface (Kuhl and Jorgensen 1994), resulting in decreased primary productivity
with increased sediment depth (Dodds et al. 1999, Martinez-Alonso et al. 2004). Hill et
al. (2008) show markedly lower periphyton δ13C signatures at low light intensities in both
experimental and natural streams due to differences in primary production rates and
suggest that isotopic signatures become more deplete in 13C deeper within the periphyton
mat. In my study lakes, grazers are enriched in 13C compared to bulk sediment samples.
This pattern reflects differences in where organisms feed and may be generated by low
level C limitation in the highly productive surface layer of the biofilm and a subsequent
easing of C limitation with depth in the periphytic mat. The entire periphyton-sediment
complex is an integration of the top-most layers of highly productive algae and the
subsequent less productive and detrital layers below (Dodds et al. 1999). Benthic algae
are the most 13C enriched carbon source available to consumers and the most productive
algae have the most positive δ13C signatures (Figure 2.3). The highly enriched isotopic
signature of grazers suggests that they are consuming only the surface of the periphyton
biofilm.
There are three major sources of carbon available to benthic invertebrates.
Phytoplankton can be exploited by benthic organisms that are capable of active filtering
such as bivalves. Organisms can also feed on settled phytoplankton detritus such as deep
water chironomids. Benthic algae form biofilms on lake bottom surfaces and these
biofilms can be directly exploited by grazers, deposit feeders or collectors. Periphyton
mats were observed in all study lakes and occur throughout the littoral zone, extending
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into the metalimnion. Benthic biofilms were visibly different among lakes, varying in mat
thickness and mat consistency. In Crystal Lake only a fine layer of algae could be seen
covering the sand particles, whereas Sparkling Lake periphyton grew several centimeters
thick on top of mineral sediment. Little Rock Lake sediments were flocculent organic
matter with poorly developed biofilms. Periphyton mats changed within-lakes with depth
as well. Biofilms were thickest (~1 cm) between 2 and 4 m and were still visible and well
defined past 8 m.
Detritus from phytoplankton and terrestrial inputs may be exploited by benthic
macro-invertebrates. Terrestrial detritus was most obvious in the form of leaf litter and
was uncommon in most lakes. Little Rock Lake had highly organic mud that appeared to
consist of fine particulate matter. Course woody debris was also present in all lakes but
was not a substantial feature of the littoral zone. Potential planktonic inputs are limited by
the depth of the water column over the sediments and the phytoplankton settling rate.
It is possible that phytoplankton detritus is also incorporated into the periphyton
matrix and that the decrease in consumer δ13C with lake depth reflects this (Chandra et al.
2005). However, if this were so, then we would expect that grazers would incorporate
depleted planktonic carbon while feeding on the sediment surface. The results presented
here are not consistent with this. Carbon signatures of grazers are more enriched with 13C
than bulk sediment. Further, phytoplankton settling rates are low in oligotrophic lakes
and decomposition rates of phytoplankton are high (Wetzel 2001). Tracer studies that
have labeled autochthonous production with dissolved inorganic carbon (DI13C) additions
show little increase in sediment organic matter carbon isotopic signatures over the course
of the growing season (Solomon et al. 2008). Grazer δ13C peaked in the mid-epilimnion
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and this peak is correlated with benthic primary production as well as a mid-epilimnetic
peak in sediment δ13C. Enrichment in 13C in grazers and sediments would not be present
if planktonic inputs to littoral sediments were high. Lastly, potential loading of
phytoplankton biomass to lake sediments throughout the littoral zone is positively related
to depth. Figure 2.8 shows the potential contribution of phytoplankton to lake sediments
if all algal biomass was deposited to the lake bottom, which assumes no grazing by
phytoplankton and no decomposition. Even when grossly over-estimating the amount of
planktonic deposition, benthic algal biomass still dominates the potential sediment
autochthonous carbon pool from the lake surface throughout the littoral zone past 10
meters.
In addition to carbon isotopes, δ15N can be used to determine whether consumers
obtain nitrogen from different sources. Primary consumers fractionate 15N and enrich 0‰
to 3.4‰ higher than their food source δ15N signature (Vander Zanden and Rasmussen
2001). Therefore, if benthic non-predatory consumer feed on planktonic resources their
δ15N signal should match closely with known planktonic primary consumer isotopic
signals. In Trout Lake and Big Muskellunge Lake, large differences in δ15N of plankton
based filter feeders and benthic primary consumers indicate that these groups of organism
exploit different food sources (Figure 2.7). Benthic grazers do not rely on planktonic
resources in these two lakes. In the remaining lakes δ15N of all primary consumers are not
distinct and the possibility that they are sequestering some phytoplankton cannot be ruled
out based only on the N (Figure 2.7).
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Benthic functional feeding group resource use
In this study, filter feeding organisms that are known to exploit phytoplankton
include zooplankton and benthic Unionid mussels. Unionids were distributed throughout
littoral sediments in two of five lakes (Sparkling Lake and Trout Lake). Zooplankton and
Unionids consistently had the most negative carbon isotopic signatures, which is
indicative of high reliance on planktonic primary production. δ13C of primary consumers
that fed on phytoplankton varied among lakes (Figure 2.1). The δ13C of Big Muskellunge
Lake zooplankton was much more positive than is expected for planktonic end members.
Non-tanypod chironomids are benthic organisms that are also thought to exploit
planktonic resources exclusively. However, 60% of non-predatory chironomid carbon
was of benthic autochthonous origin.
Grazers obtain food by scraping or shearing food off of surfaces. In lakes, grazers
feed mainly upon periphyton that adheres to rocks and sediments. In this study,
organisms classified as grazers included amphipods, ephemeropterans (Ephemera,
Choroterpes, Stenonema) and gastropods (Planorbids and Physid snails). Grazers have
many morphological adaptations that help them consume periphyton, including radula in
the case of snails and spoon-like mandibles and grinding mouthparts in mayflies
(Cummins and Klug 1979). δ13Carbon of grazers was highly enriched indicating total
reliance on benthic algae as a carbon source. Grazer carbon isotopes were consistently
more enriched than bulk sediment δ13C (Figure 2.3). Furthermore, grazer isotopes were
strongly related to benthic primary productivity. A simple explanation for many of these
patterns is that the organisms that I categorize as grazers exploit the uppermost, most
photosynthetically active layer or the periphytic biofilm.
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Collectors are commonly split into filtering collectors and gathering collectors
depending on the size of particulate organic matter on which they feed. Filtering
collectors feed on very fine particles of organic matter and in this study are referred to as
filterers and described above. Gathering collectors feed on larger particles of organic
matter and include a wide variety of zoobenthic families. Organisms that were defined as
collectors in this study ranged from segmented worms to crayfish, illustrating the
diversity included in the collector feeding group. Table 2.1 shows all taxa included in
each feeding group and their respective reliance on benthic carbon.
Results of my mixing models revealed high use of benthic algal carbon by nonfiltering consumers, ranging from a 65% to a nearly 100% reliance. Collector δ13C
signatures were not as enriched as the benthic end members, indicating some degree of
use of an alternative carbon source. However, collector δ13C was highly correlated with
sediment isotopic signatures. Unlike grazers, collectors appear to use deeper layers of the
periphyton complex, are highly correlated with sediment biofilm isotopic signature, and
integrate less productive and therefore more deplete carbon into biomass (Figure 2.3).
Alternatively, this result could indicate that collectors are integrating planktonic or
terrestrial carbon by feeding on more than one carbon source. In Trout Lake and Big
Muskellunge Lake, δ15N of benthic consumers indicates reliance on benthic sources of
nitrogen. Interestingly, only Little Rock Lake had clear evidence of benthic consumers
relying on planktonic based N. In the other lakes the nitrogen source of benthic collector
could not be ascertained due to overlap with the range of fractionation of planktonic
based filter feeders. In Sparkling Lake and Crystal Lake δ15N did not conclusively
demonstrate different consumer sources of nitrogen and both planktonic and benthic
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sources of nitrogen have to be considered (Figure 2.7). Other researchers have found that
use of non-periphyton sources of carbon and nitrogen are important in profundal
organisms, but that in shallow illuminated areas zoobenthic collectors predominantly
relied on benthic algae (Sierszen et al. 2006, Premke et al. 2010).
Collector reliance on benthic carbon was positively associated with benthic
primary production (Figure 2.5). In Crystal Lake, collector reliance on benthic algae was
high at all levels of benthic primary productivity and reliance on benthic carbon was
more akin to the observed grazer isotopic signals, although Crystal Lake collectors are
grazing benthic algae is not clear. Crystal Lake had little organic matter associated with
littoral sediments (~ 1 % organic carbon) and moderate mean maximum primary
productivity. Invertebrate collector reliance on benthic algae reflects the limited carbon
resource pool available to consumers in Crystal Lake.
Zoobenthic predators feed on other macro-invertebrate organisms and hunt by
ambushing or actively searching for prey (Cummins and Klug 1979, Merritt and
Cummins 1996). In this study, most predators collected were Odonates, although
Tanypod chironomids, megalopterans (Sialis), and predatory leeches (Hirudinea) were
present as well. Benthic predators were energetically dependent on carbon fixed by
periphyton and phytoplankton. Predator δ13C was highly correlated to sediment δ13C
signatures and moreover, predator δ13C was highly correlated with collector δ13C.
Predator δ15N signatures were ~3.4 ‰ higher than their prey δ15N (Vander Zanden and
Rasmussen 1999a). Although predators in this study had the highest enrichment in 15N,
they were commonly not more than 2‰ higher than filter feeders, indicating that their
prey items are not consistent with planktonic primary consumers. In Big Muskellunge
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Lake, predators were roughly 4.5‰ more enriched then filterers but only 3.5‰ more
enriched than benthic grazers, which again indicates use of benthic derived prey.
Benthic invertebrates make up a large portion of fish diets in northern temperate
lakes and substantial portions of fish production is supported by carbon fixed by benthic
algae (Vander Zanden and Vadeboncoeur 2002, Weidel et al. 2008). Data presented here
demonstrate an important resource link that couple planktonic and benthic food chains.
Predation on zoobenthic consumers by fish is a major pathway for incorporation of
littoral carbon into whole lake food webs. Carbon stable isotope signatures and mixing
model results indicate that benthic macroinvertebrates obtain the majority of their energy
from carbon fixed by benthic algae. However, mixing model results suggest that the
proportion of non-benthic carbon use ranges from 10 to 40%. Both carbon and nitrogen
isotopes indicate high use of benthic algae as macroinvertebrates’ basal resource but what
remains unclear is the extent to which collectors and predators subsidize their dietary
needs with carbon from planktonic or terrestrial sources versus use of less productive
periphyton found deep within the periphytic mat.
Zoobenthic collectors in the littoral zone may not be exploiting carbon from
planktonic or terrestrial sources as the mixing model results would indicate, but could be
feeding on a wider gradient of benthic algal productivities layered within periphytic
biofilms. Although I did not measure changes in isotopic signatures within periphyton
mats, there is evidence that suggests that gradients in primary production (Dodds et al.
1999, Martinez-Alonso et al. 2004) and δ13C (Hill et al. 2008) occurred from the
sediment water interface downward into the biofilm. Additionally, planktonic inputs to
lake bottoms are extremely low relative to benthic algal biomass present on littoral
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sediments. In a hypothetical case where no planktonic grazing by zooplankton or
bacterial decomposition occurs and all phytoplankton biomass is deposited onto littoral
sediments there is still more benthic algae resource available to consumers (Figure 2.8).
The nearly exact reflection of benthic collector δ13C to sediment δ13C, the high degree of
grazer enrichment over bulk sediment biofilms, and low potential for planktonic subsidies
to littoral sediments strongly suggest that collectors use organic matter throughout the
entire periphytic mat as a resource not a mixture of benthic and planktonic resources.
Consumer reliance on littoral carbon may be underestimated when potential
gradients of isotope enrichment and primary production within the periphyton mat are not
taken into account when using a two end member mixing model. Care should be taken to
insure the biological and ecological aspects regarding benthic consumer isotopic ratios
are taken into consideration when selecting benthic end members. When using grazers
that are highly enriched in 13C as benthic end members, consumer utilization of less
productive periphyton deeper within the biofilm could be mistaken for use of carbon
subsides from planktonic or terrestrial sources. Possible error in interpretation of mixing
model results could propagate quickly at the ecosystem level and warrants further
investigation.
The data presented here demonstrate that benthic primary production is exploited
by macroinvertebrates in oligotrophic lakes. With the exception of filtering bivalves,
benthic algal carbon was used to some extent by all invertebrate functional feeding
groups. Distinct isotopic signatures among feeding groups reveal that benthic invertebrate
collectors are either mixing planktonic and benthic carbon sources or feeding on less
productive algae within the periphyton mat. These findings illustrate the importance of
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continuing to integrate non-planktonic sources of energy into conceptual frameworks that
researchers employ to study aquatic food webs.
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Table 1. Zoobenthic invertebrate taxa included in the study and their proportional reliance on
benthic carbon. Functional feeding groups were assigned based on (Cummins and Klug 1979

and Merritt and Cummins, 1996).
Mean δ13C
(± SE)

Mean Reliance
on
Benthic Carbon
(± SE)

Hyalella
Ephemera
Choroterpes
Stenonema femoratum
Physidae
Planorbidae

-16.40 ±1.27
-22.02 ±0.85
-15.83 ±0.98
-16.03 ±0.98
-11.79 ±1.28
-14.71 ±0.48

0.93 ±0.06
0.61 ±0.06
0.43 ±0.23
0.99 ±0.01
0.96 ±0.04
1.00 ±0.00

Orconectes propinquus
Orconectes rusticus
Caenis
Eurylophella
Hexagenia
Caecidotea
Oligochaeta
Limnephilus
Oecetis
Turbellaria

-14.39 ±0.28
-19.0± 70.36
-20.77 ±1.44
-13.82 ±1.56
-19.72 ±1.07
-20.32 ±0.45
-20.92 ±1.04
-27.26 ±0.53
-18.31 ±2.32
-14.79 ±0.07

0.81 ±0.07
0.87 ±0.04
0.46 ±0.29
0.75 ±0.25
0.52 ±0.08
0.89 ±0.10
0.70 ±0.08
0.56 ±0.26
0.52 ±0.18
0.61 ±0.04

Gomphidae
Hagenius brevistylus
Libellulidae/Cordulliidae
Macromia
Tanypodinae
Tabanidae
Hirudinea
Sialis
Coenagrionidae

-21.33 ±0.88
-17.69 ±0.75
-25.06 ±2.30
-17.50 ±1.33
-20.85 ±1.55
-19.57 ±0.22
-26.74 ±0.33
-21.64 ±0.86
-17.71 ±0.81

0.52 ±0.07
0.91 ±0.06
0.80 ±0.16
0.61 ±0.12
0.58 ±0.11
1.00 ±0.00
1.00 ±0.00
0.57 ±0.10
0.67 ±0.18

Unionidae
Zooplankton

-29.66 ±0.46
-26.92 ±2.22

0.03 ±0.02
0.01 ±0.01

Functional
Feeding Group

Taxa

Grazers

Collectors

Predators

Filterers
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Figure 2.1. Benthic invertebrate functional feeding group and sediment biofilm δ13C
signatures with depth in five oligotrophic northern temperate lakes. Grey
vertical bars indicate zooplankton δ13C, which represents planktonic based
carbon. Error bars are ± 1standard error and when not visible are hidden by
symbols. The width of the gray bar also indicates standard error.
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Figure 2.2. Grazer δ13C as a function of benthic primary production. Linear regressions
indicate a nearly universal response in δ13C of grazers among lakes. Benthic
consumers were only collected at two depths in Little Rock Lake.
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Figure 2.3.Zoobenthic functional feeding groups δ13C versus a) benthic primary
production and b) the δ13C of littoral sediment biofilms. The diagonal line is
the 1:1 relationship between grazer, collector and predator δ13C.
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Figure 2.4. Benthic functional feeding group proportional reliance on benthic algal
carbon based on δ13C mixing models. Error bars represent standard error.
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Figure 2.5. Benthic collector and predator reliance on benthic carbon as it relates to
benthic primary production. Bottom panel is the relationship of predator
reliance versus collector reliance on benthic carbon.
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Figure 2.6. Mean δ13C versus mean δ15N demonstrating trophic position of zoobenthic
functional feeding groups in isotopic space in five northern temperate lakes.
Error bars represent standard error.
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Figure 2.7. Mean differences between non-filtering functional feeding group δ15N and
filter feeder δ15N. Area between the solid line and the dashed line represents
the potential δ15N of phytoplankton assuming a trophic fractionation of 3‰.
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Figure 2.8. Benthic algal areal biomass with depth and potential phytoplankton biomass
deposition to lake bottom assuming no planktonic grazing or decomposition.
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Chapter 3

INCORPORATING SPATIAL VARIBILTY IN PHOTOSYNTHTIC
PARAMETERS INTO WHOLE-LAKE BENTHIC PRIMARY PRODUCTION
MODELS
Introduction
Benthic primary production can contribute substantially to whole lake primary
production (Loeb et al. 1983, Vadeboncoeur et al. 2001) and is an important source of
energy for higher trophic levels in lake food webs (Vander Zanden et al. 2006, Weidel et
al. 2008). The importance of benthic primary production in small shallow lakes has been
known for some time (Wetzel 1964) but recent evidence from stable isotopes has shown
that even in large lakes littoral carbon is exploited by higher trophic levels (Hecky and
Hesslein 1995, Bootsma et al. 1996). Interest in littoral processes and the role of littoral
primary production is increasing and lake ecologists are focusing more on littoral zone
trophic dynamics (Karlsson and Bystrom 2005, Vander Zanden et al. 2006).
Measuring littoral primary production is both laborious and time consuming yet
provides much needed information regarding lake ecology. Properly estimating wholelake contributions of benthic photosynthesis is vital to future gains in understanding of
how littoral energy follow and trophic dynamics act in concert with planktonic processes
to form lake trophic structure. This can be a daunting task considering that within-lake
benthic primary production rates are variable through time and space (Hawes and Smith
1993, O'Reilly 2006).
Vadeboncoeur et al. (2008) modeled littoral primary production contributions as a
function of lake morphometry, light, and trophic status using empirical relationships and
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constant estimates of parameters of maximum areal production, light attenuation and
photosynthetic efficiency. This effort has provided insights as to how littoral primary
production can vary among lakes. Although magnitudes of the rate of maximum benthic
production and physical factors such as light attenuation coefficient (Kd) were varied as
model inputs, natural variation of these parameters was not thoroughly integrated into
model calculations. Vadeboncoeur et al. (2008) reported that variation in benthic BPMAX
rates dramatically alter the calculated littoral contributions to whole lake autochthonous
production, illustrating the need for a better quantification of spatio-temporal variation in
light saturated primary productivity. Similarly, the model employs a single saturation
light intensity (IK), which may vary greatly with depth (Smith and Mary 1993). Littoral
primary production was calculated for a given depth, z, by the equation,

Eq. 3.1

where BPZ is a function of light, the length of daylight, and the amount of area at depth z.
This calculation incorporates a single rate of production, which in fact varies
substantially across depths (O'Reilly 2006, Ask et al. 2009). BPZ is more likely a function
of BPMAX at depth Z and the light intensity at depth Z resulting in a depth specific
production rate. In a similar manner Eq. 3.1 employs a single IK value regardless of depth.
If IK varies with depth and periphyton at lower light levels can more efficiently use light
(Smith and Mary 1993, Hill et al. 1995) a model that incorporates possible variability in
IK with depth will better estimate benthic primary production.
Researchers are becoming more interested in benthic primary production and
want to integrate energetic contributions from benthic algae into whole-lake models of
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primary production and lake food webs. Measuring benthic primary production at the
whole lake level begins with point measurements of benthic photosynthesis at discrete
depths on a per area substrate basis. Areal rates are then extrapolated over space and time
as a function of light at depth and summed to generate a mass of production per unit time
for the whole lake (Fee 1973). Error can persist and grow when extrapolating areal based
measurements to the whole lake (Butkas et al. 2011). It is not clear from previous studies
how much spatial resolution is needed to accurately determine whole lake primary
production from areal based measurements at discrete locations within the lake. Spatially
complex models may provide better estimates of littoral contributions to whole lake
production by more accurately estimating primary production at depth. However, highly
resolved spatial models are difficult and costly to create.
The goals and objectives of this study are to improve whole lake assessments of
primary production by modifying models used by Vadeboncoeur et al. (2008) to
incorporate measured natural variation in several parameters of benthic primary
production in five oligotrophic lakes. I compared estimates of whole-lake areal benthic
primary production when mean, maximum, depth-specific, and literature-based values of
photosynthetic parameters (PMAX, IK) are incorporated into the model used by
Vadeboncoeur et al. (2008). I measured planktonic primary production in addition to
benthic photosynthesis in order to determine how spatial variation in model inputs affects
littoral contributions to the whole-lake total primary production. I also test the sensitivity
of estimates to temporal variation in light attenuation and compare differences in wholelake benthic primary production when area at depth is calculated with digital bathymetry
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versus simplified characterizations of basin morphology based on mean and maximum
depth.
Methods
Study Sites
I measured benthic and planktonic primary production in five northern temperate
lakes. Little Rock Lake, Crystal Lake, Big Muskellunge Lake, Sparkling Lake, and Trout
Lake are located in the northern highland lake district in Wisconsin, USA. They range in
surface area from 8 to 1507 hectares. Detailed information regarding lake characteristics
can be found in previous chapters (Table 1.1)
Planktonic primary production
Crystal Lake, Sparkling Lake, and Trout Lake lakes are part of the North Temperate
Lakes Long Term Ecological Research program (NTL-LTER) program and planktonic
primary production is measured as part of their routine monitoring. I downloaded
planktonic primary production data from the NTL-LTER website
(http://lter.limnology.wisc.edu). In addition to the LTER sampling, I measured planktonic
primary production in Little Rock Lake and Big Muskellunge Lake five times throughout
the summer of 2007 using 14C uptake methods (Fee 1969, 1973). I used LTER protocols
and equipment to ensure that planktonic production was comparable among lakes. Water
column samples were collected from the epilimnion, metalimnion and hypolimion in each
lake. In the lab, a photosynthsis-irrandance curve was created for each thermal stratum
after incubating spiked, 60 mL samples at 10 different light intensities including dark
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treatments. P-I curves were parameterized using Platt et al.s’ (1980) hyperbolic tangent
equation including a parameter to describe photo-inhibition at high light intensities:
 =  ∗ 1 − exp 5

−
−9
6 ∗ 1 − 78 5
6



Eq. 3.2

where PPr is primary production,  is light saturated primary production, α is
photosynthetic efficiency, I is light intensity and β represents decline in production at
high light intensity due to photoinhibition. I extrapolated to whole lake planktonic
primary production in each lake as a function of light at depth using the LTER methods
described below.
As part of LTER’s monitoring and analysis, water column light attenuation (Kd) is
measured every two weeks in each lake and daily photosynthetically active radiation
(PAR, µmol m-2 s-1) was measured every half hour at an airport located less than 10
kilometers away from the study lakes. Primary production data is analyzed by LTER
before it is made available on the website. It is reported as mg C m-3 h-1 per each half
hour time increment. This value was derived by first calculating light at depth based Kd
and surface PAR intensity at 0.5m increments for each half hour during the day. Primary
production for each depth increment was calculated with the following equation:
; $< = = ∆?
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Eq. 3.3

when no evidence of photo-inhibition is observed or with Platt et al.’s (1980) hyperbolic
tangent
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Eq. 3.4

in cases where photo-inhibition was detected. Symbols represents the same parameters as
mentioned above for Eq. 3.2 but are specific to depth Z and time t. Strata specific P-I
parameters and light intensity at depth were used as model inputs. Production at each depth
increment throughout the water column was summed for each half hourly measurement of
PAR. After downloading LTER data in this format, I averaged each half hourly estimate of
production for each strata, then summed production for each strata and each PAR intensity
resulting in mean daily primary production (mg C per L ) for each lake. To extrapolate to
the whole-lake daily production (mg C d-1) volumetric production was multiplied by total
lake volume.
Benthic Primary Production
I measured benthic primary production in Sparkling, Crystal, and Little Rock
Lakes in 2005, Big Muskellunge Lake in 2006, and in Trout Lake in 2007 using methods
that have been previously detailed in chapters one and two. I fit P-I parameters for
epilimnetic depths with the non-linear least squares function (nls) in R using Eq.1-1.
Light intensities at metalimnetic depths (8m) did not reach saturating levels; therefore, I
fit linear regressions to determine photosynthetic efficiency, α, and calculated maximum
photosynthesis, PMAX, by averaging five cores that were exposed to the highest light
intensities. I used the loess function in R statistical environment to extrapolate benthic
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maximum photosynthetic rates (PMAX) and photosynthetic efficiency (α), for each littoral
depth at 0.1m contours throughout the littoral zone.
Whole-lake benthic primary production
I calculated whole lake benthic primary production by modifying the following
modified equations from Vadeboncoeur et al (2008):
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Eq. 3.5
Eq. 3.6
Eq. 3.7

is the saturating light intensity,  = is depth specific maximum primary

production, and

=

is depth specific photosynthetic efficiency, ;$JZ is areal specific

daily production at depth Z, t is time of day,

=A

is light intensity at depth Z at time t. This

equation represents the most parameterized model and because spatial variation in
photosynthetic parameters is incorporated I assume that it is the best estimate of benthic
primary production. I multiplied ;$JZ by area at depth (see below for methodology
regarding area at depth) and summed daily production at all depths to determine total
benthic production for each lake. Whole-lake primary production was calculated by
summing total benthic production and total planktonic production in each lake. I
calculated the relative benthic contribution to whole-lake primary production by dividing
total benthic primary production by whole-lake primary production for each lake.
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To test how methods used to calculate lake area at depth effect estimates of whole
lake littoral production, I modified the model used by Vadeboncoeur et al. (2008) shown
in Eq. 3.5 and Eq. 3.6. I used three different input values for BPMAX, and three values of
IK and calculated whole lake benthic primary production (Table 3.1). I incorporated
spatial variability in benthic maximum production by using  = as shown in Eq. 3.5
and compared the resulting mean benthic primary production per square meter for each of
the following models in each lake:
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Eq. 3.8

where  is the summer mean light saturated benthic primary production for each
lake , and
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Eq. 3.9

  is the highest rate of light saturated benthic primary production observed in
each lake. This value represents a single measurement of benthic primary production if
by chance benthic primary production was measured only at the depth with the highest
rates of production and then used to determine benthic contributions to whole lake
primary production.
Similarly, I compared model outcomes when depth specific values of IK (Eq. 3.7),
mean values of IK (Eq. 3.10) and a constant value of IK (300) taken from the literature
(Hill et al. 1996, Vadeboncoeur et al. 2008) are used as inputs in Eq. 3.1.
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Eq. 3.10

Temporal variability in light attenuation
I used the benthic primary production equation (Eq. 3.5) to investigate how
temporal variability in light attenuation affects the relative contribution of littoral primary
production to whole-lake primary production. I calculated light attenuation coefficients
(Kd) throughout the growing season and calculated where light at depth is 1% of surface
irradiance and summed area above this depth to determine a littoral area for each
measured Kd. I calculated mean daily areal benthic primary production using lake
specific Kd value and compared these resulting mean areal benthic primary production to
the model outcome when summer mean Kd for each lake is used as a model input as is
seen in Eq. 3.7.
Area at depth methodological comparisons
I compared two different methods of calculating area at depth in each lake. I also
compared the total benthic primary production resulting when each method is used to
extrapolate from areal primary production rates to whole-lake primary production. The
first method I used to determine area at depth was digital elevation analysis. I used digital
georeferenced bathometric maps of each lake obtained from LTER
(http://lter.limnology.wisc.edu) and the 3D Analyst tool in ArcGIS (ERSAEnvironmental Systems Research Institute v9.2, Redlands, CA, USA) to calculate the
area of 0.1m depth intervals.
I also compared results from using an accurate bathymetric characterization of the
lakes with those generated by a simple formula that derives lake shape from mean and
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maximum depth (Vadeboncoeur et al. 2008) to determine area at depth based on simple
morphometric parameters (average depth and maximum depth). The equation reported by
Vadeboncoeur et al. is represented here:
V= = VM W1 − 5
[ =
\] =

X

X

Y

6 Z

\]
(1 − \])
X

X

Eq. 3.11
Eq. 3.12
Eq. 3.13

where, \] is depth ratio, X , is mean depth, X is maximum depth, γ is a shape factor
derived from the depth ratio, A0 is lake surface area (derived from the digitized data), and
AZ is area at depth Z . I compared daily benthic primary production with both the digital
bathymetry and Vadeboncoeur et al. (2008) area at depth model to determine how these
methods affect whole-lake estimation of benthic primary production.
Results
Within and among-lake benthic primary production
I measured benthic primary production throughout the littoral zone in five
northern temperate lakes in order to incorporate spatial variability of photosynthetic
parameters into whole-lake benthic primary production models. Benthic primary
production was variable among and within-lakes. A mid-epilimnetic peak in primary
production was present between 2 and 4 meters in most lakes (Figure 3.1), Among-lakes,
mean benthic light saturated primary production ranged from 18.8 mg C per m2 per h to
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35.5 mg C per m2 per h. Sparkling Lake had significantly higher light saturated primary
production than the other 4 lakes (F4,77= 4.1794, p=0.004).
Spatial variability in BPMAX
In order to assess how spatial variability in BPMAX affected whole-lake benthic
primary production estimates, I calculated whole-lake mean daily benthic primary
production in each study lake with three different inputs for BPMAX. Estimates of wholelake mean areal benthic primary production (Figure 3.3) and littoral contribution to whole
lake primary production (Figure 3.4) had different responses to PMAX inputs. 

estimates ranged from -5% to +6% compared to estimates using  = . Calculations
using  underestimated mean areal benthic primary production by only 3% (SE
±2%) (Figure 3.3). Conversely, model outcomes from maximum rates of light saturated
benthic primary production,   overestimated mean areal benthic primary
production on average by 62% (±18%) (Figure 3.3). Similar differences in model
outcomes arose when comparing contribution to whole-lake total primary production.
The  based model calculated littoral contributions similarly to  = , again
underestimating by only 3% (±2) across lakes. Relative to the results of depth specific
BPMAX models, the   model overestimated littoral contributions by 46%
(±13%).
Spatial variability in Ik
I tested the effect of variation in Ik on benthic primary production estimates by
comparing depth-specific values with the average value of IK from all sampling depths.
Instead of testing a maximum value of Ik as a model input, I tested a value of 300, which
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was compiled from the literature by Hill et al. (1996) and used by Vadeboncoeur et al.
(2008). Mean daily areal benthic primary production estimates were not sensitive to
spatial variation in Ik (Figure3.5). Estimates using a depth specific Ik value were virtually
identical to those generated using a mean Ik value or a constant value from the literature.
On average only a 3% (±4%) difference between estimates when depth specific Ik inputs
and an Ik of 300 were compared. Further, there was a 0.4% (±3%) difference in mean
areal primary production when mean Ik estimates compared to depth-specific Ik model
outputs. The effect of including variation in Ik into whole lake models on littoral
contributions to whole lake autochthony are small, leading to no distinguishable
differences in littoral contributions to whole lake primary production among model inputs
(Figure 3.6).
Temporal variability in light attenuation (Kd)
Changes in light attenuation throughout the growing season could affect benthic
primary production on an areal basis by changing the total area of the littoral zone.
Overall changes in Kd throughout the season affected estimates of benthic production.
Estimates varied temporally in all lakes except for Little Rock Lake. The average
differences when mean Kd was used to calculate benthic primary production compared to
each sampling event are low. In Little Rock Lake, small differences in temporal variation
in Kd led to no difference in mean area benthic primary production. Benthic rates of
primary production responded to changes in Kd, but the magnitude of the response
compared to estimates using mean Kd varied from lake to lake. In Big Muskellunge and
Little Rock Lake, the average estimate when incorporating temporal variant in Kd was
nearly zero. Accounting for changes in Kd over time resulted in a 9% increase in areal
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benthic daily productivity in Crystal Lake. In the remaining lakes the opposite trend
occurred. Sparkling Lake had 9% (±7%) and Trout Lake had 7% (±4) less benthic
primary production per m2 per day when Kd was set to vary over time.
Area at depth methodological comparisons
I compared digital bathymetric estimates used to calculated area at depth in lakes
with Eq. 3.11-Eq. 3.13 from Vadeboncoeur et al (2008). I also compared the mean daily
areal benthic primary production that results when each method is used to extrapolate
primary production per m2 at depth to the whole lake. Compared to the bathymetric
analysis, the model reported by Vadeboncoeur et al. underestimates area at deeper depths
and overestimates area at shallow depths in Big Muskellunge Lake, Little Rock Alke and
Trout Lake. In Sparkling Lake and Crystal Lake the opposite occurs (Figure 3.8) (2008).
This discrepancy in area at depth is apparent in whole lake benthic primary production
model results. The among-lake mean difference in model results when bathymetric area
at depth is used for extrapolation versus results of Vadeboncoeur et al.s’ method is only
2% (±6%). However, in lakes where the morphometric model overestimates area at
shallow depths, the areal daily littoral primary production is 12% (±8%) higher relative to
the bathymetric model results. Additionally, in lakes where the morphometric model
underestimates areas at shallow depths, benthic primary production is 10% (±2%) lower
relative to the bathymetric model outcomes.
Discussion
The differences in model outcomes in Figure 3.3 illustrate that in order to
accurately estimate benthic primary production and littoral contributions to whole lake
primary production, spatial variability should not be ignored, although using mean values
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versus depth-specific values shows little effect. Light saturated benthic primary
production has a uni-modal shape with depth, peaking in the mid-epilimnion and then
declining as depth increases as has been reported elsewhere (Loeb et al. 1983) (Figure
3.1). Coupled with substantial among-lake variation (Figure3.2), these findings
complicate the quantification of benthic primary production at the ecosystem level. In
order to begin to understand how spatial variation may influence estimates of benthic
primary production, I have adapted previously used models to include three different
measures of BPMAX, each of which adds a layer of spatial complexity. The coarsest level
is a single measure of BPMAX that represents if a researcher were to sample only at the
peak of production. This single maximum rate of benthic production overestimated areal
primary production and if extrapolated to the whole lake level can overestimate relative
littoral contribution to total primary production by as much as 19% and overestimate
mean whole lake areal rates by close to two times that of models that incorporate spatial
variation in BPMAX (Figures 3.4 and 3.5). Most researchers are aware of the
heterogeneous nature of littoral habitats and it is unlikely that a single sample would be
used to extrapolate primary production to the whole lake.
The next level of spatial complexity used here is incorporation of a mean value of
BPMAX into the model. Measuring photosynthesis-irradiance curves at several depths
throughout the littoral zone will avoid unintentional sampling of highly active areas and
incorporate the general trends seen in Figure 3.3. However, it was not clear whether using
mean value of BPMAX would underestimate the impact of the mid-epilimnetic peak in
primary production and overestimate production rates for deeper sediments at low light
levels. Fitting smooth curves to values of BPMAX measured throughout the littoral zone
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provided a discrete value of BPMAX for every 0.1m depth contour and a high level of
spatial resolution to examine how thoroughly whole-lake benthic preprimary production
models should be parameterized. The mean BPMAX model resulted in rates of mean areal
daily primary production and littoral contributions to the whole-lake primary production
that were similar and comparable to the fully parameterized depth-specific model,
underestimating mean areal primary production on average by 4% (±3%). This finding is
extremely useful to researchers that will measure benthic primary production in the
future. Using mean BPMAX in benthic primary production models is a parsimonious
method that does not require detailed curve fitting while still integrating the spatial
variability in BPMAX described here.
Within-lake variability in Ik could have large implications in whole-benthic
production if decreases in Ik are observed at depths where benthic algae could be adapted
to low light and utilize ambient light intensities more efficiently (Smith and Mary 1993).
I tested model outcomes with a value of Ik from the literature (Hill et al. 1996,
Vadeboncoeur et al. 2008) to represent low spatial variability with a constant value, as
well as mean and depth-specific values of Ik for each lake. Interestingly, all Ik values
produced similar model outputs for both areal mean daily primary production (Figure
3.5) and contribution to whole lake autochthony (Figure 3.6). The highest variability
among Ik inputs occurred in Little Rock Lake, the shallowest and least productive study
lake (mean depth = 3.1m), where low light adaptation is unlikely to occur. This could be
an artifact of poor P-I curve parameterization in Little Rock Lake. Although Ik does likely
have implications for poorly lit depths, a constant value or a mean value of Ik will provide
comparable measurements of benthic primary production. This result also indicates that
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researchers may be able to accurately estimate benthic primary production without
calculating P-I curves and instead simply measure light saturated primary production and
employ literature-based values of Ik when extrapolating to the whole lake level or
production.
Variation in light attenuation can affect the littoral contributions to whole-lake
primary production by directly increasing or decreasing the total area of illuminated lake
bottom available for photosynthesis. Vadeboncoeur et al. (2003) reported that large
decreases in light attenuation due to high phytoplankton biomass in eutrophic lakes led to
a sharp decline in littoral contributions to total primary production. Although Kd did vary
slightly through time within lakes over the course of growing seasons during this study
(0.25 to 0.37, Table 3.1), light penetration was typical of oligotrophic or mesotrophic
lakes (Wetzel 2001). I used temporal variation in Kd to examine how changes in light
attenuation through time affect mean areal primary production. I used Kd to calculate
light at depth as in Eq 3.4, as well as to calculate total littoral area for each Kd sampling
event. Unique littoral areas were used to determine the whole-lake mean areal daily
primary production. Summer variation in light attenuation in these oligotrophic lakes had
only a small effect on estimates of whole-lake primary production. The second
measurement of Kd, Kd2, in Sparkling lake resulted in a sharp reduction in mean areal
primary production. It is not entirely clear why this occurred but, the low Kd value could
have increased the littoral area that receive low light intensities for that given sampling
period where depth-specific values of  = were low. Despite increased area available
for benthic photosynthesis, benthic primary production rates were low resulting in little
effect at the whole-lake scale. These findings should be carefully considered when
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measuring benthic primary production in lakes that may have high light attenuation
coefficients.
Digital bathymetric maps have enabled researchers to calculate area at depth in
lakes with relative ease, if study lakes have been cataloged and geo-referenced (Shen et
al. 2006). When there are no digital resources available, models can be used to calculate
area at depth based on lake basin shape and morphological characteristics (Carpenter
1983). Vadeboncoeur et al. (2008) developed a simple formula to characterize area at
depth as a function of lake morphometry (Eq. 3.11 – Eq. 3.13, DR= mean depth / max
depth). I compared digital bathymetric methods to the formula used by Vadeboncoeur et
al. (2008) and extrapolated outcomes from the fully parameterized model to whole lake
benthic primary production and calculated mean areal benthic primary production using
both methods. There were discrepancies between the morphological model outputs and
the bathymetric digital analysis. Vadeboncoeur et al. (2008) model overestimated shallow
depths and underestimated deeper areas at depth in several lakes, and in other lakes the
exact opposite occurred (Figure 3.8). Despite these potentially important deviations,
overall agreement between the two models was reasonable and the formula appears
robust if digital alternatives are not available. In lakes where shallow depth areas are
underestimated mean areal benthic primary production is reduced by 15 to 30 mg C per
m2 per day and vice versa in lakes where area of shallow depths is overestimated by as
much as 40 mg C per m2 per day. In Little Rock Lake, where shallow depths were
overestimated, there was no substantial effect on benthic primary production results. As a
consequence of errors associated with the Vadeboncoeur et al. (2008) model, researchers
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should be aware of this potential bias and take care when extrapolating benthic
production or other areal based findings to the ecosystem level based on this formula.
The effects of spatial variability on whole-lake benthic primary production
models are mixed. Variability in BPMAX substantially affects model outcomes and
incorporation of variability, be it a mean value or depth-specific measurements of BPMAX,
is recommended. Conversely, spatial variation of Ik and temporal variation in Kd had little
effect and mean values or constants in the case of Ik, may suffice. In cases where digital
bathymetry is not available, the model described by Vadeboncoeur et al. (2008) can be
used, but extrapolation to whole-lake processes may introduce error. The results
presented here will hopefully aide future research in littoral energy dynamics and
continue to broaden understandings of lake ecosystems.
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Table 3.1 Mean PMAX, maximum PMAX, and light attenuation (Kd) over the growing season
employed as inputs to measure whole-lake benthic primary production.

Lake

_`abc

_`abc d

abc

egf

kd1

kd2

kd3

kd4

Big Muskellunge

23.1

39.9

25.5

0.260

0.322

0.337

0.331

Crystal

20.5

31.9

227.3

0.306

0.272

0.315

0.282

Little Rock

12.4

20.8

4.09

0.317

0.320

0.321

0.327

Sparkling

35.5

73.9

162.6

0.313

0.251

0.320

0.371

Trout

24.51

46.6

165.8

0.350

0.292

0.328

0.318
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Figure 3.1. Spatial patterns of light saturated benthic primary production with depth.
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Figure 3.2 Among-lake variation in mean light saturated benthic primary production in
five oligotrophic northern temperate lakes.
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Depth Specific BPMAX
Mean BPMAX
Maximum BPMAX

Figure 3.3 Mean benthic primary production per m2 per day resulting from three models

that test various levels of spatial variability in BPMAX. Depth specific BPMAX,
mean BPMAX and maximum observed BPMAX. Depth specific values were
obtained by fitting smooth curves to PMAX versus depth. Mean BPMAX is the
mean benthic BPMAX measured in each lake. Maximum BPMAX is the highest
rate of benthic light saturated primary productivity.
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Depth Specific BPMAX
Mean BPMAX
Maximum BPMAX

Figure 3.4. Relative littoral contributions to whole-lake primary production resulting from

incorporation of spatial variability in PMAX in five oligotrophic lakes. Depth
specific values were obtained by fitting smooth curves to BPMAX versus depth.
Mean BPMAX is the mean benthic BPMAX measured in each lake. Maximum
BPMAX is the highest rate of benthic light saturated primary productivity.
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Figure 3.5. Mean daily areal primary production calculated with two values of Ik

representing natural spatial variability and a constant. Depth Specific values of
Ik were calculated based on smooth curves fit to the relationship of Ik and
depth. Mean Ik is the mean value of IK calculated for each lake. Vadeboncoeur
Ik represents the mean value of Ik taken from the literature.
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Figure 3.6. Relative littoral contributions to whole-lake primary production resulting
from models that incorporate spatial variability and a constant value of Ik.
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Figure 3.7 Mean areal benthic primary production models comparing incorporation of
mean values of light attenuation and temporal variability over a growing
season.
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Figure 3.8. Comparison of the cumulative proportional distribution of area at depth
calculated with digital bathometric versus a morphometric formula (Eq,3.11 3.13, Vadeboncoeur et al. 2008).
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Figure3.9. Comparison of mean areal benthic primary production after extrapolation for
production at depth using digital bathymetric estimations of area at depth
versus a morphometric based formula.
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