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Management paradigm for eutrophication (excess 

phytoplankton growth, degrading water quality) over 
the past several decades:

Phosphorus is the key for freshwater lakes 
(since early 1970s).

Nitrogen is the key for estuaries and 
coastal marine ecosystems (since ~ 2000).



Management paradigm for eutrophication (excess 

phytoplankton growth, degrading water quality) over 
the past several decades:

Phosphorus is the key for freshwater lakes 
(since early 1970s).

Nitrogen is the key for estuaries and 
coastal marine ecosystems (since ~ 2000).

Important to keep in mind:  Strategies for controlling non-
point pollution differ for phosphorus and nitrogen.



Assumptions behind the freshwater-lake phosphorus paradigm:

• Eutrophication (excess growth of algae) is the problem to be managed.

• Harmful algal blooms (HABs) only occur in eutrophic lakes.

• Blooms of cyanobacteria (“blue-green algae) occur in eutrophic lakes 
only, and only when phosphorus is abundant and nitrogen is relatively 
scarce (compared to the Redfield ratio of 16:1 moles of 
nitrogen:phosphorus needed by algae and cyanobacteria).

• Under these conditions, cyanobacteria can “fix” molecular/atmospheric 
N2, giving them a competitive advantage over algae, leading to 
cyanobacteria blooms.



Experimental Lakes Area (ELA), northwestern Ontario, Canada



Lake 227, Experimental Lakes Area (Flett et al. 1980)

External N   N:P load N fixation  N:P ratio
load (moles yr-1) (molar) (moles yr-1) (molar)

1972 27 32:1 0 32:1
1973 26 31:1 0 32:1
1974 27 32:1 0 32:1

Phosphorus added at a rate of ~0.84 mole per year in all years.

Planktonic, N-fixing cyanobacteria were virtually absent.



Lake 227, Experimental Lakes Area (Flett et al. 1980)

External N   N:P load N fixation  N:P ratio
load (moles yr-1) (molar) (moles yr-1) (molar)

1972 27 32:1 0 32:1
1973 26 31:1 0 32:1
1974 27 32:1 0 32:1
1975             12 14:1 1.9 17:1

Phosphorus added at a rate of ~0.84 mole per year in all years.

Planktonic, N-fixing cyanobacteria were virtually absent in 1972-
1974 but dominated the plankton in the summer of 1975.



Until 2009, I totally agreed with this paradigm, and in fact 
was central in developing the nitrogen control idea for 
coastal marine ecosystems over the past 35 years as 
distinct from what is needed for lakes. 

Chair of National Academy of Science 
committee on coastal ocean water 
quality (2000)
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Until 2009, I totally agreed with this paradigm, and in fact 
was central in developing the nitrogen control idea for 
coastal marine ecosystems over the past 35 years as 
distinct from what is needed for lakes.



“Improvements in the water quality of many 
freshwater and most coastal marine ecosystems 
requires reduction in both nitrogen and 
phosphorus inputs.” 



The first ever confirmed HAB 
(cyanobacteria) in 2017
in Skaneateles Lake does 
not well fit the paradigm
of phosphorus as culprit in 
Freshwater (nor do blooms in Cayuga 

since 2016 and Owasco since 2012 ?) 

My tentative conclusion:

Eutrophication in lakes is a phosphorus problem, but these HABs 
(toxic cyanobacteria) are probably not tied to eutrophication. 

We may need to control both phosphorus and nitrogen.



Skaneateles has been well protected against 
eutrophication from phosphorus for past 30 years.

Unfiltered drinking water supply for Syracuse, approved 
by NY State DOH because of this phosphorus protection 
(thanks to quality staff such as Ron Entringer).

The protection has worked well, and Skaneateles is far 
from eutrophic (phytoplankton production is low enough 
to classify the lake as oligotrophic;  phytoplankton are 
controlled by phosphorus and not by nitrogen;  Brian 
Roberts, Cornell Ph.D. thesis, 2004.)
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HAB blooms in Cayuga and Owasco a little less surprising 
than in Skaneateles, but not by much:

• Cayuga and Owasco not eutrophic (rather, mesotrophic).

• All 3 lakes have high N:P ratios, conditions not conducive 
to nitrogen-fixing cyanobacteria (which are often the 
bloom-forming phytoplankton elsewhere).

• Blooms tend to be favored by warm water and long sunny 
periods, yet 2017 blooms were in unusually cold water, 
and following long period of rain and clouds.
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Inorganic N:P ratio (molar) Cayuga Owasco Skaneateles

• Maximum 1,120 3,290 2,740
• Mean 1,070 2,730 2,280
• Minimum 964 2,980 1,180
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Inorganic N:P ratio (molar) Cayuga Owasco Skaneateles

• Maximum 1,120 3,290 2,740
• Mean 1,070 2,730 2,280
• Minimum 964 2,980 1,180

Cyanobacteria & algae use nutrients in N:P ratio of 16:1



Howarth et al. 2018 ACSF proposal



Baker et al. 2018

Production of microcystin toxin by cyanobacteria in mesocosm
experiments in reservoirs in Arkansas dependent on N:P ratio



Howarth et al. 2018 ACSF proposal

The high nitrogen allows cyanobacteria to produce nitrogen-
rich toxins which protect them from grazing by zooplankton.  

Even if they grow slowly (as in low-productivity lakes such as 
Skaneateles), they can bloom if they are not being grazed.



Population size of 
bloom-forming 
cyanobacteria

Growth Mortality

Phosphorus supply, 
light, temperature 

(wind & mixing)

Grazing by zooplankton (number and type 
of zooplankton, ability of cyanobacteria 

to protect themselves with toxins)

Slow growth can still lead to cyanobacteria 
blooms, if mortality is low (modified from 
Howarth et al. 1999)



So if nitrogen is the culprit, what happened in 2017?

• 2016 was an extremely dry year.
• Nitrogen built up in the landscape in 2016 as a result.
• Wet spring and summer in 2017 flushed this nitrogen 

into the lakes at unprecedented level.



So if nitrogen is the culprit, what happened in 2017?

• 2016 was an extremely dry year.
• Nitrogen built up in the landscape in 2016 as a result.
• Wet spring and summer in 2017 flushed this nitrogen 

into the lakes at unprecedented level.

So these greater extremes in 
climate were a major contributor.

With climate change, this may 
become prevalent pattern. 

Note that less of an influence
on phosphorus (storage in dry 
years is less important).



Another driver:  Increased animal agriculture in the 
watersheds & airsheds over the past few decades.
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For nitrogen, protecting just within the watershed boundaries is 
not enough.

Must protect the airshed, and consider movement of nitrogen as 
ammonia gas through the atmosphere across watershed 
boundaries.



Butler et al. 2015

Atmospheric ammonia gas at and near Harford Farm



Effectiveness of management practices for Reducing N and P:

phosphorus nitrogen

No-till agriculture very effective not effective
Winter cover crops effective very effective
Perennial cropping systems effective very effective
Buffer strips along streams effective variable

Howarth et al. 2005



Effectiveness of management practices for Reducing N and P:

phosphorus nitrogen

No-till agriculture very effective not effective
Winter cover crops effective very effective
Perennial cropping systems effective very effective
Buffer strips along streams effective variable

For nitrogen, atmospheric 
transport of ammonia gas 
becomes very important, 
perhaps necessitating 
improved handling and use 
of manure? (manure smell is not 

simply an “unpleasantness,” but a 
real threat to water quality and public 
health).
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Conclusions:

• Toxic cyanobacteria blooms (HABs) can occur in oligotrophic lakes 
(Skaneateles), so traditional phosphorus controls are not enough.

• Increased nitrogen inputs are best explanation for 2017 blooms in Cayuga 
and Skaneateles (so far).

• Increase in animal agriculture over time a likely contributor to increased 
nitrogen pollution (and phosphorus).

• Climate change probably also a major contributor:  dry 2016 stored 
nitrogen, which was flushed into the lakes in wet 2017.

• Climate effect on nitrogen much greater than for phosphorus, in part 
because ammonia gas emissions and movement across watershed 
boundaries greater during dry periods, and because stored nitrogen is 
readily flushed in wet years (no equivalent storage of phosphorus, where 
flux is dependent just on erosion).

• We need to control both nitrogen and phosphorus.

• And best management practices (BMPs) for nitrogen are not the same as 
those for phosphorus.



Thanks for the invitation to talk with you today.

Thanks to the Atkinson Center for a Sustainable Future at 
Cornell for our new grant to evaluate this nitrogen hypothesis 
over the coming 2 years.

And thanks to the following colleagues:  Roxanne Marino, 
Dennis Swaney, and Todd Walter (Cornell);  John Halfman
(Hobart & William Smith);  Ron Entringer (NY DEC, retired).
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