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EXECUTIVE SUMMARY
The presence of cyanobacteria blooms in eutrophic waters is a concern because of the production of potent toxins and taste and odour altering compounds by many strains.  Cyanobacterial blooms have long been associated with excessive nutrient loading, prompting the investment of large amounts of money in aquatic research and sewage treatment. In spite of these investments, there has been a resurgence in the lower Great Lakes.  Unfortunately, the specific mechanisms leading to cyanobacterial dominance of the phytoplankton community in eutrophic waters are not well understood. Preliminary evidence from the literature and my laboratory indicates that cyanobacteria are rare in oligotrophic waters in spite of very high P transport affinities because of iron-limitation which is overcome as sediments become progressively anoxic. Evidence suggests that dissolved iron (< 0.45 um), most of which is organically complexed in situ, is not readily biologically available. The supply rate is a function of the degree of sediment anoxia, photo-reduction by UVB and UVA and the chemical fractions that iron is associated with. I propose to test whether cyanobacterial blooms are associated with higher levels of available iron by making on-board measurements of ferrous iron during late August in Lake Erie at stations with and without a Microcystis bloom. 
As iron limitation is overcome and productivity increases, cyanobacteria become more dominant, gradually eliminating their eucaryotic competitors.  I hypothesize that a shrinking euphotic zone caused by self-shading enhances cyanobacterial dominance of the phytoplankton community under quiescent conditions through a combination of eucaryotic intolerance to UVB and allelopathy.  The first idea will be tested by analyzing wavelength-specific attenuation (via absorbance scans of 300-700 nm), depth of the euphotic zone (via light attenuation in the photosynthetically active radiation region) and mixing zone depth (via temperature profiles). Allelopathy will be tested with an assay using the chlorophyte alga Selenastrum capricornutm in nutrient enriched, filtered water collected from Lake Erie.
2)  SCIENTIFIC RATIONALE

Project Objective:  To assess the role of biologically available iron in the formation of noxious, bloom forming cyanobacteria in Lake Erie. The proposed work will ‘piggyback’ onto nutrient and phytoplankton analyses to be conducted on the same cruise by Dr. Henry Vanderploeg and his colleagues at NOAA with whom I have discussed this proposal. This work will complement my on-going work at the Experimental Lakes Area and Lake Ontario. 

Background: Blooms of large, colonial and filamentous cyanobacteria are a public health issue because of their potential to produce cyanotoxins1. Some cyanobacteria also produce noxious taste and odour compounds which impair drinking water and undermine consumer trust in public supplies, requiring the installation of expensive advanced treatment processes for removal 2,3.  Cyanobacterial blooms have long been associated with excessive nutrient loading from point-sources, prompting governments to invest in costly sewage treatment and regulate phosphate levels in detergents. In spite of these measures, blooms continue to be a major national and international issue because of continued non-point source loading and escalating human growth. Blooms of large colonial cyanobacteria are re-appearing in in-shore areas of the lower Great Lakes despite significant reductions in nutrient loading beginning in the 1970’s 4. 

It is indisputable that increasing nutrient loading and concentrations, particularly phosphorus (P) leads to higher phytoplankton community productivity and biomass. However, the specific mechanisms underlying the shift in dominant species from more benign eucaryotic species to noxious cyanobacteria are still debated despite substantial research, making effective management difficult. A number of mechanisms have been hypothesized to explain the predominance and bloom formation of noxious cyanobacteria in eutrophic systems - notably buoyancy, nutrient sequestration, low nitrogen/phosphorus (N/P) ratio, pH and CO2 limitation, inedibility to grazers 5, etc. However, these hypotheses are unsatisfactory because they fail to explain why large cyanobacteria are rare in oligotrophic waters that are P-limited. 

Recent work in my laboratory and at the Experimental Lakes Area (ELA) in northwest Ontario has lead me to propose a different approach from that of previous studies and to ask two key questions: (1) In oligotrophic systems, what limits growth of large, bloom-forming cyanobacteria such that these systems are dominated by eucaryotic algae and procaryotic picoplankton?  (2) In eutrophic systems, what limits growth of eucaryotic algae and promotes increasing dominance of noxious cyanobacteria? 

Hypothesis 1.   Cyanobacteria are iron-limited in oligotrophic systems but not in eutrophic systems. 

In a meta-analysis of 205 lake-years of data, the relative abundance of cyanobacteria was correlated with total P concentration 6. The correlation suggests that cyanobacteria might be limited by P availability at low P concentration and that increasing P leads to a shift in the dominant species. In other words, cyanobacteria are disadvantaged in P-limited systems because they are inefficient P transporters at low P. However, Molot and Brown 7 showed that small and large cyanobacteria have much higher P transport affinities than eucaryotic algae (Table 1). 

Table 1.   Phosphate transport affinity in three groups of aquatic organisms. Data from Molot and Brown 7. Phosphate transport affinity is defined as the initial slope of P transport rate versus P concentration (i.e., the slope at very low P).
Species


Phosphate Transport Affinity






     (litres/mg dry wgt/day)

Cyanobacteria:

   Anabaena flos-aquae

15.2

   Synechococcus sp.


68.6

Eucaryotic algae:

   Navicula pelliculosa


0.7

   Scenedesmus quadricauda

2.6-4.7

   Selenastrum capricornutum

2.5

Yeast: 

   Rhodotorula rubra


30.7

Synechococcus also had higher P affinities than larger eucaryotes in low P regions of the Mediterranean8. Assuming that these P transport affinities are typical of their taxonomic groups, then large cyanobacteria should be able to dominate low-P oligotrophic waters. The fact that large cyanobacteria are rare in oligotrophic waters (but not small cyanobacteria - the picoplankton) suggests that eucaryotic algae in oligotrophic waters are typically P-limited while cyanobacteria are limited by something else (dual resource limitation). 

Studies of marine picoplankton (mostly small-celled cyanobacteria, 1-2 um diameter) and Trichodesmium9, laboratory experiments with colonial freshwater cyanobacteria 10-12 and experiments in my lab (Figure 1) suggest that cyanobacteria are growth-limited by low available iron concentrations, i.e., inorganic Fe+2 and Fe+3 (and perhaps small oxyhydroxides) in oligotrophic waters. While it is not known if cyanobacteria can use ferrous iron (Fe+2) directly, the half-life for oxidation to ferric iron (Fe+3) at circumneutral pH is in the order of minutes so it is reasonable to operationally assume that both forms are biologically available. N2-fixing conditions impose additional Fe requirements on cyanobacteria 13. In addition to stimulating cyanobacterial growth, Fe stimulates cyanotoxin and algal odour compound production 14, 15. 

In freshwaters, picoplankton, which are primarily cyanobacteria, make up 0-90% of algal abundance in oligotrophic systems. Indirect evidence suggests that they are not P-limited because cell numbers do not respond to increasing nutrient levels 16. However, Lake Erie picoplankton responded to Fe additions alone in 1996 but not in 1997 and 1998, presumably because resuspension of Fe by large amplitude, turbulent mixing events was more common in 1997 and 1998 17. While Sunda and Huntsman 18 suggest that oceanic eucaryotic species have adapted to a low Fe environment by lowering their Fe requirements relative to their coastal strains, both coastal and oceanic species of the small cyanobacterium Synechoccus had high Fe requirements19, i.e., the species was unable to lower its Fe requirements in a low Fe environment.

Collectively then, these studies suggest dual resource limitation is the norm in low-nutrient freshwater systems - eucaryotic algae are limited by P and cyanobacteria by Fe. 


The cyanobacterial niche is occupied by small celled forms in oligotrophic waters because severe nutrient limitation favours small cells with high surface area/volume ratios 18.  Factors such as buoyancy, ability to fix N2 and allelopathy may explain why small celled forms are displaced by large colonial forms as Fe-limitation is overcome (discussed below).

Fe-limitation in marine systems is understandable because of exceptionally low total Fe levels. But why should Fe-limitation occur in freshwaters when total Fe levels are often orders of magnitude higher? The explanation may lie in the fact that most dissolved Fe is complexed to dissolved organic matter (DOM) in freshwaters since inorganic Fe is relatively insoluble under aerobic conditions. The supply of biologically available (i.e., inorganic) Fe is limited by the rate of Fe dissociation, and by microbial and UV mediated reduction processes which lead to dissociation of Fe from DOM 19-21. Experiments in my lab have demonstrated that Fe dissociation rates from organic chelators such as natural DOM and the blue dye, erioglaucine, are very low unless irradiated with UVB and UVA (Figure 2). 

How is Fe-limitation overcome during eutrophication?  One of the hallmark characteristics of eutrophication is oxygen depletion in bottom waters.  It has long been known that Fe+2 diffuses from sediments into overlying waters when sediments become anoxic.  As the thermocline deepens during the summer, Fe-rich hypolimnetic water is entrained into upper waters. Subsequent complexation onto free binding sites on DOM will maintain dissolved levels of Fe in the presence of oxygen. Fe+2 may also diffuse from reduced sediments in the mixing zone of severely eutrophic lakes. Evidence in support of Fe+2 mobilization in eutrophic lakes comes from a recent ELA field study which found that Fe+2 levels in surface waters were 5x higher in fertilized, anoxic Lake 227 than in oligotrophic Lake 239 while total dissolved Fe levels (Fe < 0.45 µm) were only 2x higher during the ice-free season (Molot, unpublished data).  The importance of Fe+2 as a source of available Fe to phytoplankton probably increases as a lake becomes progressively more eutrophic. A variation of this idea may also explain why acidophilic cyanobacteria like Rhaboderma and Merismopedia are often common in phytoplankton communities in oligotrophic, acidic waters without oxygen depletion22: low pH inhibits re-oxidation of Fe+2 to Fe+3 and thus maintains higher Fe+2 levels in acidic waters23, 24.

Lake Erie and the Fe Hypothesis   The re-appearance of colonial cyanobacteria in Lake Erie could be related to increased Fe supplies from invasive zebra mussels, dead zones and sewage treatment plants (STP). Hecky et al. 25 proposed the phosphorus shunt hypothesis to account for increased algal growth along in-shore areas even though there is no evidence of P increases in monitored streams and rivers. They suggest that algal fouling is driven by high rates of dreissenid colonization and feeding which have redirected P flux to the benthic community. While this may account for increased inshore productivity, P alone cannot explain the shift in dominant pelagic species to noxious cyanobacteria.  However, increased amounts of Fe might also be redirected inshore. Perhaps reducing conditions in the dreissenid digestive system result in the production and release of significant quantities of ferrous Fe in inshore areas.  (This hypothesis may be tested at a later date.)
The percentage of population receiving sewage treatment has gradually increased as has the number of people living in the Great Lakes basin. Consequently, municipalities are discharging increasing volumes of treated sewage. To comply with regulations governing P levels in effluents, many sewage treatment facilities add FeCl3 as a flocculating agent. A review of effluent chemistry shows that Fe concentrations are 1 to 2 orders of magnitude above background levels in Montreal, Toronto and Hamilton STP’s.  Perhaps Fe-enriched effluents stimulate cyanobacterial growth in locations where TP levels are increasing (via zebra mussels?) but oxygen depletion is not yet severe enough to release Fe from sediments. I am currently supervising a graduate student who is compiling and analyzing long-term trends in FeCl3 use and Fe levels in STP effluent at several Canadian Area of Concern sites along Lake Ontario.
Hypothesis 2.   Cyanobacteria benefit from a very shallow euphotic zone. 

As standing crop increases, the euphotic zone, Zeu, becomes thinner due to self shading and concentrates biomass. In fertilized ELA Lake 227, the percentage of the phytoplankton community consisting of large cyanobacteria increases as Zeu becomes smaller increasing from very low levels in early May to over 90% by late June-early July in most years (David Findlay, unpublished data). Very high concentrations of the cyanotoxin, microcystin, are more commonly found when Zeu is a small fraction of the mixing zone 26.  When a thin euphotic zone is accompanied by extended calm conditions, non-motile eucaryotic algae sink below the euphotic zone. Under these conditions, the phytoplankton community should be dominated by species that can maintain their position near or at the surface such as buoyant cyanobacteria and eucaryotic flagellates. But what might explain the absence of flagellated species in very eutrophic systems? Two mechanisms that are not mutually exclusive are proposed to explain how community composition gradually shifts from eucaryotic algae to large cyanobacteria as total production increases and Zeu becomes thinner.

2a) High cyanobacteria density in a shallow Zeu leads to high concentrations of allelogens. Allelogens are toxins that inhibit growth of other algal species 27, similar to the chemical offense documented in dense biofilms for cyanobacteria such as Scytonema and Fisherella 28, 29. In my lab, the chlorophyte Selenastrum capricornutum was unable to grow in filtered, stationary phase media from the cyanobacteria Anabaena flos-aquae enriched with nutrients whereas A. flos-aquae was able to grow in enriched, stationary phase S. selenastrum media (Molot, unpublished data). High concentrations of allelogens will not occur in oligotrophic or mesotrophic waters with relatively deep Zeu and thus allelopathy does not explain why large cyanobacteria are rare in oligotrophic systems. It does explain explain how cyanobacteria maintain high relative abundance once they become established.

2b) Algal species that spend a lot of time at the surface such as large, colonial cyanobacteria must be tolerant of UVB. Although colonial cyanobacteria migrate through the water column in response to accumulation of photosynthetic products 30, it is quite normal to find large numbers of filaments or flakes at the surface during peak hours at noon. A recent study showed that 50% of Planktothrix agardhii filaments were present at the surface during daylight31. In acute exposure bioassays with single-species batch cultures in my lab, A. flos-aquae grew under UVB exposures of up to 14 hours per day whereas S. capricornutum was unable to grow under daily exposures of 6 hours of UVB unless an anti-oxidant, ascorbate, was added to the media (Molot, unpublished data). In other experiments, natural eucaryotic communities in eutrophic Heart Lake (Brampton, ON) could not tolerate UVB exposures (peak emission 314 nm) while eucaryotic communities from Lake 227 gradually adapted to UVB (Molot, unpublished data). Tolerance to UVB appears to range widely, at least among eucaryotic species. Flagellated species would be especially disadvantaged at the surface because the flagellar apparatus is sensitive to UVB 32. This may explain why Ceratium and other large flagellates form a population maximum below Microcystis surface blooms during late-summer stratification in Hamilton Harbour in Lake Ontario (Sue Watson, unpublished data). 

The model proposed here is consistent with the empirical observations of Paerl 33 who noted that a combination of conditions typically leads to dense cyanobacterial populations in surface waters: a quiescent and vertically stratified water mass; warm weather; high incident photosynthetically active radiation (PAR, 400-700 nm); enhanced allocthonous (i.e., external origin) dissolved and particulate organic loading; enhanced allocthonous inorganic nutrient loading (N and P); adequate availability of biologically available metals; and the presence of suitable population seedbeds in underlying sediments. In addition, the onset of anoxia in bottom waters may be a condition 34 perhaps because anoxic sediments are a source of P and iron (Fe) for surface waters. 
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Figure 1.  Effect of increasing Fe (added as FeCl3) in single-species batch culture on population density (absorbance at 624 nm) after 198.2 hours of incubation under a 12:12 light dark cycle (cool whites). Fe becomes non-limiting to Selenastrum (UTCC #37) between 0.1 and 0.3 uM and non-limiting to Anabaena (UTCC #64 isolated from Lake Ontario) > 0.3 uM. 
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Figure 2.  Effect on Fe movement in a dialyzed solution of erioglaucine (an organic dye) and FeCl3 exposed to artificial solar radiation for 24 hours. 250 ml of the dye/Fe mixture was dialyzed (100 Da cutoff) with 4 ml of 100 uM deferroxamine.
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PROJECT APPROACH & METHODS:  Stations with and without Microcystis blooms will be visited in late August to collect water for testing of allelopathy and to analyze ferrous and total dissolved iron. Since Fe+2 iron is very labile, the samples must be analyzed soon after collection onboard rather than in a laboratory. Stations and depths will be those used by Dr. Henry Vanderploeg and his colleagues. Details will be discussed at the proposed PI planning meeting in late March/early April. Hypothesis 1: dissolved iron (< 0.45 um) will be measured at Trent University (Peterborough, ON) using ICP-mass spectrometry. Fe+2 will be analyzed on board using a variant of the colourimetric 2,4,6-tri-(2´pyridyl-)1,3,5-triazine (TPTZ) method recently developed by Stephen Page at ELA.  Hypothesis 2: One litre of filtered surface water (0.45 um) will be collected from several stations with and without Microcystis blooms and refridgerated. After the cruise, samples will be nutrient enriched (Bold modified 3N) and inoculated with Selenastrum to test for growth inhibition by allelogens under cool whites. UV-visible absorbance scans will be taken of filtered and raw water to provide wavelength specific extinction coefficients to complement the ship’s profiles of PAR (for euphotic zone) and temperature (for mixing depth).  

PROJECT RELEVANCE:  The proposed work on harmful cyanobacteria is directly relevant to several of the Lake Erie program objectives. The International Field Year for Lake Erie-2005 Rapid Response Funding Opportunity states on page 2 “Novel research concerning the formation of Harmful Algal Blooms (HABs) in Western Lake Erie also is encouraged.”  One of the goals of the scientific planning efforts undertaken by the Lake Erie Millenium Network, NOAA-GLERL, Ohio Sea Grant and the Lake Erie Commission is to “describe and forecast the development of harmful algal blooms in Lake Erie…”.  I discussed above how zebra mussels might increase available Fe and stimulate blooms. This work is, therefore, related to Dr. Henry Vanderploeg’s work on zebra mussels featured on the NOAA-GLERL web site. Dr. Vanderploeg and I briefly discussed some experimental possibilities to test this idea. 

COLLABORATION AND LINKAGES WITH OTHER PROJECTS:  This proposal complements my recent work (some of which is presented herein) and a collaborative three year field and lab study at the Experimental lakes Area and Lake Ontario (funded by NSERC Canada) with Dr. Sue Watson of Environment Canada which is just getting underway.  It also complements NOAA’s work on Micryocystis and zebra mussels in Lake Erie by Dr. Henry Vanderploeg. We have discussed this proposal and I have forwarded a copy to him.

GOVERNMENTAL/SOCIETAL RELEVANCE:  Improved understanding of the specific mechanism(s) controlling noxious cyanobacterial abundance will aid government agencies responsible for water quality protection in designing more effective regulations for source water protection which would be a positive step for environmental and public health. In particular, regulations that reduce point source iron loads may prove beneficial to reducing the frequency and extent of cyanobacterial blooms. This research may also lead to sewage treatment plants to consider replacing iron chloride additions as a way of reducing P levels in effluent.  Realizing the benefits will depend on the speed with which government agencies react to the findings but the findings will be made available to them as soon as papers are ready for distribution.  When regulatory approaches are inadequate to achieve desired water quality targets, improved understanding might lead to more effective in-place cyanobacteria control methods. For example, hypolimnetic aeration and destratification methods could be modified to deliver air more effectively to prevent diffusion of Fe+2 into overlying waters.

3)  PROJECT TIMELINE:  Field work will take place in late August, 2005. Ferrous iron and absorbance measurements will be completed on board. Dissolved iron data will be available by early October. The report will be written within 1 month of NOAA’s phytoplankton, chemical and shipboard data becoming available.

5) PROJECTED VESSEL TIME NEEDS

One person for approximately 7 consecutive days in late August on a large vessel, such as the Lake Guardian, to allow onboard chemical analyses.

6) HAZARDOUS WASTE: Small amounts of reagents will be used to measure ferrous iron on board. 
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