FINAL

MINUTES OF THE MEETING
of the
HARRIS CHAIN OF LAKES RESTORATION COUNCIL

November 7, 2008
The regular meeting of the Harris Chain of Lakes Restoration Council (Council) was held at 9:00

AM on November 7, 2008 at the Lake County Board of County Commissioners’ (BOCC)
Chambers, 315 West Main Street, Tavares, Florida.

Members Present Members Absent
Hugh (Dave) Davis Il, Chairman Keith Farner
Skip Goerner, Vice Chairman Edward M. Schlein, M.D.

Rick Powers, P.G., Secretary
Robert Kaiser, P.E.

Don Nicholson

Richard Royal

Jon VanderLey

1. CALL TO ORDER

Chairman Dave Davis called the meeting to order at 9:05 AM.

2. INVOCATION AND PLEDGE OF ALLEGIANCE

An Invocation was given by Councilman Bob Kaiser, followed by the Pledge of Allegiance.
3. ROLL CALL

Chairman Dave Davis called roll. Councilmen Keith Farner, Richard Royal, and Ed Schlein
were absent. Councilman Royal arrived shortly after the roll call.

4. APPROVAL OF MINUTES

Chairman Davis called for discussion of the October 3, 2008 meeting minutes. Patrick Hunter,
Recording Secretary to the Council described minor edits to the minutes that had been suggested
by Barbara Bess of the Florida Department of Environmental Protection (FDEP) and member of
the Technical Advisory Group (TAG) to the Council. The October 3, 2008 minutes were
approved with the minor edits, by unanimous vote.

5. PRESENTATIONS /ACTION ITEMS
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Annual Legislative Report — Council Review of Draft

Chairman Dauvis called for a discussion of the fourth draft of the 2008 annual report. No further
suggestions or edits were made and the 2008 Report to the Florida Legislature was approved by
unanimous vote.

Multi-media Inspections — Barbara Bess, FDEP

Barbara Bess, a Watershed Management Coordinator with the FDEP gave a presentation on
Multi-media inspections conducted by the Department on FDEP-owned properties, such as state
parks, and on commercial facilities. Highlights of her presentation are provided below and

handouts used in the presentation are included in Attachment 1 of these minutes.

Multi-media Inspections

- Conducted in response to complaints
0 Multi-media inspections are conducted when more that one FDEP program area
may not be in compliance
0 Program areas include Wetlands, Air, Industrial Waste, Domestic Waste, Solid
and Hazardous Waste

- The majority of the inspections are conducted without notice
0 Notices may be given for follow-up inspections

- Enforcement Actions
0 Warning Letter outlines non-compliance issues and timeframe to respond
o0 Notice of Violation (NOV)
o Consent Order which outlines the actions to be taken

- Lake Griffin State Park inspection indicated no problems
o Compliance Inspections are being conducted on all Florida State Parks

- Biofuel production
0 Emerging technology which creates hazardous waste byproducts
o Private individuals are producing biofuels in their backyards

Ms. Bess also discussed several individual inspections. She explained that the multi-media
inspections are successful in managing compliance and eliminating waste streams that could
cause damage to the environment. Ms. Bess urged the Council to contact Lisa Kelley, FDEP
Multi-media Manager if they know of a facility that should be inspected. Information provided
by Ms. Bess on the facilities discussed and their compliance issues is included in Attachment 1.

Councilman Kaiser asked about the status of Covanta [Energy], which burns waste. Ms. Bess
said she is not familiar with the company and would look into their permitting file.
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Chairman Davis asked whether wastewater treatment plants (WWTPs) would fall under the
multi-media program. Ms. Bess explained they would fall under the Domestic Wastewater
program. Vice (V.) Chairman Skip Goerner said those facilities are inspected on a regular basis
to ensure compliance. Councilman Kaiser reminded the Council of the upgrades made to the
City of Leesburg WWTP.

Ms. Bess also discussed the compliance status of Cutrale Citrus in response to V. Chairman
Goerner’s request at the October meeting. She explained there was a Consent Order issued by
the FDEP with respect to the disposal of their waste water and they are currently monitoring
natural attenuation of the groundwater at the facility.

Funding Issues — Council Discussion
Chairman Dauvis called for a discussion of Council funding issues.

V. Chairman Goerner notified the Council their Legislative Delegation meeting will be held on
December 12" and their funding request would be discussed at that time. He added that the
Council’s Community Budget Issue Request (CBIR) would be submitted in January. V.
Chairman Goerner reminded the Council of their 2007 funding request, which included $500,000
Funding Initiative and suggested they make that same request this year.

Councilman Jon VanderLey suggested their next funding request should be coupled with job
creation and improving the economy. V. Chairman Goerner said the Council’s annual report
discussed the economic impact of the sport fishing industry. He asked members of the TAG to
assist in determining the benefits/revenue the fishing industry brings to the local economy. V.
Chairman Goerner also suggested the information in the Council’s CBIRs should be more
extensive than it has been in the past.

V. Chairman Goerner believes the Council should request funding for artificial, offshore fish
habitat, as was discussed throughout the year.

V. Chairman Goerner then mentioned an article in Florida Fishing Weekly newspaper on crappie
fishing success in Lake Harris and CrappieMasters tournaments. The headline for the article
said: “Local specks [a.k.a. black crappies] are like money in the bank.” He explained, the article
reflects the improvements to the fisheries which have occurred since the inception of the Council
and recalled several years ago when an electrofishing event on Lake Griffin only netted two
bass.

Councilman VanderLey asked if the amount of money spent at local tournaments could be
studied. V. Chairman Goerner said it would be difficult because the money is not tracked,
however; there is no doubt that the tournaments help keep local people employed.

V. Chairman Goerner also mentioned there have been recent microcystis blooms in the harbor
where he lives. He said that was the first time he’d seen blooms in that part of Lake Griffin.

Chairman Davis suggested there should be line-item requests as opposed to general requests.
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Councilman Kaiser asked if they separated the different amounts of funding, would they be
presented to the Legislature on separate requests. V. Chairman Goerner said they would include
the different amounts in a single request as an initiative, much like the St. Johns River Water
Management District (SJRWMD) does. He suggested the initiative would include funding for
fish habitat and stocking, among other things. Councilman Kaiser said the amounts requested
should be backed up by the amount of economic return the area could see for each investment.
V. Chairman Goerner said that would be his intent, to include a description of the economic
return.

Councilman VanderLey asked if BASSMasters would have some figures for impacts of
tournaments to the local economy. V. Chairman Goerner said BASSMasters could supply
general figures and the exposure the area would receive, but not specific figures.

Secretary Rick Powers suggested the funding initiative should include the amounts for specific
projects, so the Legislature can decide on the importance of each project and make their
decisions. He believes it is easier for the Legislature to say no to a lump sum request, as opposed
to requests for specific projects.

V. Chairman Goerner said this year’s funding request will provide greater details on the benefits
of the specific projects, including the economic return. Secretary Powers also suggested the
Council may want to consider asking for a little less money this year, due to the economic issues
with the State.

Councilman Richard Royal agreed with Secretary Powers that perhaps the request should be
pared down. V. Chairman Goerner disagreed saying, no matter what the amount of the request
is; any funds approved would be less than requested. He also believes the request should not be
for too much money.

Councilman Royal asked if this year’s request will have specific numbers for the projects
supported by the Council. V. Chairman Goerner suggested the request be made for $500,000 as
an initiative, to include all the projects the Council has supported. He reminded the Council that
for the past two years, the Legislature had approved a portion of their requests, but were later
vetoed by the Governor.

Councilman Powers questioned why the Governor specifically targeted the funding of the
Council to be vetoed. He suggested one reason may be the Governor believes there is enough
money flowing into the basin for projects of the SIRWMD.

Dr. Dan Canfield of the University of Florida / Institute of Food and Agricultural Sciences
(UF/IFAS) and Chairman of the TAG offered his comments suggesting:

- The Council’s annual report this year discusses the elements of the Florida Statute
that outlines the Harris Chain of Lakes Restoration Plan
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- Funding requests must be tied to job creation that includes;
0 Building fish habitat
o Installing floating islands or fishing parks that improve water quality and provide
habitat
o Dredging

Dr. Canfield also suggested the Council may want to request more funding than they did last
year, but it must be focused on creating private jobs and not to provide money for government
agencies.

Secretary Powers agreed saying perhaps the funding request should include a breakdown of the
amount of the funds for a specific project will go to private companies who contract the work.
V. Chairman Goerner agreed and asked if perhaps the Florida Fish and Wildlife Conservation
Commission (FWCC) would like to create a funding partnership with the Council, to include in a
request for the fish attractor project they presented earlier this year.

Bill Johnson, Biological Administrator Il with the FWCC said they are looking for their own
funding to complete the fish attractor project and may not want to provide funding to the Council
for the project.

V. Chairman Goerner suggested that perhaps to provide the Legislature with a proposal that
includes “matching funds” may help with their request. Dr. Canfield explained the FWCC
participation of “matching funds” would be their providing scientific oversight to the fish
attractor project, as they are already government paid employees. He said therefore, their
“match” would not be in monetary form.

Councilman Royal asked if the Council has determined which agency would receive any funding
that is approved in their request. He also suggested that perhaps the funds could be directed to
the agency that will be responsible for completing the specific projects. Councilman Royal
reminded the Council that currently, they do not have access to the funds they have already been
awarded, due to the issue with the SIRWMD.

Dr. Canfield explained that the statute which created the Council opened the door for the funding
to go to the SIRWMD, while the restoration plan statute opened the door for the funding to go to
the FWCC. After creation of the Council it was decided that the money would go to the Lake
County Water Authority (LCWA) for disbursement. V. Chairman Goerner said he would speak
with Senator Carey Baker (R-District 20) to determine the proper avenue for receiving and
disbursing funds.

Councilman Kaiser agreed with the suggestion that the funding request should be tied to the
creation of jobs and money flowing into the local economy.

Councilman VanderLey asked whether an approximation of the economic return to Lake County
could be made. V. Chairman Goerner explained he is familiar with figures that are quoted on a
nation-wide or state-wide basis with Florida being Number 1 in receiving fishing revenue,
however; the figures for Lake County would be very difficult to determine.
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Councilman Don Nicholson suggested the funding request should have broader appeal, to
possibly attract water skiing to the lakes. He said the problem with the Harris Chain of Lakes
(HCOL) is they are not clear and skiers aren’t comfortable with that, however; if the lakes were
cleaner then more skiers would use them.

Dr. Canfield agreed with Councilman Nicholson saying the funding request needs to have
broader appeal and that including the canal dredging to improve access for boaters, also creates
jobs. Additionally, the artificial fish habitat would attract more anglers and their children; in
addition to improving the fisheries and water quality.

Councilman Royal suggested the TAG could assist with providing figures for their projects like
the FWCC fish habitat and UF/IFAS for bass stocking.

Council and Public — Questions and Answers

Chairman Davis called for Public comments on the annual report.

Joyce Howse of the Restore Our Waterways (ROW) organization suggested the funding requests
should be tied to economic benefit and job creation, which is under the purview of the Council.
She said the request could also indicate that money does flow into the local economy from hotel
rooms, buying fishing equipment and the like. Ms. Howse also said she had worked in
government of 33 years and her experience shows that how you make requests for funding and
what the funding is tied to, often determines who gets funding.

V. Chairman Goerner believes the requests should start with the restoration aspects of the
projects and then show the economic benefits and job creation aspects as backup to the requests.

Chairman Davis asked if there was any opposition to the format of the requests outlined by V.
Chairman Goerner.

Secretary Powers suggested the title of the requests should include both restoration and
economic benefits. He then asked if the LCWA still needed funding for the Lake Beauclair and
Apopka-Beauclair (A-B) Canal dredging project. Mike Perry, Executive Director of the LCWA
said they have set-aside the funds to complete the project, but if additional funds were to become
available through a Legislative funding request; then they could move some of their funds to
other projects.

V. Chairman Goerner reminded the Council of their 2007 funding requests to the Legislature:

- $5,000,000 for the Lake Beauclair / A-B Canal dredging
- $250,000 for cyanobacteria monitoring

- $500,000 in the funding initiative for bass stocking

- $250,000 in the funding initiative for habitat restoration
- Total requested funding was $6,000,000
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Mr. Perry recalled there were three separate funding requests sent to the Legislature for their
consideration.

Secretary Powers suggested the Council could request $2,000,000 for Lake Beauclair and related
dredging, and Mr. Perry could assist with writing that request. V. Chairman Goerner suggested
they could request $3,000,000 for that.

Councilman VanderLey believes there has to be a discussion of the creation of jobs within the
requests to provide political justification for the funding.

Councilman Kaiser made a motion that the Council supports a request for $3,000,000 in
Legislative appropriations to assist in the Lake Beauclair dredging project, and there should be a
discussion of the job creation and economic benefit to the area the project would bring.

Councilman Royal asked the motion be amended to request that Mr. Perry, Mr. Johnson, and Dr.
Canfield would provide the Council with specific estimates for the projects being considered in
the request. The Council agreed and Councilman Royal seconded the motion.

The amended motion was approved by unanimous vote.

Councilman Nicholson also suggested that perhaps they could contact the local Chamber of
Commerce to determine if local boat manufacturers and marinas, along with other related
industries, have seen their businesses slowing down and whether they have had to lay-off any
people due to the current economic situation. He said that information may also be helpful to the
funding requests.

Councilman Royal suggested that perhaps various business sectors, city councils, BASSMasters,
and others should be copied on the funding requests, so they could possibly provide their support
for the requests.

Agency Updates
Ms. Bess displayed a handout and provided the following update to the Council;

- No hunting of monkeys in State-owned parks or public property
0 Rhesus monkeys are not considered game species
0 Hunting of exotic (non-native) and non-game species is permitted on private
property
o0 Extensive lists of the non-native species that can be hunted can be found in the
Florida Statutes and Florida Administrative Code

Chairman Davis asked if the removal of exotic plants on his property would be allowed. Ms.
Bess explained there is a rule that would allow for the removal of 50 foot width of plants from
the shoreline [of his property] to permit boating access. She said anything more than that the
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Chairman should contact the FDEP Bureau of Aquatic Plant Management. A copy of Ms. Bess’
handout is provided in Attachment 2.

Nancy Christman, Intergovernmental Coordinator with the SJRWMD expressed her
disappointment for not being allowed to make comments during the discussion of the annual
report.

Chairman Davis requested that Kirby Green, Executive Director of SIRWMD attend the next
meeting so he can address these issues in his letter with the Council. Ms Christman said she
would request that Mr. Green attend the next Council meeting.

Ms. Christman explained that the agenda packet for the November meeting included comments
made by the SIRWMD on the 3 draft of the annual report. She also provided a draft letter to
the Council by Mr. Green, which will be sent to the Legislature after they receive the Council’s
annual report. She said the letter outlines the concerns the SIRWMD has with the annual report.

Ms. Christman also asked if the Chairman would be providing a letter of submittal to accompany
the annual report to the Legislature and others. V. Chairman Goerner reminded Chairman Davis
of the need for a transmittal letter from the Council. Ms. Christman said the letter would need to
be in the SIRWMD Palatka office no later than November 18" so it can be mailed with the
annual reports; which must reach the Legislature by November 25"

V. Chairman Goerner said that he disagrees with the comments made by the SIRWMD on the 3™
draft of the annual report and the Council should respond to those comments. He suggested the
Council should submit their response to the Legislature, Legislative Delegation and anyone else
who receives the annual report.

Chairman Davis expressed his opinion that although the Council and TAG have been discussing
the annual report at the monthly meetings; when it came time to finalize the report, the
SJIRWMD expresses concerns with the report. He believes there was time for the SIRWMD to
come forward with their concerns during previous discussions.

V. Chairman Goerner expressed his opinion that some of the information contained in the
SJIRWMD letter is misrepresenting and not factual.

Secretary Powers said it is perfectly acceptable for the Council and the SIRWMD to disagree
because a year or more worth of information has been included in the report. He believes the
report does not necessarily say that anything is going wrong; the report questions the long-term
philosophy of the District and the amount of money being spent on their projects. Secretary
Powers said it is the job of the Council to question these kinds of issues. He also believes it may
not be in the best interest of the Council to engage in a “paper war” with SIRWMD over their
comments. He went on to say the Council has already expressed their opinions in the annual
report and the SIRWMD has the right to express their opinions.
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Councilman Royal agreed saying the report does contain the Council’s opinions and perhaps
they should wait until they hear from Mr. Green before drafting any letter in response. He also
said there is nothing to stop anyone on the Council from expressing their opinions to the
Legislative Delegation.

Ms. Christman made a clarification that there was no meeting of the TAG which the SIRWMD
was a part of and that any report the Council may have received; would have been from an
individual, not from the group per se. Chairman Davis agreed saying there were members of the
TAG that did come forward to discuss the report and the SIRWMD was not one of them.

Walt Godwin, Environmental Scientist VI with the SIRWMD, provided the following updates to
the Council;

- They have completed the [nutrient] loading estimates for the lakes
0 The estimates for phosphorus loading to the lakes through 2007 are well below the
Total Maximum Daily Loads (TMDLSs) established

- He provided a series of water quality graphs as handouts. A copy of the handout is
presented in Attachment 3 of these minutes
0 The atmospheric loading of phosphorus to the lakes is substantial

Councilman Kaiser noted that the symbols used on the graphs are not standard, different for the
various graphs. He also said he likes the graphs. Mr. Godwin said he would correct the symbols
in the future.

V. Chairman Goerner noted from the graphs that the phosphorus loading to Lake Griffin by
septic systems, seems to have increased over the past several years. Mr. Godwin explained that
as the larger sources of phosphorus are reduced, the influence from the smaller sources become
more significant.

Chairman Davis asked how they can differentiate atmospheric phosphorus from septic tank
phosphorus. Mr. Godwin explained they look at the different sources and collect samples which
are plotted on GIS mapping to isolate the source areas.

Councilman Nicholson asked if the nutrient loading from birds has been determined. Mr.
Godwin said that is something they want to study because the loading would be significant.

Mr. Johnson (FWCC) provided a brief update to the Council:
- They are completing their latest fish population studies

- They are starting their creel counts on lakes Dora, Beauclair, Carlton and Griffin, today

- They are in the process of trawl sampling for crappie
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- They will be conducting haul seine netting of crappie on Lake Griffin, so they can tag the
fish and study their exploitation

Dr. Canfield provided the following updates to the Council:

- Discussed a scientific paper on phosphorus control paradigm. A copy of the paper is
provided in Attachment 4.

o Displayed a series of graphs on long-term water quality trends at Lake Apopka
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o0 There is scientific debate as to whether the phosphorus control methods are working.
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0 When the SIRWMD accounts for every molecule of phosphorus they remove as
being beneficial, is not correct.

- Discussed a paper on Biomanipulation in Danish lakes. A copy of the paper is provided
in Attachment 5.
o0 Uptoa 75% removal of fish would be needed to see improvements in water quality

- Discussed a paper by Robert T. Lackey of the US Environmental Protection Agency

(EPA) on philosophy of Science. A copy of the paper is provided in Attachment 6.

o “Policy neutral” science based on the best available information versus “policy
dependant” science, which leads to being told how to believe. As an example he
mentioned Ms. Bess’ discussion of hunting monkeys, which said it is allowed if the
species were non-native; meaning they were not here 1,500 years ago, before
European settlers.

Dr. Canfield agreed with the statement that the Council is submitting their opinions in the annual
report. He said if the Legislature is concerned about those opinions, a Council representative
may be called to Tallahassee to defend those opinions. Dr. Canfield went on to say that perhaps
research should not be in the hands of regulatory agencies. He suggested that is where the
Council has an advantage; they reviewed all the information presented and can look at the
restoration as a private, independent body.

Dr. Canfield also explained that in the 1980s he was at a meeting with scientists from the
SJRWMD in Ocala where they said; given the methods they were proposing, the water in Lake
Apopka would be clear in ten years. In his humble opinion he said here it is 20 years later and
the lake is not responding.

Councilman Kaiser said the SIRWMD employs both scientists and engineers. It has been his
experience that engineers apply the science and with other qualitative facts and assumptions,
reach a solution. He believes on the other hand, that scientists continually try to reprove the
science.

Dr. Canfield suggested the Council would be well-served to read the papers he is providing. He
also believes the Council does not need to provide rebuttal to the Legislature based on the
comments which will be sent by the SIRWMD.

Mr. Perry provided the following updates to the Council;

- The appeal to the final order for the Minimum Flows and Levels (MFLs) for the HCOL
has been worked out such that the SJRWMD has provided a written commitment to work
hard to the establish MFLs over the next four years. Mr. Perry suggested that the Council
and the LCWA need to monitor the issue very closely and stay active in the process.

V. Chairman Goerner asked if the US Fish and Wildlife Service (FWS) must approve the Lake
Apopka North Shore Restoration Area (NSRA) plan before they will adopt the MFLs. Mr. Perry
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explained the issues need to be worked out over the next four yearswhich includes the issue of
holding water in the north shore and how that will relate to the MFLs.

V. Chairman Goerner asked if there would be public meetings to discuss the MFLs. Mr. Perry
said he would assume so because it would be in the District’s best interest. He then continued
with his update;

- The LCWA petition for an administrative hearing on the City of Apopka Consumptive

Use Permit (CUP) has been withdrawn based on the following agreements:

0 MFLs will be established for the HCOL;

0 Water can be withdrawn from the NSRA only when water is available in excess of
the amount of water need to maintain the wetlands being created there by the
SJIRWMD and no supplemental water will be pumped from Lake Apopka into the
NSRA to provide for any withdrawals, and,;

o There will be no modifications of the flows through the A-B Canal or the Burrell
Lock and Dam.

- The City of Apopka is continuing with their review of the CUP and working on a
settlement agreement with the LCWA.

Chairman Davis asked for clarification that the City of Apopka will not be able to withdraw
water from the NSRA until all the restoration is complete. Mr. Perry explained they will be able
to draw water from a canal in the NSRA, providing there is an established depth in both the canal
and Lake Apopka. He said there also still needs to be infrastructure constructed in order for
there to be any withdrawal.

Councilman Royal suggested the plan would allow for the withdrawal of nutrient-laden water by
the City of Apopka for their use, as opposed to pumping that water back into Lake Apopka. Mr.
Perry said that is correct but it has never been the intent to pump any water from the NSRA back
into Lake Apopka. He explained that currently water is pumped to the lake in order to facilitate
other restoration projects taking place.

Chairman Davis questioned if the water level in the canal at the NSRA were too low for the City
of Apopka to withdraw water and the SJRWMD needed to pump more water into the NSRA
from the lake that would raise the level in the canal; would the City then be able to pump water
from that canal. Mr. Perry explained; under that scenario, if the water level in the canal was high
enough and the level of the lake was sufficient, then the City could pump from that canal. He
also noted it is his belief that the SIRWMD would most likely not be pumping water into the
NSRA from the lake, because they are designing a natural marsh system that experiences periods
of high and low water levels.

Chairman Davis expressed his concern of potential lawsuits in the future if the City of Apopka
needs the water and requires the SIRWMD to pump from the lake to the NSRA, in order to
increase the level in the canal so the City can pump water from it.
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Councilman Royal recalled there used to be a very efficient system of canals at the former
farmlands on the NSRA, to manage the water. He said the SIRWMD would have the potential
to move water to the area the where the City could pump it and when that water is gone, there
will be no more available. Mr. Godwin said he believes the infrastructure is still in the north
shore to move water around the site.

Dr. Canfield said the dikes at the north shore are porous or leaky and there may need to be some
pumping to maintain the levels in the marshes. He suggested that may provide an avenue for the
City to continue pumping from the canal. Councilman Royal suggested that even if that were the
case, then poor quality water is being pumped from the lake and cleaned [by the marshes] before
it leaks back into the lake. Dr. Canfield agreed, however; he said there are many people who
believe the withdrawals and lowering of the water level in the lake would be very detrimental.

Mr. Perry also discussed the issue of sending the legislatively-obtained Council funds to the
SJIRWMD saying, he is still waiting on some direction of how to handle the situation. He
suggested he might need a letter from Senator Carey Baker to provide that direction. V.
Chairman Goerner said he has discussed the matter with Senator Baker and they are working on
a resolution.

6. OTHER PUBLIC COMMENTS

Chairman Davis made a call for public comments.
No additional comments were made.

7. COUNCIL MEMBER COMMENTS

Chairman Davis made a call for Council member comments.
No further Council member comments were made.

Recording Secretary Hunter reminded the Council they had requested the TAG research costs for
their proposed projects, to be included in the Council’s funding request. He also said there
would need to be a quorum present so, the Council could vote on their request and then present it
to the Legislative Delegation, the Friday following the meeting. The Council agreed to hold a
December meeting.

Discussion of December 5, 2008 Meeting

- Discussion of the Council funding requests
- Agency updates to include discussion of funding projects

8. ADJOURNMENT

The meeting was adjourned at 12:10 PM.
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Respectfully submitted by:

Chairman Dave Davis Il

Secretary Rick Powers, P.G.



Attachment 1

Multi-Media Inspections

Barbara Bess — FDEP

November 2008



Multi-Media Inspections
Florida Dept. of Environmental Protection
November 7, 2008

What gets the process started?

e A complaint is received that doesn’t fall into a single program area
(i.e., industrial waste, SLERP, hazardous waste, etc.). or

e A member of the multi-media inspection team nominates a site (after
observing potential problems during a previous inspection). Or

e A decision is made to focus on industry types that have historically
had multi-media problems (e.g., car dealers, concrete batch plants,
etc.)

What programs are represented on the multi-media team?

e DEP employees from SLERP, Air, Industrial Waste/Domestic Waste
and Solid/Hazardous Waste are involved. (Groundwater and Potable
Water staff will assist as needed).

e Teams typically contain 2-5 DEP employees. Many inspectors are
cross trained, thereby having the ability to evaluate compliance in
multiple areas.

e If the facility has a history with a program, the appropriate inspector
typically is involved, in order to retain the historical knowledge of the
facility.

What factors are considered when deciding whether a multi-
media inspection is warranted?

e The only criteria is that the facility has multi-program concerns. If
the “complaint” falls only under the purview of one section, then it
would be referred to the appropriate program.



Does the entity planned for inspection get advance notice?

Almost never does the facility get notice of the inspection.

When facilities themselves ask for compliance assistance
inspections, the inspection is pre-arranged.

In other rare cases where follow-up inspections are conducted and
DEP inspectors need to meet certain facility staff onsite, then the
facility may receive advance notice. Advance notice would occur,
however, only in situations in which DEP feels its inspection would
not be jeopardized by providing such notice.

Have the inspected facilities generally responded promptly
and corrected their operations in a timely fashion?

Facilities are expected to respond to non-compliance items within
a time frame established by the inspectors. Failure to respond
results in DEP taking enforcement action (issuing a Warning
Letter). In cases when enforcement is deemed necessary at the
onset, a warning letter is issued. In such cases, the facility is
required to meet with DEP staff and then begin the process of
entering into a Consent Order.

In rare cases where the facility is not responsive, DEP follows
established procedures to transfer the case to the Office of General
Counsel for legal action.

To date, all multi-media cases that have been resolved have done
so via Consent Order.

Is a follow-up inspection conducted?

Typically a follow-up inspection is conducted to ensure any
previously identified physical deficiencies have been resolved.

In some cases a follow-up is not necessary if the violation was
paper oriented and proper documentation was submitted.



(e.g., operating without a valid permit: If a permit is applied for
and issued by DEP, the violation is resolved).

What was found during the multi-media inspection of Lake
Griffin State Park?

¢ A multimedia inspection of Lake Griffin State Park occurred on
Sept. 19, 2008. Lake Griffin State Park was found to be in
compliance with all regulations at the time of the inspection.

e FYI —all state parks are undergoing multi-media inspections.

What’s happening with bio-fuel facilities?

e Biofuels are a major multimedia project at this time. Biodiesel
production via transesterification will yield a hazardous waste
byproduct (Glycerin containing trace amounts of Methanol).

e Itis most likely that production of fuel being sold to others will need
to be inspected by DEP.

e Conversely, homebrewers are not likely to trigger a DEP inspection
but the homeowner should contact his/her local household hazardous
waste program to learn about proper management and disposal of the
waste byproducts.

Are marinas ever inspected? Yes.

What facilities within the Upper Ocklawaha Basin have been
inspected?

Cemex Block Facility — 649 W. Atwater in Eustis (2004).
e Out of Compliance with Air regulations.
e In compliance with Industrial Waste (IW) and Hazardous Waste
(HW).
¢ Pollution Prevetion recommendations: use the waste material as fill
material/road stabilizer.
e In compliance by late 2004.



Maritec Industries - Groveland (2003).
e Manufactures bass and saltwater boats.
e Out of compliance with NPDES (stormwater) and HW (unlabeled
drums).
e Not clear if case has been resolved. (probably yes).

Natural Organic Products (NOPI) — Rossiter Street in Mt. Dora
(2006).

e Out of compliance with IW and HW (unlabeled containers).

e Fixed problems and paid fine. Resolved 2006.

Prestige AB Ready Mix & Prestige Gunite — Clermont (2005).
e Out of compliance with Air, HW and IW (truck washing).
e Corrections made/penalties paid. Resolved 2006.

Reliable Constructors — Mt. Dora (2006).
e Not in compliance with HW regulations (unlabeled containers; spent
washer fluid).

Reliable Peat — Groveland (2006).
e Not in compliance with IW (engine washing), HW (no labels).
e Not in compliance with Domestic Waste (residuals used in potting
soil mix).
e As of 12/2006, still not resolved.

Stoller Chemical Co. of Florida — Pine Grove Road, Eustis (2004).
e Not in compliance with HW, IW (no labels on used oil, wastewater
ponds overflowing, rinse water being used at Lake Jem Sod Farm).
e Some wastewater being disposed of at Frank Gaylord pasture — SR
44/Eustis.
e Resolved 2005.

Tool World — Norton Avenue, Eustis (2004).
e Manufactures & sells dry wall coatings.
e Not in compliance with stormwater regulations
e Not in compliance with HW regulations (unlabeled containers)
e Pollution Prevention recommendations: re-use waste streams &
waste products.
e Resolved 2005. Paid penalty. Fixed non-compliance situations.



Not Yet Resolved:

Dura Stress Inc — County Road 44 in Leesburg (2007).
e Not in compliance with HW (storage), IW (vehicle washing, discharge
to ground)
e Not in compliance with Air regulations (particulates).
e As of January, 2008: proposed fines of $30,000 in Consent Order

If you have any questions about the multi-media inspection program, or
particular cases, please contact: Lisa Kelley at 407-893-3303 in the DEP

Central District office.
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Hunting Rhesus Monkeys - and other
Non-Native Species - in Florida

4 Rhesus monkeys are not considered a game animal!

4+ There is no hunting within Silver River State Park nor on
Office of Greenways and Trails property (covering the entire
Silver River and the Ocklawaha River north and south of the
Silver River).

4 Assuming: you're the legal owner of a firearm; you're on your
property or the property of someone who has given you
permission to be there; you're obeying any ordinances dealing with
the discharge of firearms; the species you're stalking is not
identified as a game species by the FFWCC (monkeys, lizards,
whatever); the species you're stalking is not otherwise protected
(i.e., manatees, songbirds, etc.) then..............cccooevieiinnn,



4 You may legally hunt a non-game, exotic (non-Florida native)
species.

4 Nonnative species are ones that are free-ranging and were
not found in Florida before the year 1500. Over 400
nonnative fish and wildlife species and 1180 exotic plant
species have been documented in the state.

4 Exotic animals include: rhesus monkeys, spider monkeys,
vervet monkeys, Pallas’s mastiff bats, coyotes, armadillos,
red foxes, feral pigs, house mice, black rats, Norway rats,
Muscovy ducks, ring-necked pheasants, rock doves, red-eared
sliders, giant toads, and other mammals, reptiles, amphibians,
birds and fish.

% For more information on non-native species, visit:
http://myfwc.com/nonnatives/ or

<+ Rule 68-5.001(8), FAC or Chapter 379, Florida Statutes

%+ Florida Fish & Wildlife Conservation Commission:
http://myfwc.com/

4+ Interested in hunting for rules and statutes? Try these links.
Florida Administrative Code rules:
https://www.flrules.org/default.asp

Florida Statutes: http://www.leg.state.fl.us/statutes/
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Estimated annual external total phosphorus loads to
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Estimated annual external total phosphorus loads to
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Estimated annual external total phosphorus loads to
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Estimated annual external total phosphorus loads to
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Abstract

Control of lacustrine phytoplankton biomass by phosphorus is one of the oldest and most stable
paradigms in modern [imnology. Even so, evidence from bioassays conducted by multiple investigators
at numerous sites over the last three decades shows that N is at least as likely as P to be limiting to
phytoplankton growth. A number of important flaws in the evidence supporting the phosphorus para-
digm have contributed to an unrealistic degree of focus on phosphorus as a controlling element. These
inclnde insufficient skeptism in interpretation of: 1) the phosphorus:chlorophyll correlation in lakes,
2) the results of whole-lake fertilization experiments, and 3) stoichiometric arguments based on total
N:total P ratios for inland waters. A new paradigm based on parity between N and P control of phyto-
plankton biomass in lakes seems more viable than the P paradigm. The new paradigm renews interest
in the degree to which plankton communities are molded in composition by small differences in relative
availability of N and P, the mechanisms that lead to a high frequency of N limitation in oligotrophic
lakes, and the failure of aquatic N-fixers to compensate significantly for N deficiency under most condi-
tions. A new N/P paradigm still must acknowledge that suppression of P loading often will be the most
effective means of reducing phytoplankton biomass in eutrophic lakes, even if N is initially limiting.

FI‘OHI error 1o ervor one (11’&'(10\’6‘1'5 f/I(,’ entive f)‘LII'h
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1. Introduction

Control of phytoplankton in lakes by phosphorus is one of thc oldest and most stable
paradigms in modern limnology. Phytoplankton biomass and production can be controlled
by factors other than nutrients under some circumstances (e.g., strong herbivory, hydraulic
displaccment, shading, and scasonal deep mixing), but nutrients often are limiting, and
phosphorus is cited consistently as the dominant limiting nutrient (Table 1). Persistence
of the phosphorus control paradigm in limnology has caused phosphorus dominance to be
recognized in related fields, such as environmental engineering.
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Control of Lacustrine Phytoplankton by Nutrients 447

Table 1. Textbook generalizations concerning the importance of phosphorus and nitrogen
in limiting growth of phytoplankton in lakes.

Source Phosphorus Limitation Nitrogen Limitation

Limnology

HornL: and GOLbDMAN, 1994 Lakes in wet climates Lakes in dry climates

WrrziL, 2001 Foremost limit About 25%

KaLrr, 2002 Oligotrophic temperate lakes Eutrophic lakes

Dobps, 2002 P key in many systems Nitrogen can limit

Dobson, 2005 P dominant limitation N secondary limitation

LAmpERT and SOMMER, 2007 Predominant Not addressed
Applied Limnology

WELCH and LINDELL, 1992 P most limiting Highly enriched lakes

COOKE et al., 2005 P most often limiting Highly polluted lakes

Most textbook authors acknowledge the possibility that nitrogen can limit growth of
phytoplankton in lakes, but the range of predictions for circumstances under which N limi-
tation will occur is inconsistent or vague (Table 1). In reading multiplc texts, one gets the
impression that the importance of phosphorus is well established for freshwater lakes, but
the role of nitrogen is uncertain or unusual (the prevailing view for hypersaline lakes favors
N dominancc: JAVOR, 1989). For this rcason, transfer of the phosphorus paradigm to applicd
ecology has occurred primarily through deletion of the confusing possibilities for nitrogen
limitation. Thus, when translated outside the discipline, the phosphorus paradigm is even
stronger than it is within the discipline.

The accumulation of credible studies of nutrient limitation in numerous lakes, as reviewed
below, now suggests that thc phosphorus paradigm is not nearly so strong as it appcarcd to
be two decades ago. Evidence that nitrogen limitation in lakes is common rather than excep-
tional suggests that some of the fundamental arguments supporting the phosphorus paradigm
should bc reexamined critically, which is the purpose of this paper.

2. History of the Phosphorus Control Paradigm

The phosphorus control paradigm finds its roots in NAUMANN’s (1919) classification of
lakes according to algal abundance by use of WEBER’s (1907) terminology for wetlands.
NAUMANN scparated oligotrophic from cutrophic lakes on the basis of algal abundance,
and attributed the difference between categories to the relative amounts of plant nutrients.
Because he could not quantify nutrients, he was unable to move his nutrient-contro! concept
toward identification of onc or more specific critical nutrients. Instead, he focused his atten-
tion on identifying landscape factors that were consistent with either rich or poor supplics
of nutrients known to favor growth of terrestrial plants (N, P, Ca).

Justus LIEBIG (1803—-1873) set the stage for identification of specific limiting nutrients in
various ccosystem types through his development of the limiting nutrient concept (HUTCHIN-
SON, 1973), which became a gencral ccological paradigm under which the phosphorus con-
trol paradigm for lakes subsequently developed. He postulated that the growth of a plant
population at any given place, when constrained by nutrient insufficiency, can be stimulated
only by the limiting nutrient, which is the nutrient in shortest supply relative to the nceds
of the plant. It follows that the limiting nutrient may vary through time and space, and that
it must be diagnosed experimentally. While LIEBIG’s context was agricultural, the limiting-
nutrient concept and its mathematical counterparts (TALLING, 1979) consistently have been
of great intercst to ecologists for analyzing autotrophy in various kinds of ¢cosystems.
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Given that phosphorus and nitrogen are consistently among the limiting nutrients in agri-
cultural settings, it was natural that limnologists should test the possibility that either or both
of these nutrients might be commonly limiting to autotrophs in lakes. JupDAY and colleagues
(1931) showed that both N and P are scarce in the water columns of lakes, and PEARSALL
(1930, 1932) linked measured N: P ratios to successional stages of phytoplankton develop-
ment in lakes, thus extending earlier, more hypothetical ideas about control of phytoplank-
ton populations by nutrient ratios (reviewed by HUTCIINSON, 1957). Extensive laboratory
investigations were conducted on cultured populations of algae by Cuu (1943) and others.
Experiments showed limitation of growth for individual algal specics at low concentrations
of N or D Subsequent experiments with algae obtained directly from lake water showed
lower thresholds of limitation, however, thus undermining confidence in specific thresholds
bascd exclusively on laboratory studics (HUTCHINSON, 1957; VOLLENWEIDER, 1968). Even so,
as carly as 1930 it was alrcady cvident that scarcity of N or I could supress algal growth.
Silica was also recognized at this time as a potentially limiting element for diatom growth
(PEARSALL, 1930, 1932). Therc was also a small but steady interest in limitations caused
by micronutrients (VOLLENWEIDER, 1968), but such limitations never have achieved broad
credibility.

While stoichiometric analysis of N and P was inherent in PEARSALL’s work of the 1930s,
HutcHINsON was first to formulate an explicit phosphorus paradigm based upon stoichiom-
ctry: “Of all the clements present in living organisms, phosphorus is likely to be the most
important ecologically, because the ratio of phosphorus to other elements in organisms tends
to be considerably greater than the ratio in primary sources of the biological clements”
(HUTCHINSON, 1957, page 727).

Seeking realism that could not be obtained in a laboratory setting, EINSELE (1941) added
phosphorus to a mildly cutrophic German Lake (Schleinsce), thereby doubling the amount
of organic matter in the water column. This cxperiment later strengthened HUTCHINSON’s
conviction, based on stoichiometry, that phosphorus must have the strongest governing influ-
ence on autotrophic production in lakes.

After 1940, interest in the relationship between algal biomass or production and limit-
ing nutrients was stimulated cspecially by recognition of anthropogenic eutrophication as
a serious problem. In his thorough review of the subject, VOLLENWEIDER (1968) recorded
13 significant studies of lake eutrophication for 19401950, 28 for 1950-1959, and over 50
for 1960—1966. VOLLENWEIDER’S coverage of cutrophication included both P and N, but led
him to conclude that P provides better prediction of algal biomass. VOLLENWEIDER, follow-
ing SAWYER (1947), noted that spring concentrations of “assimilable” phosphorus cxceeding
10 ug/L. or mmorganic nitrogen (ammonium plus nitrate) exceeding 200-300 ug/L would
suggest eutrophication.

VOLLENWEIDER’S main goal in 1968 was to predict phosphorus concentrations from nutri-
ent loading. The result was his now famous double logarithmic graph relating total phos-
phorus load to mecan water depth (VOLLENWEIDER, 1968, Fig. 17). The diagram carrics
diagonal isolines of uniform concentrations, thus dividing the graphical space into sectors,
with eutrophic lakes in the top sector and oligotrophic lakes at the bottom. Linkage of the
water column to the watershed, which was inherent in this diagram, satistied a basic need in
the study of lakes, and was widely appreciated outside of limnology becausc of its usefulness
in management. By the late 1960’s, limnologists had become broadly committed to studying
and controlling eutrophication, but some time clapsed before the key issues came clearly
into focus (SCHINDLER, 2006). EpMoNDSON (1970) generated great excitement by reducing
algal biomass in Lake Washington through sewagce diversion, thus validating nutrient-bascd
theorics of algal control.

In the late 1960’s and early 1970’s efforts were made to establish statistical relationships
between phosphorus concentration and phytoplankton biomass (chlorophyll). By using a
double logarithmic transformation, SAKAMOTO (1966) was able to show a close relationship
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between the two variables for 20 Japanese lakes. Subsequently DiLLoN and RIGLER (1974),
sceking predictive capability, measured total P in the spring, i.e., before seasonal develop-
ment of phytoplankton biomass, and measured chlorophyll ¢ as an average over the grow-
ing scason. They also excluded lakes showing a molar N: P ratio of 12 or less, on grounds
that this precaution would allow them to assume a causal relationship between phosphorus
and chlorophyll a. With double logarithmic transformation, their data for 19 Canadian lakes
demonstrated a closc statistical relationship between the two variables (/2 = 0.8). Add-
ing data from other sources, they found a similarity in rclationship with their own study,
and proposed a general cquation for use when the N:P ratio is <12:1, j.e., log (chloro-
phyll @) = 1.449 log (P) — 1.136, where concentrations are given as pg/L. The arithmetically
expressed confidence limits were disappointingly broad, however. For a total P concentration
of 10 pg/L, the 95% limits were 0.8-5.6; for total P of 21 ug/L, they were 7.7-58.4. They
argued necvertheless that a 50% confidence interval, whose limits differed by approximately
by a factor of two, would be useful for managers wishing to know the most likely outcome
of an increase or decrease in phosphorus concentrations. They also speculated that future
studies would tighten the confidence limits.

A landmark study organized by OECD (1982) encompassing the entire spectrum of rela-
tionships between nutrient loading, nutrient concentration, chlorophyll @, and other trophic
response variables, was in progress as DiLLON and RIGLER published their important paper
on nutrient—chlorophyll relationships, but was not published in final form until 1982. The
OECD study, which was based upon carefully designed protocols for data collection, was
international, but dcalt only with temperate freshwater lakes and was focused on Europe
and North America.

Authors of the OECD study found that concentrations of total nitrogen and total phos-
phorus in lakes were strongly correlated (» = 0.75), but that total phosphorus was better
corrclated with either chlorophyll or primary production than was total nitrogen. The authors
identificd a number of lakes that they considered to be nitrogen limited on the basis of N: P
ratios. They removed from the data sct these and a few lakes that werc not strictly under
nutrient control, because of suspended inorganic matter or other factors. For the screened
data sct, corrclations between the logarithms of total phosphorus and mean chlorophyll a
were ncar 0.9 for all lakes togcether or for any of the five groups of lakes that werce included
in the study. They concluded that phosphorus is the primary factor controlling algal biomass
in most lakes, and conscquently focused the remaining portion of their analysis, which dcalt
with the relationships between loading and concentration, on phosphorus alone.

Although statistically strong correlations were shown by the OECD study between the
logarithms of total phosphorus and mcan chlorophyll a across lakes, the inclusion of large
numbers of lakes and standardized analytical and sampling procedures did not narrow the
uncertainty of prediction for chlorophyll ¢ from total phosphorus, contrary to the hope
expressed by DiLLoN and RIGLER. The 95% confidence limits of predictions made for indi-
vidual lakes were approximately one order of magnitude for the OECD study, as they had
been for the DiLLoN and RIGLER study. The OECD results in large part were anticipated by
several important studies that were published while the OECD work was in progress (VOL-
LENWEIDER, 1976; JoNES and BAcHMAN, 1976; CANFIELD and Bacuman, 1981).

As the OECD data collection was beginning, Canada cstablished an ambitious program
of experiments on cutrophication in its Experimental Lakes Arca (ELA), Ontario, under the
direction of DAVID SCHINDLER (SCHINDLER, 2006). In 1971, SCHINDLER reviewed the state
of knowledge on nutrient limitation of phytoplankton in lakes. He noted the willingness of
most authoritics to assume that phosphorus is the dominating nutrient limitation on phyto-
plankton biomass, but also acknowledged a number of obscrvations suggesting limitation by
nitrogen or trace elements. He characterized the phosphorus paradigm for nutrient limitation
as overly comfortable, in that no study had demonstrated mechanisms of nutrient control
experimentally in a realistic way (SCHINDLER, 1971).
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Schindler’s initial objective was to test the possibility that inorganic carbon might limit
the phytoplankton biomass accumulation in a manner comparable to limitations obscrved
through phosphorus or nitrogen (SCHINDLER, 1971; SCHINDLER ¢f al., 1971). His experiments
countered carlier work purporting to show limitation of phytoplankton growth by deficicncy
of inorganic carbon. SCHINDLER’S work demonstrated that the combination of an inexhaust-
ible atmospheric source of CO,, along with efficient transfer of CO, across the air-water
interfacc in lakes, restricts carbon deficiency to conditions when both biomass and solar
irradiance arc very high, ie., a portion of each day under bloom conditions. Thus, while
carbon deficiency can slow the growth of phytoplankton under extreme conditions, it does
not establish a cap on total biomass accumulation and has only a weak effect on production
(SCHINDLER ¢t al., 1972).

Extending through subsequent publications during the 1970’s, SCHINDLER and colleagucs
presented and interpreted results of cxperiments with N and P at ELA. SCHINDLER’s initial
experiments were made with bottles and flasks as well as tubes of 1 m diameter in experi-
mental Lake 227, and subsequent fertilization of Lake 227 with both N and P. The tube
experiments showed that addition of phosphorus and nitrogen together could establish dense
populations of phytoplankton, cven though the CO, inventory of the water was the lowest
on record for lakes in general (SCHINDLER ef al., 1971). Addition of both N and P simultanc-
ously to Lake 227 produced an algal biomass five times background and changed species
composition. Overall, SCHINDLER gave an edge to phosphorus in his interpretation of control,
but emphasized the strong combined effect of N and P.

ScHINDLER and colleagues conducted enrichment experiments on other lakes as well. The
most striking and influential outcome of these cxperiments occurred through installation
of a curtain subdividing Lake 226 into two nearly equal basins (SCHINDLER, 1974). Nitro-
gen, phosphorus, and carbon were added to onc side, where a strong bloom of N-fixing
cyanobacteria appearcd, whereas the other side was fertilized with nitrogen and carbon
but not phosphorus, and did not show the cyanobacterial bloom. Although the experiment
continucd for 8 years, results after ycar 4 (1976) were influenced by curtain failure and a
forest fire in the watershed (D.W. SCHINDLER pers. comm., 2008). In addition, Lake 304
was fertilized with C,; N, and P for two years after having been monitored with no experi-
mental treatment for three previous years (SCHINDLER,1974). Phosphorus addition was dis-
continued in 1973, but nitrogen and carbon enrichments were continued as before. Chlo-
rophyll concentration declined in 1973 to concentrations that were typical of background
conditions in earlier years. Based on these experiments, SCHINDLER concluded that phos-
phorus and nitrogen can cause rapid eutrophication, as indicated by drastic increases in
phytoplankton biomass. His prescription for abatemcent of eutrophication was control of
phosphorus.

ScHINDLER consolidated his conclusions in 1977. He noted a close relationship between
the concentration of total phosphorus and standing crop of phytoplankton in a wide variety
of lakes. He desceribed the cvidence, largely established by him and his colleagucs, showing
that carbon is very unlikely to limit phytoplankton biomass in lakes. For nitrogen, SCHINDLER
introduced some new conclusions based on experiments with lakes in which amendments
of N and P wcre made at low N:P ratios. Where only P was added to a lake, there was no
phytoplankton bloom, but rather a proliferation of attachcd algaec composed of nitrogen fix-
ing taxa. Where nitrogen was added at a low ratio (5: 1) with respect to phosphorus, strong
blooms of nitrogen fixing cyanobacteria (bluegreen algae) developed. SCHNDLER concluded
that the presence of phosphorus at relatively high ratios to nitrogen stimulates growth of
N-fixing cyanobacteria, which compensatc by fixation for dcficiencies in nitrogen. In one
of the lakes, compensation by nitrogen fixers for nitrogen deficiency averaged 29% of total
N load over two years of fertilization with low N:P ratios.

ScHINDLER’s (1977) paper marks the culmination of the formative period for the phospho-
rus control paradigm. Numerous important developments occurred subsequently, particularly
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in the analysis of nutrient supply ratios for natural and anthropogenically perturbed lakes
and in analysis of the phosphorus cycle within lakes (SCHINDLER, 2006).

The foregoing overview shows that much of the interest in the nutrient supply of lakes
was motivated by a desire to show how cultural eutrophication could be controlled. The
scientific question underlying the phosphorus control paradigm in its original form, as stated
by HUTCRINSON, was the identity of the nutrient that limits development of algal biomass in
lakes. In contrast, the need for a rational approach to the control of eutrophication gave risc
to the concept of nutrient restriction, which at first involved simultancous consideration of
nitrogen and phosphorus, but quickly became focused on phosphorus. Initially, priority for
phosphorus control was rationalized by the conclusion, based on statistical or experimental
information, that phosphorus is the element most likely to limit algal growth in lakes. It
became evident very carly, however, that the possibility of nitrogen limitation was generally
moot from the viewpoint of management, for two rcasons (GOLTERMAN, 1975; RYDING and
RasT, 1989): (1) control of phosphorus pollution typically is more feasible and cheaper than
control of nitrogen pollution, and (2) phosphorus limitation can be induccd by aggressive
phosphorus control, even if algal populations are initially limited by nitrogen deticiency.
Thus, the scientific question (identity of the limiting nutrient) was scvered from the manage-
ment question (most cffective control of algal populations). Studies of cutrophication still
are motivated by the need to control algal populations, which may be accomplished without
any knowledge of the initially limiting nutrient. At the same time, interest in the identity of
limiting nutrients in natural or perturbed systems has remained in the literature. Unfortu-
nately, the phosphorus control paradigm for phytoplankton biomass and the cutrophication
management principle based on phosphorus control often have been confuscd.

3. Flaws and Limitations in Evidence Supporting the Phosphorus
Control Paradigm

The phosphorus control paradigm is supported by a cluster ot mutually consistent types
of evidence, including stoichiometric principles, statistical relationships based on sampling
of lakes, and experiments. Use of this evidence contains a substantial number of flaws,
most of which arc related to interpretation or development of the evidence rather than the
cvidence itself.

3.1. The Phosphorus — Chlorophyll Relationship

The double logarithmic empirical relationship between phosphorus and chlorophyll ¢ in
lakes almost always appears when the subject of nutrient limitation is being presented for
lakes. Use of this relationship is so commonplace that unwary readers may see in it substan-
tial evidence for control of chlorophyll by phosphorus.

Phosphorus and chlorophyll both are essential components of phytoplankton biomass.
Therefore, measurements of phosphorus and chlorophyll that arc taken in a lake over the
same span of time (e.g., the growing season) are not independent variables; there must
always be a corrclation between the two variables, although the strength of the correla-
tion will weaken if concentrations of phosphorus far exceed the need of phytoplankton for
phosphorus. The inevitability of the relationship between phosphorus and chlorophyll @ can
be illustrated by use of a simulation, as shown in Figurc 1. In this case, phytoplankton (sca-
sonal mean) are assumed to have a cell quota (q,) for particulate phosphorus equal to the
amount of chlorophyll (the ratio varics; for present the ratio is set to u = 1; o = 30%, nor-
mal distribution), and to bc capable of luxury consumption producing a cellular phosphorus
concentration (¢) up to a maximum of 18q, (reviewed by REYNOLDs, 2006). All of the lakes
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Figure 1. Simulation of the relationship between P and chlorophyll @ among a hypothetical population
of lakes (seasonal averages) when P is not limiting (see text; 7 = 0.70).

in the simulated hypothetical population are phosphorus sufficient, in that all phytoplankton
populations have phosphorus concentrations equal to q, plus some amount q — q, that varies
between 0 and 17q,. Chlorophyll @ is a random variable with lognormal distribution across
lakes (seasonal mean) u = 18.4 ug/L, o = 14.8 pg/L. In this simulation, u and ¢ were set at
values that represent a full range of trophic catcgories.

The gap between q, and q is treated as a random variable with a lognormal distribution;
w=24 o=2.1 for seasonal averages across lakes. P that is not incorporated into biomass
is assumed to equal P in biomass (ratio u = 1, with ¢ = 30%, normal distribution). As shown
by Figure 1, the bivariate distribution of chlorophyll a and total P under the conditions of
simulation shows a pattern that is characteristic of log-log plots for ficld data based on total
phosphorus and chlorophyll a in lakes. Because the two variables arc not independent, prob-
ability statements regarding their joint distribution are not indicators of cause and effect. The
graph only shows that chlorophyll cannot be present in the absencc of organically bound
phosphorus, i.e., the correlation of chlorophyll ¢ with P is a tautology.

DiLLon and RIGLER (1974) recognized but did not completely avoid the problem of tautol-
ogy in comparing phosphorus to chlorophyll a. They specificd that phosphorus concentration
must be measured in the spring, prior to the development of chlorophyll, from which they
predicted mean chlorophyll for the growing scason. In this case, the two variables are inde-
pendent, but the outcome (uptake of P simultaneous with increase in biomass) is incvitable
and therefore not indicative of nutrient limitation. The purpose of DiLLON and RIGLER, how-
ever, was to produce a prediction to be used in management rather than to diagnose the cause
of growth limitation, and for that purpose the tautological nature of the relationship could
be considered admissible. The OECD log-log relationship followed the same pattern, cxcept
that the restriction on use of spring concentrations was dropped when it was determined that
spring concentrations of total P did not differ much from growing season concentrations of
total P in a given lake. The purpose of the OECD analysis, as in the case of the DiLLON
and RIGLER study, was not to diagnose the mechanism of limitation, but rather to find the
most powerful predictor of chlorophyll development. The relationship does not diagnosc the
nutricnt limitation of phytoplankton growth; it only shows what is sclf evident, i.e., that P
has the potential to be limiting, either naturally or by restriction of supply.

A sccond serious weakness in the quantitative relationship of phosphorus to chlorophyll is
its enormous variation, even within a rclatively homogeneous set of lakes such as the oncs
studicd by DiLLon and RiGLER (Fig. 2). The goodness of fit for the empirical relationship
between P and chlorophyll a is duc entirely to its presentation in double logarithmic form;
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Figure 2.  Mean and 95% confidence limits for chlorophyll a as predicted from total P for the analysis
by DILLON and RIGLER (1974).

in fact, predictions from the relationship are good only within about an order of magnitude
for any given lake.

3.2. Uncritical Use of Stoichiometry

HuTtcHiNsON’s (1957) succinct formulation of the phosphorus control paradigm was firmly
grounded in stoichiometry, but the application of stoichiometry to N and P in lakes is very
difficult and still mostly unresolved. HUTCHINSON’s stoichiomctric argument was cxtended
by the publication of tables showing the relative availability of elements in world rivers as a
ratio to the composition of algal biomass (VALLENTYNE, 1974, often reprinted in textbooks).
The amount of an clement in rivers, however, does not reflect its biotic availability to
lacustrine phytoplankton. A relevant parallel example is iron, which shows a tremendously
favorable ratio of biomass to source water (18:1 as compared with 2400:1 for P), but is
nearly insoluble in water, and consequently is potentially a limiting or colimiting element
for phytoplankton in marinc waters (GREGG et al., 2003) or lakes (NOrRTH et al., 2007). Thus,
ratios may be an intcresting basis for a hypothesis, but are not a sccure basis for judging the
availability of elements for uptake by autotrophs.

The key defect in stoichiometric reasoning involving phosphorus and nitrogen derives
from uncertainty about the diffcrential availability of nitrogen and phosphorus fractions
in lake water, The early emphasis on N: P ratios involved “assimilable” fractions, but this
approach foundcred on uncertainties about what is assimilable. In experiments, nutricnts
can be added in assimilable form, which insures their availability. On the other hand, in the
statistical cvaluation of N or P among lakes, total N and total P have typically been used in
forecasting limifation without any consideration of availability.

Even if phosphorus in a lake is sampled prior to the growing season, at which time
algal phosphorus may be only a small proportion of total phosphorus, interpretations of its
availability are difficult. Soluble reactive P (SRP), which includes inorganic soluble P plus
a fraction of small phosphorus-containing molccules, is most readily available, and shows
extremely high rates of turnover (LEAN, 1973). Soluble organic phosphorus is not so readily
available as SRP, but can become available through the synthesis of external phosphatases
by phytoplankton cells when they cxperience P deficiency (HEALEY, 1973; Rueg, 1973).
Particulate phosphorus that is not part of living biomass spans a tremendous range from
potentially available (adsorbed phosphorus on clay or silt) to essentially unavailable (metal-
lic precipitates, hydroxides, and complexes). Furthermore, the fractionation of phosphorus
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can be expected to change continuously in the mixed layer of a lake, and can be influenced
by phosphorus entering the epilimnion from runoff, release of P from epilimnetic sediments,
and exchange between the mixed layer and deeper waters. Thus, quantification of the avail-
ability of phosphorus in a lake is infecasible at present. While there has been some use of
total soluble phosphorus as a direct indicator of availability (MoORRIS and LEwis, 1988), most
statistical work on the importance of phosphorus has been based on total P.

Nitrogen presents problems similar to those of phosphorus. Nitrate and ammonium are
highly available, and commonly arc scrubbed from the mixed layer by algae and bacteria,
as i1s SRP. Organic nitrogen compounds have a range of availabilities, as in the casc of
phosphorus. Urea, for cxample, is highly available (e.g., BERMAN and CHava, 1999), as arc
some DON species previously thought to be unavailable (BRONK et al., 2006), but nitrogen
in large molecules may be weakly available or unavailable. Particulate nitrogen is likely to
be dircetly available only to taxa capable of phagotrophy, but could become available by
way of microbial degradation.

The tighter log-log relationship between chlorophyll and total P as contrasted with chloro-
phyll and total N seems to support the idea that phosphorus controls chlorophyll a, whereas
N typically does not. The weaker correlation for N may be explained, however, by a greater
proportion of refractory N than refractory P for inland waters. Lakes commonly show virtual
elimination of dissolved inorganic species of N and P from the mixed layer of unpolluted
or mildly polluted lakes. Despite the strong demand for inorganic fractions of both N and
P, however, particulate N and P tied up in phytoplankton biomass consistently coexists with
significant amounts of both N and P in dissolved organic forms (WETzEL, 2001).

The present working hypothesis for P is that the dissolved pool consists of a broad mix-
ture of chemical specics having very different turnover rates based on their direct or indirect
availability for phytoplankton uptakc (LEaN, 1973). Thus, differential phytoplankton uptake
of varicd species of P maintains a dynamic equilibrium among DOP compounds.

DON also consists of a mixture of readily assimilated chemical specics and more refrac-
tory chemical species (STEPANAUSKAS ¢f afl., 1999; KausnaL and Lewis, 2005). Higher
analytical variability for N analyses may contribute to lower correlation between N and
chlorophyll as compared with P and chlorophyll (D. W. SCHINDLER, pers. comm., 2008),
although the differences between N and P may be expected for other reasons. An important
difference between N and P is the ratio of the dissolved organic pool to the particulate pool,
most of which is accounted for by phytoplankton. For phosphorus in waters that are unpol-
luted or mildly polluted, the ratio of dissolved organic P to particulate P is approximately
1:1 (WeTzEL, 2001) or even less (VADSTEIN ef al., 1993), whercas for nitrogen the ratio can
be as high as 10:1 (WETZEL, 2001). Thus, a higher fraction of the DON pool apparently is
unavailable or weakly available at any given time.

The effect of a contrast in fractionation for N and P can be illustrated by simulation.
The simulation shows the effect of differences in the ratio of unassimilable or weakly
assimilable nutrient to the total nutrient pool for the samc chemical specics. For the simu-
lation, chlorophyll ¢ across a group of lakes (growing scason mean) is assumed to have a
lognormal distribution with p = 18.4 pug/L and o = 14.8 ng/L (as in simulation 1, Fig. 3).
Particulatc phosphorus is set equal to chlorophyll ¢ (ratio = 1) but with random variation
(w =1, 6 = 30%, normal distribution). Dissolved organic phosphorus is set equal to par-
ticulate phosphorus, also with o = 30% and a normal distribution. Total phosphorus is the
sum of dissolved and particulate phosphorus. Particulate nifrogen is set to 16 times (molar)
particulate phosphorus (Redtield ratio), implying no overall bias in limitation between phos-
phorus and nitrogen (and no differential luxury uptake), but with variance (¢ = 30%, normal
distribution). Mean assimilablc dissolved nitrogen is set to 2 times particulate nitrogen with
o = 30% and a normal distribution. An additional component ot dissolved organic nitrogen
is assumed to be refractory, and is sct to u = 200 ug/L, o = 150 ug/L, lognormal distribution,
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Figure 3. Simulation of chlorophyll a in relation to total P (#/ = 0.75) or N (; = 0.45) when nitrogen
and phosphorus are balanced according to demand (particulate N:P set to the Redfield ratio), and assum-
ing that N has a higher dissolved: particulate ratio than P.

based on characteristic N composition of humic and fulvic acids, from THURMAN (1985), and
the assumption that nonhumic refractory N is about as abundant as humic refractory N.

Figure 3 shows the expected effect of a substantial and variable component in the DON
pool that is unavailable or weakly available to phytoplankton. Thus, if the assumptions
underlying the simulation are reasonable, onc would expect a looser correlation between
total N and chlorophyll a than between total P and chlorophyll 4, even when both have equal
degree of control on biomass (i.e., N: P of biomass sct at thc Redfield ratio).

3.3. Experiments: Categories of Evidence

Bioassay incubation is the key experiment for diagnosing nutrient limitation at a point
in time. For small enclosures, long incubations (> 5 days) producc bottle effects, including
changes in community composition of phytoplankton or growth of grazers, and may reveal
only potential limitation rather than actual limitation. Very short experiments (<12 hours),
which have been conducted with "*C, can produce misleading results because the addition
of nutrients may suppress algal growth temporarily (LEAN and Pick, 1981). For enclosures
of small to intermediate sizc, incubation must extend beyond the interval of early response
to the addition of nutrients but not last beyond the duration of a few cell divisions, i.e¢.,
2-5 days.

Mesocosms such as those used by SCHINDLER et al., (1971), LEvINE and SCHINDLER (1992),
as well as LunDp (1975) and many others secm to provide more realism than chambers, but
can produce anomalies. For example, the T m diameter mesocosms used by SCHINDLER et al.
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(1971) produced contradictory signals about nutrient limitation, in that P alone showed very
little influence on peak biomass, whercas P combined with C produced the highest biomass,
even though it is clear from other work by SCHINDLER and colleagues that carbon in the open
water of lakes cannot limit biomass accumulation except over very short intervals.

Manipulation of entire lakes is the most realistic measure of ultimate biomass production
but experiments of shorter duration most clearly show the time course of differing limitation
mechanisms. Also, replication often is weak with whole-lake manipulations.

3.4. Experimental Evidence: The Canadian Experimental Lakes Arca

The carly ELA experiments strongly supported the hypothesis that N and P in combination
greatly stimulate algal biomass, and that N limitation can be induced by forcing a low N:P
ratio. These points were important for management, but did not make a convincing case for
P limitation in the ELA lakes.

HeaLey and HenDzEL (1980) evaluated physiological indicators of nutrient limitation
for ELA lakes and other Canadian lakes. P was consistently indicated as limiting in the
ELA lakes, but most of the lakes that were included in the study had been experimentally
manipulated with nutrient additions.

In 1979, FEE published an analysis of relationships between lake morphometry and rela-
tive importance of nutrient recycling between epilimnetic sediments and the mixed layer
during the growing season. FEE included a table of the results for ELA whole-lake nutrient
enrichment studics, as summarized in Figure 4. FEE postulated that both primary production
and chlorophyll are affected by the ratio of epilimnetic sediment exposure to epilimnetic
volume (A/V,) among unfertilized ELA lakes. If so, A/V, would provide a prediction of
cxpected production and chlorophyll to be used in quantifying degree of departure from
expectations in responsc to cxperimental enrichment. He demonstrated the rclationship of
AV, to production, but found that A/V, and chlorophyll were only weakly related (not
significant, but reanalysis with logarithmic transformation shows a significant relationship:
W. WurtsBauGH, unpublished). In his analyses, FEE noted that the ELA experiments sup-
port a casc for ncar equality in the importance of N and P among unfertilized ELA lakes, in
apparent contradiction to SCHINDLER’s evaluation of the same data (SCHINDLER, 1980).

The composite of ELA lake fertilization results indicates that addition of P alone did
not markedly increase phytoplankton biomass (Fig. 4), nor did it stimulate the growth of
nitrogen-fixing planktonic cyanobacteria, which could have potentially offset a deficiency
of N. The results arc uniformly consistent with SCHINDLER’s observation that enrichment of
ELA lakes with significant amounts of phosphorus plus nitrogen increased phytoplankton
biomass by a large amount (5-10x). Figure 4 is not consistent, however, with phosphorus
limitation of phytoplankton growth in ELA lakes. The results suggest that nitrogen had at
least an cqual stimulating cffect on phytoplankton biomass and therefore may have been a
dominant or codominant limiting nutrient in unfertilized ELA lakes.

LEvINE and SCHINDLER (1992) conducted experiments on mesocosms in a lake that had
previous large additions of nitrogen in order to determine the degrec of compcensatory nutri-
ent responsc in enclosed water columns of ELA lakes with and without contact between
water and sediment. They found that compensatory mechanisms for nitrogen were stron-
ger than those for phosphorus in the mesocosms, but the potential influence of the prior
N addition was not addressed. Their results were taken as evidence for the dominance of
phosphorus control on phytoplankton biomass. These findings were contrary, however, to the
results of the whole-lake studics (Fig. 4), which showed that compensation (as indicated by
accumulation of biomass above the baseline) for deficient phosphorus is at least as strong
as compensation for deficient nitrogen. Of course it is possible that lakes as a whole have
compensatory mechanisms that cannot be demonstrated by the use of mesocosms.
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Figure 4.  Graphical summary of the results of lake fertilization experiments at ELA trom 1973-1976
(mean chlorophyll « during ice-frece seasons), as reported by FEE (1979, Table 1). The dashed line
shows annual mean chlorophyll « in unfertilized ELA lakes (from Fek, 1979: 10 lakes, 22 lake years).
The numbers below the histograms designate lakes. 1-Lake 304; 2-South basin of divided Lake 226
(data shown here are not affected by a curtain breech that occurred in 1977); 3-Lake 261 (Lake 261
was terminated prematurely and also had an unusual macrophyte flora: D.W. SCHINDLER pers. comm.
2008); 4-North basin of divided Lake 226; 5-Lake 227; 6-Lake 303. All of the lakes were analyzed
for 2 or more years. The data from Lake 226N (#4) are frequently cited as evidence for phosphorus
limitation in lakes.

3.5. Experiments Beyond the Experimental Lakes Area

Intense interest in N and P limitation, stimulated to a large degrec by the ELA studies,
led to a geographically broad proliferation of experiments. By short and large, these stud-
ics consisted of cnrichment of phytoplankton in bottles or small chambers over relatively
short durations and involving enrichment with N, P, N + P, and sometimes micronutrients.
In addition, whole-lake fertilization studies were done according to the ELA pattern at a
number of locations,

ELSER ef al. (1990) reviewed the accumulated experimental literature on N and P limita-
tion through the 1980’s. Based on enclosure experiments for 60 lakes, they showed that a
growth response (increase in chlorophyll ¢ or increasc in carbon fixation) is equally likely
for P enrichment or N enrichment, contrary to the prevailing notion that P is much more
likely to stimulate growth response than N. They also showed that fertilization with P + N
was more likely to produce a responsc than fertilization with cither P or N alone, and that
the P+ N response was quantitatively stronger (about 2.5 x). They postulated that the degree
of responsec often is very similar for N and P at a specific time and place.

In surveying 80 lake years of experimentation on whole lakes, ELSER et al. (1990) con-
cluded that cxperiments almost always involved addition of N + P for comparison with a
control, rather than experimentation with P and N separately. Only 12 lakes had been fertil-
ized with P and N separately, and only two showed a significant response (both to P). The
scparate treatment of P and N at ELA, as shown in Figure 4, was not included in the survey
by ELSER et al. (1990).

ELSER et al. (1990) also offered an explanation for the apparent contradiction between
bioassays on ambicnt phytoplankton communitics and the U.S. Environmental Protection
Agency’s test for algal growth potential (MILLER et /., 1978), which involves addition of P,
N, and N + P to filtcred lake water used for growing cultures of Selenastrum capicornimium.
Such bioassays show a strong trend toward phosphorus limitation, in contrast to studies of
ficld populations of phytoplankton. The Selenastrum bioassay is not a reliable indicator of
the status of ficld populations. As shown much carlier (HUTCHINSON, 1957), laboratory algal
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populations differ from field populations in their nutrient requirements. Furthermore, as
proposcd by ELSER et al. (1990), ficld populations may consist of a balance of species that
makes efficient use of both N and P. This concept is supported by experimental evidence that
algal taxa differ in optimal TN: TP ratios (SmiTH, 1982; SUTTLE and HARRISON, 1988).

DowWNING and MCCAULEY (1992) tabulated information on TN: TP ratios from multiple
sources ranging from forests and croplands to sewage. They argued that TN: TP ratios of
the predominant sources of N and P in a given watershed will determine the TN: TP ratio
in lakes within that watcrshed, and provided confirmatory statistical cvidence from the lit-
crature. From a list of nutrient enrichment experiments over a wide range of TN : TP ratios,
DOwWNING and McCAULEY also determined that TN: TP molar ratios below 30 are consis-
tently indicative of N limitation according to available experimental data. The presumption
of a limiting TN : TP ratio in carlier work had been considerably lower (e.g., 12). Finally,
DownNING and McCAULEY showed that increasing TP is associated with a declining TN : TP
ratio, probably because watershed sources providing the highest TP concentrations tend to
have low TN: TP ratios.

Oligotrophic lakes have been of special interest in the diagnosis of nutrient limitation
because their TN TP ratios are higher than ratios for polluted lakes. Experimental evidence
has been inconsistent with this general conclusion. For example, MORRIS and LEwIS (1988)
conducted repeated bioassays on eight montane lakes in Colorado. The results showed a
close balance between N and P limitation in these lakes. Five categories of phytoplankton
limitation were identified: no limitation, N limitation, P limitation, concurrent limitation
(stimulation only by simultancous additions of N and P), and reciprocal limitation (stimu-
lation by addition of cither N or P). The phytoplankton communities of three lakes were
primarily N-limited, one was primarily P-limited, and four showed combined limitation
(concurrent or reciprocal). Switching between categories of limitation was also obscrved
within lakes, as it has been in other lakes (e.g., EDMONDSON, 1972; WHITE et al., 1977,
1985, LEwis et al., 1984; SOMMER, 1987; KONLER et al., 2005). Nitrogen, either alone or in
combination with P, accounted for 79% of all observed instances of limitation. Nine indices
were tested for effectiveness in predicting phytoplankton limitation by N and P. The best
chemical indices for discriminating all limitations were ratios of dissolved inorganic N : total
P (84% accuracy) and dissolved inorganic N:fotal dissolved P (80% accuracy). The effec-
tiveness of these indices may be explained by the degree to which they represent N and P
fractions that are available to the phytoplankton. The observed parity of N with P limitation
is consistent with other studies of oligotrophic lakes (e.g., FEE, 1979; DoppSs et al., 1989),
while the scasonal alternation of limiting nutrients as well as concurrent and reciprocal
limitation arc consistent with the concept that limitation by nitrogen and phosphorus often
is closely balanced, especially in watersheds that are not strongly influenced by land use or
nutrient disposal. High frequency of phytoplankton limitation by nitrogen in montane lakes
also has been documented at other locations (DopDs ¢t af., 1989; LAFRANCOIS et al., 2003;
MCMASTER and SCHINDLER, 2005: WURTSBAUGH ef al., 1997; also sce Fig. 5). Thus, while
sparscly populated montanc cnvironments seemed the most likely prospect for predominance
of P limitation, experimental evidence to date suggests that N and P are near parity in these
environments. BERGSTROM and JANSSON (2006) have argued that significant atmospheric N
pollution is rcaching a large proportion of oligotrophic lakes (scc also STODDARD, 1994). If
many of these lakes were at one time N-limited, as scems likely now, some degree of change
alrcady may have resulted from modest N enrichment.

The range of algal responses to nutrient additions is shown in a compendium of experi-
ments by WorTsBauGH (Fig. 5). These experiments, conducted largely in relatively uncon-
taminated watersheds, demonstrate that nitrogen stimulated accumulation of chlorophyll
nmore frequently than did phosphorus but, as expected, the addition of N and P together
almost always provided the strongest stimulation. The frequent but small inhibition of chlo-
rophyll concentrations by phosphorus additions in these experiments could be explained by
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Figure 5.  An example of geographically distributed laboratory and field bioassays for phytoplankton

responses to nutrients in lake waters from western North America, Peru, and Spain. In these experiments,

the laboratory incubations in flasks or field assays in 5-10 L. mesocosms typically lasted 5-7 days.

The micronutvient (+Micro) additions frequently tested iron limifation but mixed micronutrients

were sometimes utilized. (Sources: WURTSBAUGH, 1988; WurrssauGHd and HORNE, 1983; WURTS-

BAUGIHL et al., 1985, 1997; CaMACHO ef al., 2003; MARCARELLI ef al., 2006 and some unpublished data
of W, WURTSBAUGII).

the response of heterotrophic bacteria to phosphorus, and subsequent competition between
the bacteria and phytoplankton for nitrogen or increascs in phagotrophic predators on phy-
toplankton and bacteria (THINGSTAD et al., 2005). Micronutrient additions were as likely as
P to stimulate chlorophyll accumulation.

3.6. Nitrogen Deficiencies and N Fixation Across Ecosystems

In lakes, the co-limitation of phytoplankton production by N and P may resemble limita-
tions in terrestrial and marine systems, where production is not limited by a single nutrient
across broad temporal and geographical ranges (ELSER ez al., 2007). HEDIN et al. (2003), for
cxample, showed that the nitrogen and phosphorus content of soils, which controls export of
N and P to aquatic ecosystems, can show an increasing N:P ratio with age. Disturbances
such as fires also can reset the N and P balance in forests by volatilizing accumulations of
nitrogen in forest biomass and soils (LEwis, 1974; MURPHY ez al., 2006), so that some eco-
systems prone to fires may not export excess nitrate to streams and lakes.

Terrestrial ccosystems typically arc unable to amcliorate nitrogen deficiencies fully
through nitrogen fixation (VITOUSEK et al., 2002). Similarly, there presently is no evidence
for a consistently significant contribution of planktonic nitrogen fixation to oligotrophic
and mesotrophic lakes. For cutrophic lakes showing N fixation in the plankton, the median
contribution to total load that could be attributed to N fixation is near 22%, and the median
fixation as a proportion of the total N nccessary to support primary production is less than
5%, according to the data compiled by HowarTH ef al. (1988). Therefore, although How-
ARTH et al. concluded that N-fixation offsets P deficiency, it seems clear that the potential
offset is modest, in that N deficiency is likely to persist in most cascs that lead to predomi-
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nance of N fixers. For example, if a hypothetical lake had an N:P molar ratio of 10:1,
implying nitrogen deficiency, a 25% boost in the N component would raise the ratio only
to 12.5:1, which is unlikely to bring the lake into phosphorus deficiency. The reasons
for the low compensatory potential of phytoplankton nitrogen fixers when phosphorus is
abundant are unclear, but micronutricnt limitation (WURTSBAUGH and HORNE, 1983), light
limitation (LEwis and LEVINE, 1984; VINER, 1985), and limitation related to the maximum
sustainablc ratio of hetcrocysts to vegetative cells (LEwis and LEVINE, 1984) have been sug-
gested. Nitrogen fixation by lake and stream periphyton appears to be less constrained than
is fixation by phytoplankton (BERGMANN and WELCH, 1990; LEVINE and SCHINDLER, 1992;
MARCARELLI et al., 2008), but the underlying reasons arc not well understood.

4. The Emerging Paradigm for N and P Limitation in Lakes

Experimental information on nutrient limitation of phytoplankton now shows that phy-
toplankton biomass accumulation is as likely to be limited by N as P. Even in unpolluted
oligotrophic lakes instances of N and P limitation appear to be cqually likely. The hypothesis
that N and P enrichment together provide a stronger growth response in phytoplankton than
cither P or N alone is consistently confirmed, but the hypothesis that phosphorus limitation
is consistently offset by N-fixation through cyanobacteria is not valid as a generalization.
Although N deficiency in fertile waters often shifts community dominance to N fixers, this
shift docs not occur in most N-limited lakes of low to moderate fertility. Where it does occur,
lakes typically remain N limited despite the presence of fixers.

As recognized carly in the study of nutrient limitation, enrichment of lakes with strongly
biased N:P ratios can induce either P or N limitation. In particular, N limitation is induced
by substantial amounts of treated domestic wastewater or animal waste, which have low N: P
ratios and high concentrations of P. Similarly, some lakes in industrialized Europe and North
America may have been driven to P limitation by atmosplicric deposition of nitrogen and the
subsequent N-saturation of watersheds (STODDARD, 1994; BERGSTROM and JANSSON, 2006).
In addition, some instances are known of high ambient P concentrations that can be traced
to geologic sources. In these instances, N limitation is very likely (e.g., WURTSBAUGH, 1988;
JAMES et al., 2003; BUNTING et al., 2005; NRC 2004; Lewis et al., 2008). N limitation of
phytoplankton also may be especially important in tropical or subtropical waters (THORNTON,
1987; LEwis, 1996) and in saline lakes, possibly because evaporation magnifies P concentra-
tions (TALLING, 1992) or because high sulfate concentrations enhance phosphate release from
sediments (BLOMQVIST et af., 2004), while denitrification is enhanced by warmth (DOWNING
and McCAULEY, 1992; LEwis, 2002).

Evidence of parity between N and P in the limitation of phytoplankton growth across
inland waters as a whole supports a new N + P control paradigm for nutrient limitation that
is much more consistent with the accumulated data than the original P control paradigm.
Tablc 2 sets forth the components of the emerging N + P control paradigm for limitation of
phytoplankton growth in inland watcrs.

The new paradigm is cssential for an accurate depiction of the manner in which phyto-
plankton growth is limited in natural lakes and in lakes that are selectively enriched with
biased N:P ratios. Even so, the key management principle for control of cutrophication
in individual lakes remains the same as it was under the phosphorus paradigm: the most
promising management tool for control of phytoplankton growth in most situations is restric-
tion of phosphorus supply. It is also truc in some instances, including principally those
involving high background P concentrations, that suppression of total phosphorus load by
manipulation of anthropogenic sources cannot suppress phytoplankton growth because the
background phosphorus load is capable of saturating the P demand of an N-limited phyto-
plankton community (LEwIs et a/., 2008), or because internal loading of P offsets nutrient
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Table 2.  Components of the emerging N+P control paradigm.

N + P Phytoplankton Control Paradigm for Lakes

I. N and P are equally likely to explain nutrient limitation of phytoplankton in unpolluted lakes.

2. Temporal shifts in N and P limitation often occur, and concurrent or reciprocal limitation by N and
P is common, especially among oligotrophic lakes.

3. Near parity between N and P control in many unpolluted or moderately polluted lakes influences
development of phytoplankton communities with complementary N and P requirements, which
explains concurrent and reciprocal limitation by N and P, as well as seasonal shifts in limitation.

4. Low N:P ratios combined with high P concentration often will shift phytoplankton composition to
dominance by cyanobacterial N fixers,

5. Cyanobacterial N fixers do not fully offset N deficiency.

6. Significant anthropogenic bias in watershed sources of N and P can shift a lake toward N or P
limitation.

7. Whether N or P limits biomass accumulation, restoration of individual polluted lakes is generally
most feasible by restriction of P supply, which either tightens existing P limitation or induces P
limitation in an N-limited lake. Interception of anthropogenic P may not be sufficient to induce P
control of phytoplankton for lakes with naturally high P supplies or strong internal loading of P.
Where atmospheric deposition of nitrogen increases the N:P ratios of large numbers of naturally
N-limited lakes, reduction of N loading may be the only possible means of reversing changes in
primary production or algal composition.

control (KaLrr, 2002). Thus, the feasibility of inducing P deficiency must be evaluated on a
case-by-casc basis. Also, the occurrence of widespread N enrichment of lakes through atmo-
spheric transport of anthropogenic fixed N cannot be offset by P restriction, as it involves
entire landscapes rather than individual lakes. Prevention of broadly distributed changes in
lakes by N enrichment can only be achicved by suppression of the atmospheric source of
fixed nitrogen.

There remain many issucs to be studied as the new paradigm solidifies. Perhaps most
interesting is the tendency of oligotrophic lakes in montane environments with low atmo-
spheric nitrogen contamination to show high probability of N limitation for phytoplankton
growth. Another is the common failure of heterocystous cyanobacteria to take full advantage
of excess phosphorus in many cases, including lakes of high productivity but consistent N
limitation and weak or erratic growth of heterocystous cyanobacteria (LEwWIS et al., 2008).
In addition, thc question of micronutrient limitation remains unresolved. The most parsi-
monious cxplanation for nutrient limitation at present is achieved without any reference to
micronutrient limitation. It is possible, however, that micronutrient limitation comes into
play through the unequal requirements of individual species for specific micronutrients,
which might explain small or somctimes substantial response of phytoplankton communitics
to micronutrient cnrichment (Fig. 5). Nutrient limitation of periphyton in lakes has not been
thoroughly studied; periphyton may influence nutrient availability to phytoplankton in small
lakes (LEVINE and SCHINDLER, 1992; AXLER and REUTER, 1996). Finally, therc is much yct
to be known about the ability of natural phytoplankton communities to conform in species
composition to specific N:P ratios, as foreseen by PEARSALL in the 1930s.

Continuing global mobilization of nitrogen and phosphorus by anthropogenic activities
(VITOUSEK ¢f al., 1997) and increasing demands on freshwater resources are causing changes
in the balance of limiting nutrients in the world’s lakes. Knowledge of the cffcets of N:P
ratios on algal growth, species composition, and nitrogen fixation will be required for effec-
tive management of inland waters.
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age 1-3 years prior to the fish removal. In three
lakes, the average 4-5 years prior to removal were
applied due to lack of data.

The ‘post’-condition comprises all years following
the start of the removal process. In most lakes the
fish removal lasted more than 1 year, implying that
removal may still have been conducted in the first
few years of the ‘post’-period. Therefore, the effect
measured for a particular year may not be a ‘post’-
effect only, but rather the combined effects of
potential ongoing removals and removals under-
taken in previous years. To allow a direct compari-
son between the different lakes we calculated the
effects relative to the pre-removal situation. Thus, if
the relative value is 1, the parameter remains
unchanged relative to the pre-removal situation.

The starting date of the fish removal during its
first year was used to distinguish between the ‘pre-
and the ‘post’-situation. If the fish removal was
initiated in October—April the ‘pre’-situation com-
prises data from the previous summer, whereas the
first ‘post’-situation or first year of effect is the
subsequent summer. If, instead, the removal was
conducted in May-September, this year cannot be
defined as either ‘pre’ or ‘post’ and was therefore
removed from all analyses. In such cases the last
‘pre’-data derive from the year before the fish
removal, whereas the first ‘post’-data derive from
the first year after initiation of the fish removal. As
quantitative measurements of the fish community
are relatively few and less frequent, the data were
grouped into 2-year intervals, implying merging of
investigations: 1-2 years, 3—4 years, 5-6 years, and
so on after the first year of removal.

Correction of the General Reduction
of TP Due to Reduced External
and Internal Loading

Corrections had to be made [or the reduced nutrient
concentrations recorded also in non-biomanipulat-
ed lakes resulting from the reduced nutrient loading
from external and internal sources (Sendergaard
and others 2005). Otherwise, the effects of removal
would appear too positive, particularly in lakes
where the fish removal was undertaken in the
1980s or in the beginning of the 1990s when the
nutrient loading to Danish lakes was considerably
reduced. The correction was made by applying data
from a national lake monitoring program using 10
intensively monitored lakes as references for the
development in non-restored lakes (Kronvang and
others 1993), Common to those lakes was a TP level
above 0.050 mg P 17! (summer mean) and the fact
that no significant additional interventions were

undertaken to impact chemical and biological
variables in the lakes.

The general development was defined for each
parameter via a log-linear regression curve based
on the annual measurements from the reference
lakes, yielding a smoothed reflection of the lakes’
annual mean values. On average, the TP concen-
tration decreased by 3% each year. In the analyses
this was accounted for by correcting the measure-
ments from the restored lakes for the general
development, implying that the impact of the
general development for each individual lake was
‘deduced’ from the measurements. In the survival
analyses (see next section) the correction was in-
cluded as a common value for all lakes as a time-
varying explanatory variable rather than correcting
the measurements (Kalbfleisch and Prentice 1930).
The data corrections were made for all parameters
on which annual measurements existed, that is, all
chemical parameters, the biomass of phytoplank-
ton and zooplankton and the relative contribution
of each phytoplankton and zooplankton group.

For fish a slightly different method of correction
was applied as fish investigations are usually only
conducted every fifth year, implying that only 3-4
investigations were conducted in each lake during
the period 1989-2005. First, for each variable the
average was calculated for each of the 10 reference
lakes for the two 5-year periods 1989-1993 and
1999-2004. Subsequently, for each 5-year period
the average among the lakes was calculated for the
given variable, and the percentage change during
the 10-year period was distributed evenly across
the years. It was assumed that the reference lakes
and the fish removal lakes exhibited the same
percentual change, also beyond the 10-year period.

Survival Analyses

Statistical survival analyses are applied, for instance
in health investigations, to describe the survival
potential of patients following surgical intervention
and/or initiation of medicinal treatment (Kal-
bfleisch and Prentice 1980). Survival analysis is
similar to other statistical regression methods but is
distinguished by its ability to treat right-censored
observations, which cannot be analyzed by other
regression methods without bias. In health inves-
tigations, a survival time is unknown if the patient
was still alive at the termination of the investiga-
tion or if contact to the patient was somehow lost
during the investigation. The observed survival
time, however, still contains information about the
patients” survival because it constitutes a lower
limit for the actual survival time. The actual sur-
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vival time is said to be right-censored at the ob-
served survival time. Eliminating such observations
would reduce the sample size and introduce selec-
tion bias in the data set, for instance exclusion of
strong survivors. Treating right-censored survival
times as actual survival times in, for example, a
standard regression analysis would bias the results
in terms of underestimated survival potential.

In our study, survival analysis was used to de-
scribe the duration of the effects of fish removal in
lakes, ‘duration” being defined as the number of
years passing until the summer mean of a given
parameter returned to the level before the removal.
If the fish removal was non-effective, the duration
is 1 year, whereas an ‘eternal’ effect corresponds to
a very long, unknown duration still being traceable
at the cessation of the investigation period as a
right-censored duration. In particular, this means
that it is not a prerequisite ol survival analysis that
the lake at some point returns to the state prior to
removal. There are some limitations in the data set
as annual measurements are not available in many
lakes. This implies that the observed duration may
be overestimated, as several years may have passed
before the relapse was discovered. On the other
hand, in other cases where the effect does not ap-
pear until several years after the actual removal the
observed duration may be underestimated because
it then seems as if the fish removal was not effective.

To overcome some of the heterogeneily among
lakes, corrections were made for the differences in
mean depth and the pre-values of TP by the use of
explanatory variables (Cox-regression; Kalbfleisch
and Prentice 1980). Reference wvalues for the
explanatory variables were a mean depth of 1 m
and a TP of 0.1 mg P 17!, whereas the general
loading level corresponds to 2006. Thereby, the
survival curve is assumed to represent only the
effect of the fish removal, as the general develop-
ment of the parameter in Danish lakes was elimi-
nated.

Statistical Tests

Statistical significance between pre- and post-
treatment values was tested by #-tests (P < 0.05)
using SAS. Each post-treatment year was tested
relative to the pre-treatment value for each vari-
able.

REesuLts
Nutrients, Chlorophyll, and Secchi Depth

In the nine lakes in which less than 200 kg fish ha™!
were removed within 3 years no clear effects on
nutrient concentrations and turbidity were seen
(Figure 1). The only significant effect was observed
for Chla during the first year after removal.
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In the 27 lakes in which more than 200 kg fish
ha™' were removed during a 3-year period, marked
effects on Secchi depth and on all four water
chemical variables appeared (Figure 2). The effects
were most distinct for Secchi depth, Chla and SS,
but a substantial impact was also observed for TP
and TN. The effects occurred already during the
first year of removal, but grew stronger in the
subsequent years. Typically, Chla and SS decreased
to 50-70%, whereas Secchi depth almost doubled
during the first 8-10 years after the initiation of
removal. Despite large variations among lakes, an

effect was observed in more than 75% of the lakes
and it remained statistically significant for several
years. Most variables differed from the pre-situa-
tion during the first 6-8 years after the removal,
but after approximately 10 years all variables,
excluding Secchi depth and partly also SS,
exhibited a tendency to return to pre-removal
conditions. However, this tendency is based on
data from a limited number of lakes. After
14 years SS and Secchi depth also returned to pre-
removal conditions, but data are only available for
1-3 lakes.

Figure 2. The relative effect

at removal of more than
200 kg fish ha™! during

3 years on Secchi depth SS,
Chla, TP, and TN in 27 lakes
(time-weighted summer
means). Light boxes:
significant different from

the pre-removal situation.
The boxes show 10 and

90% fractiles {(outer lines), 25
and 75% fractiles (boxes).

*g. g The right-hand side of the
§o-- figure depicts data from
individual lakes.
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The ‘survival analyses’ for Secchi depth and the
four chemical parameters follow the same ten-
dencies (Figure 3). The capability of the lakes to
maintain a change in Secchi depth (increase) and
SS (reduction) for a prolonged number of year-
s—and perhaps permanently—seems relatively
high with a mean ‘survival’ exceeding 90% after
more than 10 years (high uncertainty hereafter
due to limited data availability). Mean survival of
TN is also relatively high, whereas TP and particu-
larly Chla exhibit a more rapid decline, their mean
survival being only 10% after 5 years—both with
large confidence intervals, however. It should be
emphasized that large inter-annual fluctuations
may contribute to low survival, as a single year
with high values will imply that the lake, in sur-
vival terminology, is considered ‘dead” even though
its state may improve in the subsequent years. In
no cases were the explanatory variables found to be
statistically significant (significance level 5%).

Phytoplankton

Total algal biovolume generally paralleled the trend
seen for Chla, that is, a 30-50% reduction after
initiation of removal. In contrast to the water
chemical variables, no significant effect was ob-
served during the first year (Figure 4).

There was substantial variation in the contribu-
tion of different algal classes, which partly also re-
flects a different phytoplankton community found
in lakes with different nutrient concentrations. Fish
removal led to marked shifts for some of the classes;
most notable was the greater than 50% reduction

Years after fish removal

17!, The general loading
leve] corresponds to that of
2006.

Years after fish removal

in mean abundance of cyanobacteria after 3-
7 years, it being, however, only statistically signif-
icant during the first 2-5 years. Another very
notable effect was a substantial increase in most
lakes in the abundance of cryptophytes, particu-
larly during the first 3-6 years following removal.
With the exception of a few lakes the proportion of
cryptophytes was substantially higher during the
first 10 years after removal, but the change was
only statistically significant during year 3 and 4
after removal. The relative biomass contribution of
other algal classes did not change significantly after
the fish removal.

Zooplankton

Fish removal did not have significant effects on
total zooplankton biomass, although shifts occurred
in the abundances of the various zooplankion
groups (Figure 5). Particularly the biomass of
Daphnia increased during the first approximately
5 years, although the changes were not significant.
In contrast, the contribution of small-sized cladoc-
erans {other cladocerans) declined, in some years
significantly so, although variations among lakes
were pronounced. Apart from this, no marked
general effects occurred for any of the main groups.

The ratio between the biomass of zooplankton
and phytoplankton (here calculated on the basis of
both phytoplankton biomass and Chla converted to
dry weight) increased considerably after removal,
not least the ratio based on Chla which more than
doubled in nearly all lakes after 3-8 years. The
changes were only statistically significant for a few
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Total biovolume
=]
=

Total biovolume

Figure 4. Phytoplankton
biomass and the relative
share of the most important
algal classes relative to the
pre-removal situation
(number of lakes = 10). See
also Figure 2.
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10

years, though. After 8 years the effect seemed to
abate, but only few data were available to sub-
stantiate this finding.

Fish

Catch per unit effort of the fish stock, both in terms
of total number and total bioniass, did not change
consistently following removal (Figure 6). On a per
species basis, marked changes were recorded,
however. Apparently bream is the species most
notably impacted by removal in the long-term,
showing a considerable and maintained significant

6 8 10 12

Years after fish removal

decrease in biomass. Initially bream numbers
declined, but after 7-8 years a tendency toward
increased abundance was observed, without influ-
encing the decrease on weight basis, however.
Roach biomass tended to increase (not signifi-
cantly) after the fish removal, whereas roach
abundance tended to decrease (not significantly)
during the first years, followed by an increase. The
number of perch increased during the first years
after removal (not significantly), but then declined
again in many lakes. Perch biomass increased (al-
beit not significantly) after removal and remained
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high in most lakes, even after the decrease ob-
served after 5-6 years. There was, though, a ten-
dency to a further decrease after 9-10 years.

Submerged Macrophytes

The abundance of submerged macrophytes in-
creased in most lakes, but in some lakes no changes
were recorded (Figure 7). In total, the number of
species increased in 13 out of 15 lakes and re-
mained unchanged in two lakes. The dominant
species were tall species such as Elodea canadensis,
Myriophyllum spicatum, Ceratophyllum demersum, and

Potamogeton species (P. crispus, P. pectinatus, and
others). The maximum depth distribution increased
in nine lakes, but did not change in two lakes. The
coverage of macrophytes increased in seven lakes
and was unaffected in three lakes.

DiIscusSION

Our study confirms the findings from many
investigations around the world that significant
effects on lake water quality can be obtained by an
adequate fish removal (Carpenter and others 1985;
Jeppesen and others 1990; Hanson and Butler
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Figure 6. The relative
changes in fish stock based
on catch per unit effort
(CPUE) on weight (kg fish
per net) and number
(number of fish per net)
following removal of more
than 200 kg fish ha™":

(upper left): total CPUE;

(upper right): bream; (lower
left): roach, (lower right):
perch (number of

lakes = 14). See also
Figure 2.
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1994; Meijer and others 1999; Mehner and others
2002). The relatively large number of lakes in-
cluded in our study exhibit various general patterns
that may, though, be restricted to shallow, nutrient
rich Northern temperate lakes. Also, in other lake
types other mechanisms may prevail (Jeppesen and
others 2007). Although our study does not deter-
mine the required extent of removal to establish
strong cascading effects, it does support the
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Figure 7. Changes in the
number of species,
maximum depth
distribution, and cover of
submerged macrophytes
after the fish removal
(number of lakes = 10—
15).
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recommendations by Jeppesen and Sammalkorpi
(2002) and Olin and others (2006) that preferably
more than 200 kg ha™' fish should be removed
within a few years from nutrient rich lakes to ob-
tain notable effects. However, as fish removal was
frequently conducted for more than 3 years in our
study lakes, it cannot be excluded that the observed
effects were triggered by continued fish removal for
some lakes.
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Suspended solids and Secchi depth were the
variables most significantly affected by fish
removal. This confirms that the reduction of bent-
hivorous fish should be an important target in bi-
omanipulation projects (Drenner and Hambright
1999), because benthivores increase sediment
resuspension and the concentrations of SS as well
as phytoplankton biomass via their search for food
in the sediment (Breukelaar and others 1994; ter
Heerdt and Hootsmans 2007; Roozen and others
2007). As most of the Danish study lakes were
shallow and easily influenced by wind the effect of
bream removal may also be indirect, as suggested
by Scheffer and others (2003) who found that the
presence of benthivorous fish in a large Dutch lake
could prevent sediment consolidation that would
otherwise decrease resuspension in windy periods.
The persistently lower bream biomass after the fish
removal may thus be the main reason why the
concentrations of SS remain low in most lakes and
why improvements in Secchi depth seem to last
longer than a reduction in Chla. In contrast, the
return of roach may explain the short impact per-
iod recorded for zooplankton with fewer Daphnia
and reduced phytoplankton grazing (as indicated
by reduced zooplankton:phytoplankton ratios)
after some years with high Daphnia abundance and
high grazing. The faster recovery of the roach
population after biomanipulation compared to
bream may be related to successful breeding of
roach in most years, whereas the success of bream
fluctuates more in Danish lakes (authors’ unpub-
lished results). Moreover, bream typically
dominate in hypertrophic lakes and roach at
intermediate nutrient concentrations (Jeppesen
and others 2000), and in the long-term roach are
therefore expected to be less sensitive to bioma-
nipulation-related changes in the fish stock at the
prevailing nutrient levels in the study lakes.

Chlorophyll 4 and the biomass of phytoplankton
were significantly affected the first 6-8 years after
removal, but then approached pre-restoration lev-
els. The biomass of cyanobacteria and hence also
the potential toxin production declined markedly
in several lakes, which is often regarded as a spe-
cific criterion for successful biomanipulation
(Hansson and others 1998). Cyanobacteria are
considered resistant 10 zooplankton grazing when
abundant (Fulton and Pearl 1988; Chen and others
2007), but our results and similar data from Finnish
biomanipulation projects (Olin and others 2006)
suggest that cyanobacteria dominance is not an
obstacle to successful biomanipulation of lakes. The
relative importance of cryptophytes increased after
the fish removal, supporting the observation that

the grazing impact on phytoplankton was stronger
in the initial years following fish removal, as
cryptophytes tend to dominate in systems charac-
terized by high zooplankton grazing (Schriver and
others 1995).

Recovery of submerged macrophytes is impor-
tant for maintaining a clear water state in shallow
lakes and it is regarded as one of the main reasons
that biomanipulation seems ro be more successful
in shallow than in stratified lakes (Benndorf and
others 2002; Mehner and others 2002). In this
study the coverage and the maximum depth of
submerged macrophytes increased in most, but not
all, lakes. Delayed recovery despite improved light
conditions may be due to grazing by water-
fowl—and possibly also by fish—impeding macro-
phyte recolonization (Sendergaard and others
1996; Lauridsen and others 2003; Hilt 2006). From
investigations in a Dutch peat lake ter Heerdt and
Hootsmans (2007) concluded that high turbidity
caused by benthivorous fish in combination with
waterfowl grazing were the main causes for the
absence of submerged macrophytes. How often
waterfowl] grazing acts as a limiting factor for col-
onization of submerged macrophytes after fish re-
moval cannot be determined and is probably also
lake specific and influenced by morphometry and
the duration of the eutrophication period. How-
ever, the relatively fast recolonization of macro-
phytes seen in many lakes in this study indicates
that waterfowl usually do not prevent their rees-
tablishment.

An important side effect of biomanipulation in
shallow lakes where clear water is established is
decreased concentrations of both phosphorus and
nitrogen. In our study the concentrations were
reduced to about 50% of the previous levels. This
has also been seen in other shallow lakes shifting
between the clear and turbid state (Sendergaard
and others 1990; Hargeby and others 2007; Ibelings
and others 2007). There are several potential
mechanisms behind the increased retention. Thus,
with reduced phytoplankton biomass the concen-
trations of organic bound nitrogen and phosphorus
decrease as well (Jeppesen and others 1998),
impacting TP and TN concentrations and therefore
also the retention percentage. If submerged mac-
rophytes re-establish enhanced growth of periph-
yton may increase phosphorus retention (Dodds
2003) and the co-precipitation of phosphorus with
CaCO; (Hartley and others 1997). Another mech-
anism is increased benthic primary production
(Jeppesen and others 1998; Sendergaard and oth-
ers 2005; Tarvainen and others 2005; Spears and
others 2007), resulting in an increasing uptake of
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phosphorus and nitrogen {rom the sediment, which
reduces the pool of nutrients that may be released
to the water column (Hansson 1989). Larger ben-
thic primary production will also more -easily
establish well-oxidized conditions at the sediment
surface, leading to a higher phosphorus retention
capacity due to increased presence of oxidized iron
hydroxides (Mortimer 1941; Penn and others
2000). Increased retention is important not only for
the lake itself, due to the creation of self-reinforcing
effects, but also for the loading of possible down-
stream aquatic areas. On the other hand, high
phosphorus retention constitutes a potential risk
that the lake may be more heavily influenced by
internal release of phosphorus from the sediment if
a return to turbid conditions should occur
(Sendergaard and others 2007). This is because the
sediment stores more phosphorus during the period
with improvements than it would have done
without biomanipulation.

An important question concerning biomanipu-
lation is the long-term perspective. Is biomanipu-
lation a one-time intervention or must it be
repeated? Some case studies clearly demonstrate
that short-term effects may be easier to obtain than
long-term maintenance of clear water effects (Van
de Bund and Van Donk 2002; Sgndergaard and
others 2007). In our study the effects were highly
positive for most of the investigated variables dur-
ing the first 2-6 years; however, long-lasting or
permanent effects seem more difficult to obtain as
only a few variables showed significant effects for
more than 8-10 years. The number of lakes with
data series exceeding 10 years is, however, modest,
rendering the prediction of long-term perspectives
uncertain. Particularly Chla tends to increase again,
which reduces the probability of a permanent shift
to a clearwater state. Also, the ‘survival analyses’
show a relapse after a number of years and indicate
that maintenance ol lower concentrations of SS
and increased Secchi depth is more probable than
lower phosphorus concentrations and reduced
phytoplankton biomass. The tendency to a return
to turbid water has also been found in other studies
(Mehner and others 2002), suggesting that repeti-
tive removals may be required to maintain the
clearwater state, at least in lakes with relatively
high nutrient concentrations as those included in
our study. However, the follow-up removals may
likely be more moderate, as the bream stock, on a
weight basis, seems to be affected in the long-term
and as the body size of perch and roach increases
after removal, this being a typical sign of a more
healthy fish community in north European tem-
perate lakes (Jeppesen and others 2000). Given the

positive effects of submerged macrophytes on lake
water quality in shallow lakes {(Jeppesen and others
1997), the establishment of a substantial coverage
of a stable macrophyte community most likely will
increase the chance of more permanent improve-
ments. However, we do not have sufficient data
from this study to determine whether the occur-
rence or absence of long-term effects can be related
to the disappearance of macrophytes.

A reduction of the phosphorus concentration
and the external phosphorus input has been
deemed essential to obtain enduring effects, as the
probability for obtaining and maintaining positive
effects increases at decreased phosphorus concen-
trations. Equilibrium concentrations below 0.05-
0.1 mg P 1I”! have been recommended (Jeppesen
and others 1990; Jeppesen and Sammalkorpi
2002). Unfortunately, the data from our study do
not allow us to determine the level to which
loading should be reduced to obtain longer lasting
or enduring effects, as all fish removals, except
four, were undertaken in lakes with phosphorus
concentrations above 0.1 mg P 17" Consequently,
the main reason for the relatively poor long-term
success and the tendency to a return to pre-res-
toration phosphorus levels is probably that nutri-
ent input levels are too high. At a sufficiently
strong reduction of the external loading the actual
necessity of conducting fish removal ought to be
carefully considered as fish communities often
respond relatively fast to lowered loading by a
decline in fish biomass and an increase in the
proportion of piscivores (Jeppesen and others
2005). The mobile phosphorus pool in the sedi-
ment and the probability that internal phosphorus
loading will regulate lake concentrations likely
also decide whether permanent effects can be
created, as demonstrated by the increased phos-
phorus concentrations at the shift from clear to
turbid water (Sendergaard and others 2007).
Another reason for unstable clear water conditions
after biomanipulation in shallow lakes is the
risk that the community of submerged macro-
phytes—provided that they return—will be dom-
inated by a few, nutrient tolerant and fast growing
species, such as Elodea canadensis which is known
to exhibit large inter-annual fluctuations (Rerslett
and others 1985; Strand and Weisner 2001;
Sendergaard and others 2007). Such macrophytes
may be less suited to stabilize permanent clear
water in the long term. As demonstrated by long-
term studies in Northern Europe, only 1 year of
unfavorable conditions for macrophytes, where
they miss their ‘window of opportunity’, may lead
to their disappearance and a return to turbidity
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(Blindow and others 1993; Van de Bund and Van
Donk 2002; Sendergaard and others 2007).

In sum, the results from 36 shallow Danish lakes
in which fish removal has been conducted clearly
demonstrate that substantial effects on all trophic
levels may be achieved for multiple years if an
adequate amount of planktivores is removed. Our
results also suggest that fish removal mainly should
be regarded as a management tool to be repeated
rather than as a one-time intervention—at least at
the nutrient levels exhibited by the lakes in our
investigation. As time series beyond 10 years after
biomanipulation are only available for a limited
number of lakes, our conclusions as to long-term
effects are relatively uncertain.
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