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INTRODUCTION

Curly leaf pondweed (CLP) (Potamogeton crispus) is an exotic aquatic plant that has become widely distributed in the U.S.  CLP has an unusual life cycle and typically undergoes a dramatic die-back in mid to late June or very early July.  Because of this, CLP has the potential to release significant amounts of phosphorus to the water column during the early summer.  This released phosphorus can then help support summer algae blooms.  I reviewed a variety of information on this topic to help assess this phosphorus source. 
PHOSPHORUS CONTENT OF CLP

The reported phosphorus (P) content of CLP varies widely.  Bolduan et al. (1994) provide an extensive review of CLP research, including data on P content.  A range of values from 0.12% to 0.80% was reported (n = 11), with a median of 0.32%.  Additional reported CLP P contents include:

-  0.17%, 0.20%, James et al. 2007, McGinnis Lake, WI, north lobe, south lobe
-  0.44%, James et al. 2002, Half Moon Lake, WI

-  0.22%, James and Owens 2006, Shawano Lake, WI

-  0.23 – 0.49%, Vlach and Barten 2007, 4 sites in Medicine Lake, MN

-  0.26%, Roesler 2008, Chetac Lake, WI

A possible reason for some of the range of P values is the frequent presence of mineral encrustations containing P on CLP leaves.  One study that analyzed CLP encrustations found they were primarily calcium (probably as CaCO3), but also contained 2.64% P (Allenby 1981 in Bolduan et al. 1994).  That is over 8 times the median P value reported for CLP.  The same study found a 21% reduction in CLP P content when plant tissue was initially washed in weak acid.  Waisel et al. (1990 in Bolduan et al. 1994) reported encrustations reaching up to 80% of the leaf dry weight.  
To put the potential influence of encrustations into perspective, if CLP tissue P content is 0.20% as is sometimes reported, then an encrustation that is only 8.9% of leaf weight can double the overall P content to 0.40%.  If tissue P content is 0.32% (the median above) and encrustations are 80% of leaf weight, the overall P content is 1.2%, nearly 4 times higher. 

Due to the variability of reported CLP P content, it appears that any P mass budgeting for CLP may require site specific P content analysis.  The issue of encrustation influence on CLP P content may also need attention.  Analysis of both water rinsed and acid rinsed CLP samples may be able to separate the 2 sources of P.  This may still leave the question of relative availability of the 2 sources following CLP senescence.  Waisel et al. (1990 in Bolduan et al. 1994) reported that 60% of the phosphorus in encrustations was in unexchangeable forms. 
CLP BIOMASS ESTIMATES 

Reported peak biomass densities for CLP range from 43 g/m2 to 6,410 g/m2 (this latter value from a tropical Australian lake) with a value of 530 g/m2 suggested to be more typical (Bolduan et al. 1994).  Other CLP peak biomass densities reported include:

-  122 g/m2 to 190 g/m2, for 4 southern Minnesota lakes (Woolf and Madsen 2003).  Sampling sites were located in areas of dense CLP growth at water depths of 1.6 meters.
-  151 g/m2 for moderate growth and 243.8 g/m2 for nuisance growth in Cleary Lake, MN (Vlach and Barten 2005)
-  43 g/m2 mean, 166.5 g/m2 maximum, for Shawano Lake, WI in a year of declining CLP (James and Owens 2006) 

-  97 g/m2 from Half Moon Lake, WI (James 2008)
RELEASE OF CLP PHOSPHORUS TO THE WATER COLUMN

CLP biomass estimates are usually coupled with P content analyses to determine the total P mass that is available for potential release following senescence.  

James et al. (2002) (Half Moon Lake, WI) estimated P loss from CLP by suspending CLP tissue in mesh bags (2 mm dia. mesh size) near mid depth in a lake and measured loss of mass and P over time.  CLP tissue was also placed in filtered lake water which was monitored for soluble reactive phosphorus over time to estimate rates of P leaching.  The loss of P from CLP was greatest during the first week of decomposition with 40% of the P loss occurring during the first 2 days.  Leaching of soluble P from plant tissue into the water was greatest during the first 24 hours of decomposition.  Within 30 days nearly all the P mass was lost from the mesh bags.  The equations for phosphorus release rates determined in that study were also applied to Shawano Lake, WI (James and Owens 2006) and McGinnis Lake, WI (James et al. 2007).

This approach assumes that nearly 100% of CLP content is contributed to the water column following senescence.  There is probably some uncertainty to the validity of this assumption.  The methods used may not mimic natural conditions.  The CLP tissue was air dried for 3 days prior to placing it in the lake, which could alter decay and leaching rates.  The CLP tissue was suspended at mid depth in the lake and all P loss was assumed to contribute to water column P. Naturally senescing CLP generally settles to the lake bottom where a substantial portion of decomposition probably occurs.  This increases the potential for P capture by the sediment.  Berg (2008) (Chetac Lake, WI) found that one month after CLP senescence, rake samples from 69% of  CLP sites still contained either live or partially decomposed CLP.  Also, filamentous algae are often abundant on and near senescing CLP and may capture a significant fraction of the released P.  Periphyton on the remaining plant community is also likely to capture some of the released P.
Some lake studies have observed fairly rapid increases in lake P concentrations following CLP senescence or die-off, which is consistent with the findings of James et al. (2002).  Cleary Lake showed substantial increases in P concentrations during 2 seasons within 10-14 days following CLP senescence (Vlach and Barten 2007a).  Water column increases in P concentrations near dense aquatic plant beds were observed in Shawano Lake following senescence of CLP (Turyk 2008).  Median P concentrations were 30-50 ug/l before senescence, about 76 ug/l immediately following senescence, and back to 30-50 ug/l two weeks later.    
In Cleary Lake fairly rapid declines in lake P concentration (66-100% of the increase) also occurred 4-14 days following the increases.   This suggests that these P concentration spikes can be fairly short-lived in some lakes.

Medicine Lake showed a substantial increase in P concentration 14 days after a May 2004 herbicide treatment of CLP (Vlach and Barten 2007b).  However, lake profile data showed mixing of a P- rich deep water layer had occurred at the same time and could have been the source of the P increase.  No P increases were observed following CLP herbicide treatments in 2005 and 2006.  Less CLP was present in those years compared to 2004.  
Half Moon Lake showed a substantial increase in lake P concentration following CLP senescence (James et al. 2002).  However, sediment P release rates were increasing at about the same time.  Lake P concentrations continued to climb in July and stayed high through September.
The south lobe of McGinnis Lake (James et al. 2007) had CLP beds with enough P content to increase water column P concentrations by about 30 ug/l.  However, only a 3 ug/l water column P concentration increase occurred between early June and early July.  Bottom dwelling filamentous algae was noted to be present in early July.  The McGinnis Lake study was one of the more intensively monitored studies, with estimates of all P inputs made, including sediment P release.  The fact that only about 10% of the CLP P mass ended up in the water column raises serious concerns about the approach of assuming that 100% of CLP P mass does so.   A 12 ug/l decline in water column P concentration also occurred between early July and late July, again suggesting P spikes caused by CLP senescence are fairly short-lived. 

Two lake studies developed detailed summer P budgets that assessed all P sources, including CLP decomposition.  For Half Moon Lake (125 acres, maximum depth of 13 ft.), CLP decomposition was estimated to be 20% of total summer (June-August) P loading (James et al. 2002).  In the year of the study 1/3 of CLP biomass had been removed by harvesting prior to senescence.  Sediment P release for Half Moon Lake was estimated to be 42% of summer P loading. 

For McGinnis Lake, CLP decomposition was estimated to be 5% of the summer (May-Sept) P load in the north lobe of the lake, and 65% of the summer P load in the south lobe of the lake (James et al. 2007).   
LAKE RESPONSES TO CLP CONTROL
Cleary Lake 
Cleary Lake has undergone intensive CLP control efforts with the goal of improving water quality (Vlach and Barten 2007a).  Cleary Lake (143 acres, maximum depth of 9 ft.) had a winter drawdown starting in October 2003.  The fish population of the lake was also eliminated with a rotenone treatment in the fall of 2003.  A second winter drawdown started in September 2004, which was followed by herbicide treatment of the remaining CLP in May 2005.  Additional herbicide treatments were done in May 2006.  The percent occurrence of CLP in June declined as follows: 2003 – 94%, 2004 – 61%, 2005 – 0%, 2006 – 0%. 
Phosphorus release following CLP senescence (as estimated by lake P increase) was reduced in 2004, compared to 2003, following the first drawdown.  The P release reduction was roughly proportional to the reduction in CLP.  Average lake P concentrations were lower in 2004 than 2003.  
In 2005, following the second drawdown and an herbicide treatment, average lake P concentrations increased substantially.  The greatly reduced presence of all plant species in spring and early summer probably allowed resuspension of sediment and nutrients by wind action.  Interestingly, a substantial increase in lake P concentration (120 ug/l) occurred following the normal period of CLP senescence despite the near total lack of CLP presence.  Despite the high P concentrations, water clarity was good and chlorophyll concentrations were low in 2005.  This was attributed to a huge population of clam shrimp that developed after the drawdowns.  Clam shrimp are very effective filter feeders.  The lake also had a minimal fish population in 2005, because restocking had just occurred that year.  
Lake P concentrations declined substantially in 2006.  Water clarity remained good and chlorophyll remained low during most of the year.  Nuisance densities of coontail and elodea had developed and stabilized the sediment.  Clam shrimp declined, but other zooplankton and a still limited fish population may also have contributed to improved water quality. 

Information on stormwater P loading and sediment P loading were not contained in the Cleary Lake report.  This leaves major uncertainties about the influence these P sources may have had on the observed lake behavior.  The 2003 removal of the fish population further complicates determining how much change can be attributed to CLP removal.  Fish feeding on zooplankton and bottom feeding fish such as bullheads can strongly influence water quality.    
Medicine Lake
Medicine Lake has also undergone intensive CLP control efforts with the goal of improving water quality (Vlach and Barten 2007b).  Medicine Lake (886 acres, maximum depth of 49 ft.) had a series of spring herbicide treatments to control CLP.  About 320 acres of CLP was treated in 2004, 2005, and 2006.  CLP steadily decreased over the 3 years.  Point-intercept surveys showed the % occurrence of CLP in spring declined: 2004 – 87%, 2005 – 37%, 2006 – 22%.  Average stem densities (stems/m2) also declined: 2004 – 558, 2005 – 281, 2006 – 86.
The spring herbicide treatments were effective in reducing CLP.  Percent occurrences before and after treatment were: 2004 – 87% to 11%, 2005 – 37% to 5%. 2006 – 22% to 1%.

The diverse native plant community (15 – 19 species) did not appear to be negatively impacted by the treatments.  However, there was also no significant increase in the % occurrence for most native plant species in response to the reduced CLP densities.  Eurasian water milfoil did show a substantial increase, with % occurrences of 8%, 18%, and 70% during the 3 years.
Monitoring in years prior to treatment, showed Medicine Lake had a characteristic P spike coinciding with CLP senescence at the end of June and beginning of July.  In 2004, the first year of treatment, a 31 ug/l P spike was observed following the treatment in May, but no spike was observed during the normal period of CLP senescence.  Lake profile data collected before and after treatment (Vlach and Barton 2004) suggests lake mixing of deeper, higher P concentration water may have contributed to the May P spike. 
No P spikes were observed following spring treatments in 2005 or 2006, possibly due to the reduced biomass of CLP remaining.  A 45% decline in P was observed following the spring treatment in 2006.  A late June – early July P spike did occur in 2005, but was attributed to a mixing event that brought sediment released P to the lake surface.  A late June – early July P spike was not observed in 2006.

The overall change in water quality resulting from CLP control is not entirely clear and probably somewhat subject to interpretation.  Average May-July P concentrations in 2005 and 2006 (but not 2004) were lower than the 12 year average.  However, average May-September P concentrations for 2005 and 2006 were not significantly different than the 12 year average.  The 2004 average May-September P concentration was one of the 2 highest values over the 12 years.  Average Secchi depth and chlorophyll a concentrations in 2004-2006 were not significantly different from the 12 year average.

Total watershed P loading for 2002-2006 is provided in the report.  No evaluation of sediment P release is given.  Seasonal behavior of Medicine Lake, with highest P and chlorophyll a concentrations typically occurring in August and September suggests sediment P release is an important P source.  This may explain why reductions in CLP P release generally did not significantly improve seasonal average water quality values.
Herbicide treatments of CLP in Medicine Lake cost about $100,000 per year.  After 3 consecutive years of treatment, CLP was still found to be relatively common in the 4th year.  This indicates ongoing treatment may be needed to maintain control of CLP.
Blackhawk and Schwann’s Lakes
Extensive efforts to control CLP were also made on these two Minnesota Lakes.  These lakes are very strongly influenced by urban stormwater runoff.  Because of this, it was concluded that it was not possible to assess the effects of CLP control on lake P concentrations (MacBeth 2008).   
CONCLUDING COMMENTS       

The measured P content of CLP is fairly variable.  Mineral encrustations on CLP are reported to have a high P content and may be one source of the variability.
Recent CLP biomass estimates from Wisconsin and Minnesota Lakes range from 43 to 244 g/m2.  Higher CLP biomass estimates have been reported elsewhere.
Estimating CLP P mass requires lake-specific CLP biomass and CLP P content measurement.  Some studies estimate that nearly 100% of CLP P is released to the water column during senescence, but this has not been clearly demonstrated.  In the case of one lake (McGinnis Lake), only about 10% of the CLP P mass appeared to contribute to the water column P concentration. 
Lake P concentration spikes following shortly after CLP senescence have been frequently documented.  It appears they may be short lived (2-4 weeks) in some lakes.

Only a few cases were found where CLP control was done to try to improve lake water quality.  None of them provided any clear evidence that this could be accomplished.  It was usually not possible to clearly separate the effects of CLP P release from other complicating factors such as changes in the fish/zooplankton community, drawdowns, or P inputs from stormwater inflow and sediment P release.   

Future studies to assess CLP  P release impacts on lakes need to accurately assess other P sources such as external P inputs and sediment P release.  Selection of lakes that are minimally influenced by these P sources would be helpful.  Increased frequency of lake P monitoring (at least weekly) near the time of CLP senescence would also be desirable. 
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