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Novel Methods for Identifying and Quantifying Nutrient Inputs and Cycling in Lake Erie

Project Summary

Deterioration of the water quality of the Laurentian Great Lakes has been a consequence of human settlement and urban and population growth over the last 200 years. Declines in sport and commercial fisheries, windrows of dead alewives accumulating on shorelines, accumulation of algae mats, and odors emitted from decaying fish and algae peaked in the 1960's and early 1970's and were tangible indicators of undesirable water conditions (Sweeney, 1993). Extensive legislation enacted in the mid 1970's to restore water quality focused on measures to reduce eutrophication. This included limiting phosphorous loadings, a key nutrient responsible for eutrophication, and placing emphasis on long term monitoring of water column characteristics, particularly concentrations of phosphorus, dissolved oxygen (O2), and chlorophyll (Charlton 1980a,b; 1987a; Charlton and Lean 1987; Rosa and Burns, 1987). Unfortunately, evaluation of the restoration of the Great Lakes based on traditional water column parameters has not been successful (Charlton et al., 1993).  Furthermore, incubation approaches to determine changes in rates of primary production are not sufficient to evaluate if the trophic status of Lake Erie has changed over the past 40 years (Ostrom et al., 2005).  The inability to evaluate the restoration of Lake Erie indicates the difficulty of this task and points to the need for new measures of water quality and sources of nutrient inputs.  Such information is particularly important now as the trend of declining P concentrations reversed in 1995 and the goal of eliminating hypoxic conditions in Lake Erie has not been realized (Charlton and Milne, 2005). In this proposal we propose to use novel isotope analyses of the phosphorus and nitrogen compounds in all potential sources and within the lake in order to help us better identify and quantify the sources (point and non-point), constrain the N and P cycling dynamics within the lake, and estimate the impact of nutrient loading on the lake ecosystem. Potential watershed parameters influencing P and N delivery to Lake Erie (e.g. precipitation, basin area, basin steepness, and road and human development coverage, land-use and land cover, etc.) will be identified and related to nutrient loading and cycling.  These data could be used in nutrient flux/utilization models for the lake. Constraining the sources and cycling of the increased nutrient loading is essential for mitigation strategies to keep Lake Erie healthy. 

2.



SCIENTIFIC RATIONAL

(a) Project Description

In an effort to identify the major contributors of terrestrial and atmospheric nutrient deposition to Lake Erie extensive research is ongoing (by Sea Grant College Programs, NOAA GLERL, U.S. EPA, and numerous Universities). Streams and storm water runoff in the Lake Erie Basin are being monitored regularly for nutrient concentrations and fluxes and total nutrient loads are also being determined. This effort is headed by the U.S. EPA and Environmental Canada, but includes an array of federal, state, provincial, and local agencies as well as stakeholders and the public. Data on wind speed and direction, air and water temperature, humidity, snow, rain, and several other variables are also being collected.  We propose to add a different dimension to this effort – the use of naturally occurring isotope tracers - to study nutrient dynamics in the lake and potential causes of hypoxia. Specifically we will use the nitrogen and oxygen isotopic composition of nitrate, the nitrogen isotopic composition of ammonia, the nitrogen and carbon isotopic composition of organic matter (as well as the C:N ratios) and the oxygen isotopic composition of phosphate (dissolved and particulate). We will take advantage of existing sampling efforts and data sets through collaboration with ongoing monitoring and research programs and will coordinate sample and ancillary data collection for the whole basin in an attempt to get a good representation of nutrient sources to the lake. We will also sample water and particulate matter in the three basins of Lake Erie, at various depths and in sediments and pore water. These data will provide a basis to constrain the sources and cycling of nutrients in Lake Erie. As far as we know, the work proposed here is not being carried out by any other group working in Lake Erie and will provide novel and original scientific data that will enhance our understanding of nutrient sources and cycling in the Lake. This kind of information is needed for the design of any effective watershed and Lake restoration efforts and to predict algal blooms and changes in lake chemistry. 

Background

Isotopic tracers provide a means to directly investigate nutrient sources, biomass production, and cycling because they provide both a tracer of source as well as an integration of processes within the lake (Kendall, 1998; Kendall et al., 2001; Battaglin, Kendall, et al., 2001). See table for information on the specific benefits and utility of different isotope to be used in this study.

	Isotope Tracer type
	Interpretive value

	Nitrate (18O and (15N
	Quantify nitrate from different sources and degree of recycling

	Ammonium (15N
	Identify source and extent of recycling

	Organic matter 

(15N, (13C
	Information about the source of the C and N and the biogeochemical reactions that cycle the elements 

	Phosphate 

(DOP & DIP) (18O
	Quantify phosphate from different sources; information about the extent of algal production, recycling of material and P limitation.


Natural isotope abundance data is advantageous over rate measurements of individual processes in that isotope values reflect processes occurring over longer time scales than are obtained in incubation rate measures.  For example, while incubation approaches have not resolved productivity changes over time in Lake Erie (Ostrom et al., 2005) changes in the carbon isotopic composition of organic matter in the sediments of Lakes Erie and Ontario have clearer documented a decrease in the magnitude of primary production since the 1970’s (Schelske and Hodell; 1995; Ostrom et al., 1998a).  Within Lake Superior very low isotope values for dissolved nitrate are indicative of an atmospheric rather than watershed input of nitrate and may explain the long-term trend of rising nitrate abundance since the early 1900’s (Ostrom et al., 1998b).

Nitrogen System Isotope Tracers

Isotopes can often provide “fingerprints” of different sources of N that cannot be determined by chemical data alone (Kendall, 1998).  Nitrogen and oxygen isotope variations ((15N and δ18O) in nitrate have been used successfully to determine the proportions of stream runoff derived from atmospheric nitrate and microbial nitrate in several dozen watersheds studies over the last decade in North America and Europe (Kendall, 1998; Burns and Kendall, 2002).  The multi-isotope approach (δ18O, (15N, and δ17O) would allow the (1) estimation of N loads from different sources and (2) tracing of their transformations within the Lake Erie Basin and Lake Erie. δ17O measurements are particularly exciting for tracing the movement of atmospheric NO3- in the environment because all atmospheric sources of NO3- derived from reactive NOx emissions are labeled by characteristic and diagnostic non-terrestrial Δ 17O signatures (Δ17O  = δ17O - 0.52 δ18O) (Michalski et al. 2002).  

Preliminary δ17O data have shown that in Lake Tahoe, for example, at least 20% of the nitrate is atmospherically derived (Michalski et al. 2004). The atmospheric N source is yet to be quantified in Lake Erie and we expect that similar or larger contributions will exist. Variations in lake nitrate δ17O with season can provide estimates of the flux of the nitrification of organic N. Recent research also suggests that N arising from different combustion processes (i.e., with different oxidation chemistries and degrees of penetration and recycling in the stratosphere) may have characteristic δ17O values.  Hence, a multi-isotope approach can potentially allow researchers to distinguish between atmospheric sources of N that originate from vehicles, power plants, smoke, and agriculture.  In addition, time-evolved shifts in (15N, δ18O, and δ17O trace biotic uptake and regeneration of N through decay and nitrification, providing vital clues to the residence time of N within the lake’s biosphere.  Very recent advances in nitrate isotope analytical techniques have reduced the requisite sample sizes by 3 orders of magnitude and drastically reduced manpower requirements.  This allows for larger sample surveys and better estimation of N fluxes and cycling at fine spatial and temporal scales than was previously possible.  

The major sources of primary NH3 emissions include animal waste, fertilizer applications, natural ecosystems, industry, power plants, and catalyst-equipped vehicles.  NH3 emissions are one of the more uncertain aspects of emissions inventories.  The (15N of ammonium can be a useful tracer of N source because the volatilization process from animal waste, fertilizer, and ecosystems leads to low (15N values in emissions, whereas it appears that vehicular emissions have high (15N values (Kendall, 1998).  NH3 gas exhibits rapid deposition close to sources and leaves a distinctive isotopic signature in nearby vegetation.  For example, several studies have demonstrated that N from car exhaust or power plant emissions can result in emissions, pine needles, and tree-rings that have diagnostic (15N values (Heaton 1990; Ammann et al. 1999). Organic N has recently been attracting attention as a major component in atmospheric deposition; current estimates suggest that 10-30% of wet N-deposition is organic.  DON is a major export pathway from ecosystems but relatively little is known about (15N of aquatic or atmospheric organic N.  However, the (15N, and (13C values of particulate organic matter (POM) have been shown to be useful tracers of sources of nutrients and aquatic processes (Kendall, 1998; Kendall et al. 2001; McCusker et al. 1999), and DON-(15N is likely to be equally useful.  

A multi-species, multi-isotope, multi-pronged approach, using a combination of well-tested and relatively new methods, will be used for measuring δ17O, δ18O, and (15N in nitrate, (15N of ammonium, (15N of DOM, and POM, to address several key management questions related to quantifying the main sources of N to Lake Erie. This approach involves the analysis of the isotopic composition and water chemistry of wet and dry precipitation samples collected within the airshed, NOx and ammonia from potential emission sources, and surface and ground water samples from a variety of environmental settings within the sub-watersheds.  It also includes a considerable degree of spatial and temporal sampling of lake nitrogen compounds in order to better understand the overall role of biological cycling to the nutrient patterns.  

Oxygen Isotopes in Phosphate

Phosphorus (P) is used by all living organisms for energy storage, metabolism and cell construction.  Upon uptake by a cell phosphorus may be converted to a variety of different compounds from phospholipids for cell membranes to adenosine triphosphate for metabolism. Phosphorus is also a principle component of deoxyribonucleic acid (DNA) and can be stored by cells as orthophosphate and polyphosphate.  

Because P has only one stable isotope, therefore P isotopes cannot be used as tracers to study sources and cycling in the environment as is the case for carbon, nitrogen and sulfur.  However, most of the P found in nature is strongly bound to oxygen, which has three stable isotopes; hence, phosphate (PO43-) can be analyzed for δ18O (Longinelli et al., 1976; Blake et al., 1998; McLaughlin et al., 2004).  Because the P-O bond in phosphate is resistant to inorganic hydrolysis and does not readily exchange oxygen with water without biological mediation (Longinelli et al., 1976; Blake et al., 1997), systematic isotopic variability of the oxygen isotopic composition of phosphate ((18Op) may provide information about temperature and the δ18O of water ((18Ow), and can potentially be used to determine P sources and the extent of P cycling in the environment.  Indeed several studies have used the (18Op, particularly in apatite, to determine the δ18O of environmental water (Longinelli et al., 2003) and/or environmental temperatures (Kolodny and Raab, 1988) and recently the isotopic composition of both organic and inorganic P compounds have been used to determine P sources and cycling in aquatic systems (McLaughlin et al, 2004, 2005).   

Oxygen isotopes should be a useful tracer for phosphate sources within Lake Erie because different sources of phosphate are likely to have different values of oxygen isotopes (δ18OPO4).   Geologic sources of phosphate, such as the mineral apatite from granitic and volcanic rocks, typically have δ18OPO4 values in the range of +4 to +6 ‰.  Particulate phosphate in eroded soils derived from these rocks should maintain the same isotopic compositions. Fertilizer sources of phosphate are typically derived from marine phosphorites which have δ18OPO4 values around +20 ‰. Therefore, different sources of phosphate are likely to have a sufficient range of compositions that the relative contributions to Lake Erie can be estimated.  Biologically cycled phosphate will have δ18O values that are roughly 20‰ higher than the ambient water (with a slight correction for water temperature).  Isotopic variability in the isotopic composition of water in rivers, snowmelt, and in lake water will manifest itself into unique isotopic signatures of phosphate from different water sources. 

Isotopic re-equilibration (exchange) of phosphate oxygen with water during biological cycling can confound the distinction of phosphate sources based on δ18OPO4, however phosphate entering the lake will at least partially retain a signature of the river or groundwater system in which it equilibrated. Thus this phosphate is likely to a distinct isotopic signature relative to that which is formed in the lake.  Indeed, this tracer has recently been used in San Francisco Bay (McLaughlin et al., 2005) where freshwater phosphate entering the Bay mixed with marine phosphate that was in O isotopic equilibrium with marine water but did not exchange significantly with the O of the mixed water. The degree of exchange during various seasons was calculated from the deviation from expected mixing relations.  Recent advances in sample processing and analytical procedures (McLaughlin et al., 2004) allow analyses of δ18OPO4 to be made using samples with as little as 3.5 micromoles of oxygen, corresponding to 0.7 mg of silver phosphate.
(b) Project Objectives

The major goals of this proposed research are to better quantify nutrient sources and cycling in Lake Erie using novel isotopic tools and to delineate the Lake ecosystem response to nutrient loading from specific sources. 
To achieve this goal we will


(1) Analyze the isotopic composition of N and O in nitrate, O in phosphate, N in ammonia and C and N in organic matter, in water (dissolved) and particulate matter collected from representative monitored rivers and streams that drain into Lake Erie.

(2) Analyze the above isotopic tracers in storm-water runoff at several watersheds.  

(3) Determine the concentrations and isotopic composition of N, P and C compounds in airborne aerosol samples collected at five different locations within the lake. 

(4) Estimate the contribution of dust particles to the nutrient load by performing dust leaching experiments.

(5) Sample water and particulates from various locations and depths in Lake Erie (including from sediment traps) and analyze for nutrient concentrations and isotopic tracers.

(6)  Provide the isotope data to the modeling community to be used in models that constrain the sources and describe the cycling of nutrients in Lake Erie.

(7)  Make this data accessible to planning and regulatory agencies so they can recommend best management practices in the Lake Erie Basin.

Specifically, we will use samples (water, sediments, particulate matter and aerosols) obtained through existing monitoring programs along with samples collected from different stations within Lake Erie. Sampling will take place during planed cruises in summer 2005 in coordination with the ongoing efforts of GLERL and the USEPA.  All samples will be analyzed for a suite of isotope tracers (15N and 18O of nitrate (with a subset analyzed for 17O), 15N of ammonia, 15N and 13C of organic matter, and 18O of phosphate). Aerosol samples will also be leached to determine the water soluble fraction from each filter, which is the fraction that contributes to the lake nutrient load. Results from this work will help us better understand the impact nutrient loading from the various sources may have on lake productivity and ecosystem structure. The isotopes will help identify the contribution and cycling of nutrients from specific sources to the lake (e.g. sewage, fertilizers, dust, soil, sediment, etc.).  It is possible that these novel analyses will also help identify yet unrecognized non-point source pollution (e.g. groundwater, sediments etc.).  Results from this pilot study will be used to demonstrate the utility of this approach and to seek funds to obtain more data at different seasons and years.

(c) Project Approach/Methods

Water samples for nitrate isotope analyses will be frozen and sent to the laboratory for analysis for (15N and δ18O, using the Casciotti et al. (2002) microbial method that requires only 20-100 nanomoles of N.  A subset of nitrate samples will be analyzed for δ17O.  Depending on sample type and location, these may be analyzed using (1) the Michalski et al. (2002) procedure of precipitating the nitrate as silver nitrate (Silva et al. 2000), followed by thermal decomposition to O2 or (2) a new method that converts the N2O produced by the microbial method to O2 (Kaiser et al. 2004). The advantage of these new microbial methods is that they require much less nitrate than earlier methods for (15N-δ18O-δ17O.  Many samples (< 0.1 mg N/L) will need to be concentrated by partial evaporation or concentration on exchange resins (Silva et al. 2000) before analysis using the microbial methods. 

When concentrations are sufficient, surface water, groundwater, and deposition samples will be analyzed for DON-(15N [prepared using persulfate oxidation to nitrate (Knapp et al., in press), and then analysis using the Sigman et al. (2001) microbial method; and for DOC-(13C (using an automated DOC analyzer connected to an IRMS).  POM samples collected during filtration of surface waters will be analyzed for (15N and (13C (Kendall et al. 2001). All water samples analyzed for nitrate-δ18O will be analyzed for water-δ18O.  Methods to produce NOx samples suitable for (15N analysis are described in Ammann et al. (1999); these methods will need to be tested for δ18O and δ17O.  Methods for analysis of aerosol and sediments extracts for δ17O are reported by Michalski et al. (2002).  Ammonium samples on suitable filters can be directly combusted and analyzed for (15N.  Non-filter ammonium samples with sufficiently high concentrations (or volumes sufficient to allow pre-concentration) will be analyzed for (15N using the ammonium volatilization technique.  
Enough water must be collected to produce 4 micromoles of O in phosphate per sample.  Samples are treated with magnesium chloride, and then the phosphate is extracted from water samples by co-precipitation with magnesium hydroxide. Phosphate is further purified through a series of precipitations and resin separations and is ultimately converted to silver phosphate. Silver phosphate samples are pyrolitically decomposed to carbon monoxide at 1270 ºC and analyzed for oxygen isotopes in phosphate (δ18OPO4) using a stable isotope mass spectrometer.  Samples will also be analyzed for oxygen isotopes in water (δ18OH2O) to calculate the extent of mixing versus equilibration.  

(d) Project Relevance
This proposal focuses on research that will complement NOAA’s effort to understand and forecast the periodic low-oxygen and algal blooms in the lake by determining the sources, fluxes and cycling of the major nutrients, phosphate and nitrogen, which support lake productivity and for which overloading will cause eutrophication.  The proposal specifically addresses two areas that have been emphasized as important – better understand the exchange of water, sediments, nutrients and carbon among basins, including its effect on oxygen availability in the central basin, via analysis of sediment/water chemistry and/or modeling; and – describe and forecast the development of harmful algal blooms in Lake Erie, including quantifying overall primary productivity across the lake and effects of its products. Isotope data obtained through this project could be used to better understand nutrient dynamics in the lake the effect of changes in nutrient dynamics on phytoplankton productivity and speciation and resulting hypoxia/anoxia. This information is crucial for making better management plans and improvement of decision-making. 

(e) Collaborations/Other Project Linkages:

Dr. Brian Eadie - Sediment traps.  Dr. Dolan – P load estimates. Dr. Steven Wilhelm – P amendments and phytoplankton. Dr. Michael Twiss – Ecosystem response to nutrient loading

Dr. Robert Heath – Modeling. Dr, David Culver – Modeling. Diane Stump – Watershed monitoring. Dr. Paul Horvatin – Lake-wide monitoring of water quality program

(f) Governmental/Societal Relevance

An improved understanding of the sources and pathways of nitrogen and phsphorus to the basin -- entering as wet and dry deposition, tributaries, groundwater, and local emissions – will help the management of these key nutrients. In specific, the data will help in understanding nutrient cycling within Lake Erie, the extent of potential contamination from runoff and groundwater from land uses with elevated nutrient levels from fertilizer and/or sewage, and the relative contributions of different types of within-basin and external sources of atmospheric deposition.  Small changes in the magnitude and timing of nutrient inputs of various kinds and sources could occur as a result of changes in land use (e.g., urbanization), altered runoff patterns, and climate changes. The data collected as part of this project would help in the development and/or enhancement of models of the impacts of different scenarios on algal production, water clarity and hypoxia/anoxia in Lake Erie. The ability of local ecosystems to filter, store, and transform nutrients can prevent or enhance delivery to the lake itself, and land management decisions can be assessed related impacts.  Management options to reduce key sources can be assessed in terms of quantitative impacts of nutrient loading, and compared with costs.  
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