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 We propose to evaluate the spatial and temporal variation in microbial-based carbon, its deposition, and subsequent contribution to the seasonal development of hypoxia in the central basin of Lake Erie.  This will be determined by directly measuring the microbial biomass, species composition, and the balance between microbial growth and loss rates (zooplankton grazing and sedimentation) in time and space.  This project will also assess links between changes in microbial population dynamics and recent food web changes in Lake Erie through comparative studies among sites and basins. We believe this approach has merit, because the production of organic matter and its subsequent deposition to the sediments is a key factor that fuels hypoxia in systems such as the Gulf of Mexico, and these factors can in turn be more easily managed compared with physical factors (e.g., Rowe 2001). We will accomplish this by using state of the art analytical techniques (flow cytometry, HPLC pigment analysis, high-resolution oxygen titrations) to provide estimates that can be used to predict microbial structure and function across several temporal and spatial scales in Lake Erie.

2.  Scientific Rationale

2a) Historical Background and Context: Reduced phosphorus loadings to the Great Lakes since 1970 has been credited with a return of these systems to more pristine conditions, particularly in Lake Erie (Makarewicz and Bertram 1991).  However, recent information for Lake Erie indicates a perplexing increase in lake N and P levels, while phytoplankton biomass has decreased (Carrick et al. 2004); this pattern that is perplexing given that P-loadings to the lake have not changed significantly over the same time-frame (Dolan and Richards 2003). Taken together, this suggests a decoupling between phytoplankton and nutrients, a condition that simply runs contrary to our concept of Great Lakes ecology and the nutrient reduction plans in place throughout the entire Great Lakes system (e.g., Schelske et al. 1986). Some data suggests that the introduction and establishment of exotic Dreissenid mussels may be responsible for the decoupling of chlorophyll and phosphorus, through direct grazing on phytoplankton (Lavrenteyv et al. 1995), while simultaneously excreting biologically unavailable phosphorus (Nichols et al. 1999) that may fuel heterotrophic production (Heath et al. 1995).  

Hypolimnetic oxygen depletion is a key forecasting parameter used to gauge improvements in the water quality of Lake Erie (figure 1), because depleted oxygen levels in Lake Erie once resulted in massive fish die-offs and changes in the lake’s gross chemistry and biology (see Burns 1985).  The reduction in phosphorus loads to Lake Erie since 1970 have been credited with a lessening in HOD rates in the lake (Bertrum 1993).  However, recent data for the lake exhibits an upward trend in HOD rates since 1995 (Rockwell and Warren 2003).  However, few measurements of annual carbon flux to the sediments have been made since the 1980’s (Matisoff 1999), and comparatively little is know about the balance between microbial growth and loss rates in the water column, which we know contribute to deposition of organic matter to the benthos in the Great lakes (Schelske and Hodell 1997). 

2b) Project Objectives: We propose to evaluate the spatial and temporal variation in microbial-based carbon and its subsequent deposition and contribution to the seasonal development of hypoxia in the central basin of Lake Erie.  This will be determined by directly measuring microbial biomass, species composition, and the balance between microbial growth and loss rates in time and space.  This project will also assess links between changes in microbial population dynamics and recent food web changes in Lake Erie through comparative studies among sites and basins. We believe this approach has merit, because the production of organic matter and its subsequent deposition to the sediments is a key factor that fuels hypoxia in systems such as the Gulf of Mexico, and these factors can be managed (e.g., Rabalais et al. 2005).  Having said this, we fully realize that physical oceanographic factors can influence hypoxia (e.g., advection, thickness of hypolimnion), particularly in shallow basins (e.g., Burns 1985); however, these factors are likely to be more difficult to manage.  The specific objectives of the study are: 1) measure the seasonal and spatial extent of the subsurface algal maximum in Lake Erie, 2) determine if a benthic algal assemblage exists in the central basin, and 3) evaluate the interaction between pelagic and benthic microbial assemblages and their likely contribution towards HOD in the central basin. 

2c) Project Approach and Methods: We propose to conduct field sampling to identify unique patterns in microbial structure and function at temporal and spatial scales in Lake Erie, whereas a series of experiments will be used to evaluate the mechanisms that regulate these patterns. Monthly sampling will be conducted during spring mixing (May), early stratification (June), mid-stratification (July), late stratification (August), and fall mixing (September) in Lake Erie. Measurements of microbial structure (biomass, size, species composition) will be made at all 14 NOAA stations, while functional measures (production, growth and loss rates) will be made at four NOAA intensive sampling sites. This sampling scheme will likely characterize the bulk of temporal (Scavia and Fahnenstiel 1987) and spatial (Makarewicz et al. 1999) variation for the offshore region of the lake. At all lake stations, water column profiles for temperature, PAR, dissolved oxygen, chlorophyll fluorescence, and conductivity will be logged from surface to near bottom using a Seabird CTD (model SBE-19). During stratification, water samples will be collected from each thermal strata (epilimnion, metalimnion, and hypolimnion) using 8-L Niskin bottles. During the spring and fall mixing periods (May and September), water samples will be collected from 1-2 depths. Benthic samples will be collected at each site using a box core sampler (0.25 m2) in order to retrieve intact (undisturbed) sediments, from which triplicate subsamples will be collected with acrylic core tubes (surface area=13.2 cm2). Once retrieved, raw benthic and pelagic samples from all 14 stations will be retained for pigment, carbon, flow-cytometry analyses (see below).  The flow cytometry samples will be preserved with 1.0% paraformaldehyde (Li and Dickie 2001). Samples for microscopic counts from the four intensive stations will be preserved with 1% glutaraldehyde (pico- and nano-sized bacteria, algae, and protists), and with 1% Lugols (micro-sized algae and protists) for subsequent.

[image: image2.jpg]Table 1: Monthly average chlorophyll-a concentrations measured on surface (0-15 m depth),
subsurface (17-13 m depth), and subsurface:surface algal assemblages, at six offshore stations
in the central basin of Lake Erie.

Algal Assemblage {mg - m3)

Month
Surface Subsurface Ratio
June 2.09 418 2380
July 208 2.26 1.09
August 1.83 1.30 074

Average CV 4427 29.87 38.01




Objective-1: Measure the seasonal and spatial extent of the subsurface algal maximum in Lake Erie and evaluate co-variation among members of the microbial food web (predictive model). The occurrence of Dreissenid mussels has been correlated with enhanced water transparency in portions of Lake Erie (e.g, Holland 1993). Given this, Carrick (2004) hypothesized that enhanced water clarity due to mussel grazing might promote the development of a subsurface algal maximum (SAM) in Lake Erie that could lessen hypolimnetic oxygen depletion.  Based on his 1997-98 data, a SAM was present with a unique flora compared with the surface assemblage, although the layer did not alleviate oxygen depletion in the eastern basin. In the central basin, Carrick et al. (2004) observed large variation in pelagic chlorophyll concentrations (see Fig. 2; Table 1), with the greatest values being measured in the metalimnion (Wilcoxon signed rank test z=2.00, P<0.05). Also, algal taxonomic composition of the pelagic assemblage varied with depth and sampling date at a single offshore site (Fig. 4), and had comparable species composition with other oligo-mesotrophic assemblages in the eastern basin and Lake Michigan than previously had been observed (Carrick 2004).
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Fig. 2. Depth profiles for water temperature, dissolved oxygen concentration, and chiorophyll fluorescence at
offshore station 78M in the central basin of Lake Erie measured in June (left) and August (right) of 2002.




Exploratory studies will be initiated to measure the abundance and species composition of pelagic microbial assemblages with respect to relevant in-lake environmental gradients that we know exist (light, temperature, and nutrient conditions). Previous studies indicate that microbial populations vary with depth in the Great Lakes (e.g., Pick and Caron 1987). However, few estimates of entire microbial assemblages have been made to date in Lake Erie (see Fahnenstiel et al 1998). Because our knowledge of microbial dynamics is often limited by our ability to complete laborious microscopic cell counts, we will develop a model to predict known microbial taxonomic composition from flow cytometry signatures (Li and Dickie 2001). Microbial cell counts will be performed only at four intensive NOAA stations, while pigment and flow cytometry samples will be collected at all 14 sites.

Approach and Methods: Microbial abundance will be measured along environmental gradients in Lake Erie by sampling depth profiles at all NOAA representative stations that span the three basins (East, Central, and West) before (May), during (June, July and August), and after (September) the onset of thermal stratification. The biomass and taxonomic composition of the entire microbial food web will be measured using several independent techniques.  First, we will measure the gross biomass of microbes using an analysis of photosynthetic pigments (phototrophic microbial biomass) and total carbon (total microbial biomass). High-performance liquid chromatography (HPLC) will be used to characterize the phytoplankton assemblage and identify major pigments that are diagnostic of dominant algae (see Millie et al. 2002).  Particulate carbon will be measured using UIC Coulometer to estimate total microbial biomass (see Carrick et al. 1993). The difference between these two estimates can be used to infer the contribution of heterotrophic microbes.  Second, direct microscopic cell counts will be performed to determine the biomass and species composition of both heterotrophic and phototrophic microbes using a stratified microscopic analysis (Carrick et al. 2000). Cell volumes will be converted to carbon estimates using standard conversion factors (Verity et al. 1994). Last, flow-cytometry will be used to evaluate microbial abundance of size-specific phylogenic groups (pico, nano, and micro-sized organisms) using a Beckman Epics XL coulter counter.  Counts will be performed according to cell fluorescence, backscatter, and forward scatter characteristics of individual cells (see Li and Dickie 2001). Initial studies indicate good correspondence between plankton cell counts versus flow cytometry tallies (r2=0.61, p<0.001, n=28, Carrick 2003) and HPLC pigments (see Millie et al. 2002).

Summary: Flow-cytometric signatures will be regressed against the abundance of specific microbial taxonomic categories (bacteria, algae, and protists) in order to develop useful predictive models that will be used to extend observations in time and space using the flow signatures as proxies of microbial composition.  These type of data should compliment fisheries work by researchers at NOAA (Stuart Ludsin and Doran Mason).  To detect the existence of a SAM, temporal and spatial variation in microbial biomass and dominant taxa abundance will be evaluated using a 3-way factorial ANOVA, where station (14 sites), time (5 dates), and depth (1-3 strata) will be considered fixed factors. Significant interactions among factors will be subsequently reanalyzed as blocked factors. 
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Fig. 3. Monthly chlorophyll concentrations for benthic and pelagic algal assemblages at two offshore
stations in the central basin of Lake Erie in 2002. Pelagic chlorophyll estimates were detemmined from




Objective-2 Determine if a benthic microbial assemblage exists in the central basin and evaluate its seasonal and spatial extent, as well as, its likely source. Previous studies indicate that benthic chlorophyll concentrations in the central basin are considerable, and at some sites they rival the standing stock of pelagic chlorophyll (Carrick et al. 2004), with standing stocks that are high in June and decreased significantly thereafter (Fig. 3). Microscopic analysis confirmed that viable benthic algal were present in all samples analyzed, and that >90% of benthic algal carbon was composed of pelagic diatom species. The seasonal pattern of benthic algal assemblages observed for the central basin appears to be similar to that observed in nearshore Lake Michigan, where substantial concentrations of benthic chlorophyll were measured in the May-June period and declined into the summer (Nalepa and Quigley 1987).  This was attributed this seasonal pattern to sedimentation of the spring phytoplankton bloom to the sediments. In the eastern basin of Lake Erie, benthic algal biomass was also high early in the year and composed of planktonic diatoms, many of which occurred as resting cells, suggesting that the origin of the layer was due to sedimentation of plankton (Carrick 2004). Thus, it seems likely the benthic algal layer present in the central basin has settled out the water column; however, previous sampling was not adequate to confirm this pattern (i.e., did not capture the spring bloom). 

Approach and Methods: We will determine the seasonality of benthic microbes in all three basins by collecting monthly benthic samples at all NOAA stations using a box corer, and subsampling with coring tubes (in triplicate) as described above.  Also, microbial sedimentation rates (and carbon flux) will be measured in sediment traps being deployed just above lake bottom at 2 stations in the central basin (NOAA research by B. Eadie and N. Hawley). Microbial biomass will be measured in all samples using pigments and carbon.  Cell counts will be performed at the five intensive stations to determine species composition and the occurrence of diatom resting cell formation according to Sicko-Goad (1986). 

Summary: Temporal and spatial variation in benthic microbial biomass and dominant taxa abundance will be evaluated using a 3-way factorial ANOVA, where station (14 sites), time (5 dates), and depth (1-3 strata) will be considered fixed factors. Significant interactions among factors will be subsequently reanalyzed as blocked factors. Cluster analysis will be used to evaluate distribution patterns among common microbial species, from which species groups will be inferred. In this way, we can evaluate the relative similarity of the benthic assemblage compared with other sites-depth combinations in the central basin, including the assemblage captured in sediment traps.  If the origin of the benthic assemblage is the spring bloom, then the benthic assemblage in May and June should be most similar with samples taken from the lower water column and sediment traps in May.

Objective-3: Determine the balance between growth and loss factors for pelagic microbial assemblages. We will evaluate the importance growth and loss rates (grazing and sedimentation) in shaping the dynamics of dominant microbial taxa in Lake Erie. We will use a series of complimentary bottle experiments to simultaneously measure growth rates and grazing loss rates at four key NOAA stations in the lake. Previous studies indicate that bottle experiments such as these provide reasonable estimates of growth that compare favorably with in situ growth rates measured in the water column without bottle containment (mitotic index, see Carrick et al. 1992). 

Microbial growth and zooplankton grazing loss rates: The impact of macrozooplankton (organisms > 153-µm in size) grazing on microbial abundance and species composition will be determined by experimentally manipulating macrozooplankton concentrations across a series of bottles and evaluating changes in microbial densities within the bottles over time (Carrick et al. 1991).  The relationship between the change in microbial abundance (dependent variable) and zooplankton biomass (independent variable) will be assessed using simple linear regression, where the slope provides an estimate zooplankton clearance rate (µg dry wt L-1 d-1) and the y-intercept is an estimate of the growth rate (d-1) of the prey (Lehman and Sandgren 1985). Macrozooplankton treatments are administered by filling 4- L carboys with screened lake water, while subsequently inoculating the carboys with subsamples of zooplankton taken from a vertical net haul.  Bottles will be inoculated with concentrations of zooplankton that approximate 0-, 1-, 1.5-, and 3 x ambient macrozooplankton concentrations. All bottles are incubated for 24 h at ambient light and temperature in a shipboard incubator. Initial and final subsamples for microbial abundance (flow cytometry) and biomass (chlorophyll and HPLC pigments) will be removed from the bottles, preserved, and enumerated to determine the abundance of heterotrophic and phototrophic microbes (as described previously).  We calculate the flux of carbon from protozoa to macrozooplankton (µg C L-1 d-1) by multiplying the clearance rate for the protozoan group under question by the ambient macrozooplankton biomass and, in turn, multiplying this product by the ambient biomass of the microbial group itself.


Summary: The balance between growth and loss factors is a valuable approach to infer dynamics that regulate the abundance of populations in nature, particularly for plankton. We will use a simple mass balance model to assess the relative importance of growth and loss factors (macro-zooplankton grazing and sedimentation) by comparing growth, grazing, and sedimentation processes as mass flux estimates (ugC/m2/day).  Processes will be compared for each sampling date at two stations in the central basin to evaluate the relative export of microbial carbon to the sediments. This carbon budget will be compared with water column oxygen balances (see below) to corroborate results, and evaluate the contribution of pelagic versus benthic microbial carbon make to HOD in Lake Erie. 

Objective-4: Determine the contribution of pelagic and benthic microbial metabolism to water column oxygen balances in the central basin of Lake Erie. The redistribution of microbial assemblages in Lake Erie in response to recent food web changes may have implications for the water column oxygen balances and annual rates of HOD (Carrick et al. 2004). We hypothesize that algal rain from the plankton is the major of source algal biomass to the benthos, that in turn, either contributes towards benthic production to offset respiration, or is a source of organic matter that fuels hypolimnetic oxygen demand (HOD, see below). This type of pattern has been observed in other large systems (e.g., Gulf of Mexico) where seasonal pulses of plankton can contribute to the benthos (e.g., Rowe 2001). 

Approach and Methods: At a two key NOAA stations in the central basin, water column oxygen balances will be estimated by measuring diel changes in ambient concentrations, as well as, differences between primary production and microbial respiration (water column and sediments).  Initial and final oxygen water column oxygen concentrations will be used to estimate water column oxygen balances (Fahnenstiel and Carrick 1988).  Sampling will begin prior to daybreak (0600h) when water column CTD cast will be taken, and water collected from the epi-, meta-, and hypolimnia will be placed into BOD bottles (quadruplicates).  Water column [O2] will be measured on whole BOD bottles (see below).

Primary production and microbial respiration will be determined using the light-dark bottle technique (Fahnenstiel and Carrick 1988; Carrick 2004).  Again, water collected from the epi-, meta-, and hypolimnia will be placed into BOD bottles (quadruplicates) prior to daybreak.  These bottles will in turn be incubated under in situ conditions at the water depth from which they were collected on a moored line (see Carrick 2003).  All bottles will be retrieved at sundown (1800 h) and will serve as finals to infer in situ rate processes.  Concentrations of dissolved oxygen in all bottles will be determined using a modified Winkler technique (after Carpenter 1965), where whole BOD bottles (300 ml) will be titrated using an automated Brinkman Metrohom potentiometric end-point detection system (Carrick 2004).  Coefficients of variation among replicate samples are typically < 0.1%, with routine blank determinations and titrant standardization.  Benthic primary production and respiration will be measured using an oxygen micro-sensor system (Unisense PA2000).  The system will be used to record time-dependent oxygen changes in triplicate core samples, from which primary production and respiration rates will be calculated (Carlton et al. 1989).  

Summary: The water column oxygen balance in the central basin of Lake Erie will be assessed by differences in concentration in the water column associated with a discrete water mass (Fahnenstiel and Carrick 1988). Such differences will be expressed on an areal basis for individual water strata (epi-, meta-, and hypolimnia). Next, differences between production and respiration will be evaluated from the bottle incubations, and these expressed in areal terms.  The degree of correspondence between water column and bottle estimates can be used to assess the contribution of benthic versus pelagic metabolism, given that bottle effects resulting from this approach have been found to be negliable (Fahnenstiel and Carrick 1988; Carrick et al. 1992).  Discrepancies between estimates can be used to evaluate the likelihood of non-steady state contributions to areal metabolism (allocthanous inputs, metabolism by metazoa, see Scavia and Fahnenstiel 1987).
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D) Project Relevance

This project will address all 8 thematic areas listed on page 2 of the RFP.

E) Collaborations

This research project draws on expertise from several collaborators.  I am working with Drs. Millie (HPLC pigments) and Dr. N. Ostrom (18-labeled Oxygen), each who are providing analytical expertise to the project.  Dr. N. Hawley will deploy sediment traps, which we have cleared for sampling.  I have spoken with Dr. S. Ludsin and Dr. D. Mason, both of which expressed an interest in the microbial biomass and species composition data that will be produced herein.

F) Societal Relevance: This project will also assess links between changes in microbial population dynamics and recent food web changes in Lake Erie through comparative studies among sites and basins. We believe this approach as merit, because the production of organic matter and its subsequent deposition to the sediments is a key factor that fuels hypoxia in systems such as the Gulf of Mexico, and these factors can in turn be managed (e.g., Rabalais et al. 2005).  Finding from this project will lead to a better understand of the biological factors that influence the degree and extent of the dead zone in Lake Erie.

3. Project Timeline

Major project milestones and the date for the completion are outlined below.

Project Milestones
Dates

Project starts
April 2005

Begin field sampling: Abundance & process estimates
May 2005

Complete field sampling
September 2005

Complete Sample Analysis: Pigment & flow cytometry
December 2005

Complete Sample Analysis: Microscopic cell counts
March 2006

Summarize data
April 2006

Present results at IAGLR in Windsor, Ontario
May 2006

Project Ends: Submit paper for publication
June 2006

 5. Proposed Vessel Time Needs

a) Vessels: We request ship-time aboard the R/V Lake Guardian from NOAA to sample at month intervals for five months (May to September) at 4 EPA master offshore stations in the lake (EPA stations 91M, 43M, 78M, and 15M).  The principal investigator has considerable experience aboard this ship and served as Chief Scientist on 3 of 4 cruises in 2002 as part of the EPA funded “Lake Erie Trophic Status Project”.
b) Time Needed: We request 5-7 days of ship-time per month to conduct sampling.  However, we will  be flexible in order to dovetail with other aspects of the larger project. We will also conduct limited sampling at nearshore stations (4-5 locations) in all three basins to draw contrasts with offshore conditions.
c) Special Needs: We request the use of the productivity laboratory to use radiaosiotopes and incubators space.

d) Space for Personnel: Berth and lab space are requested for the PI (Carrick), one graduate student (Ms. Jessica Moon) and one undergraduate student (to be named later).

6. Answers to Question

a) No.
b) Waste will be generated from winkler titrations that may be consider hazardous.  Carrick will make previsions to transport this material back to PSU.
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Fig. 1. A). SeaWifs image of surface water chlorophyll (7/20/02) depicting typical spatial variation  (dark shading=high chl).  Red lines show boundaries for basins B). A cross-section of the lake highlights the central basin hypolimnion where the seasonal hypoxia occurs. 
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