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Introduction 

 It has long been understood and emphasized that nutrients regulate 

aquatic productivity.  Phosphorus and nitrogen are recognized as key nutrients 

for phytoplankton growth and are often responsible for the eutrophication of 

surface waters.  Schindler (1974) unequivocally demonstrated this with his 

eutrophication of lake 227 in the experimental lakes area of Ontario Canada.  

Phosphate and nitrate were added to the lake and with in weeks the lake was 

transformed into a “teeming green soup”. In order to expand on the results from 

lake 227, and additional experiment was conducted in lake 226.  The lake was 

divided at narrow section by a sea curtain and then additions of nitrogen and 

carbon were equally added to both basins; phosphorus was only added to one 

basin (Schindler 1974).  Within four months the basin that had received the 

phosphorus additions was covered with a bloom of the blue-green alga 

Anabaena spiroides, while the basin that had only received nitrogen and carbon 

had phytoplankton assemblages and densities that were similar to that at the 

start of the project.  These classic studies have become the benchmark of what 

is expected from high nutrient loading particularly of phosphorus into aquatic 

ecosystems.  Furthermore, recent investigations have clearly shown that 

simultaneous additions of nitrogen and phosphorus almost always have a 

synergistic effect (Elser 1990).   

 A large number of lakes in North America and Europe have been 

degraded by eutrophication problems as a result of high nutrient loading 

particularly from sources such as sewage effluent.  In the United States, both 

 2



Draft Final Report: Lake Elsinore Recycled Water Project  11/10/04 
_____________________________________________________________________________ 

Lake Erie and Lake Washington are considered success stories for lake recovery 

after the diversion of nutrient-rich sewage effluent (Egerton 1987, Edmondson 

1991).  The lakes responded positively and quickly to the reduction in external 

nutrient loading.  It has been observed that a rapid recovery by simply diverting 

nutrient rich inflow is normally a characteristic of deep lakes while shallow lakes 

have often shown significant resistance and long delays in recovery.  The 

recovery of shallow lakes is often delayed by internal loading, delayed changes 

in the fish community and the continued lack of macrophytes (Beklioglu et. al. 

1999).   There is evidence that internal loading is linked with biological resilience 

and if the biological resistance to change is overcome it can lead to decreased 

internal nutrient loads (Jeppesen et al. 1997, 1998).  

 Shallow lakes are often characterized by the alternative stable states 

theory, which is presented and advocated by Brian Moss (1998).  The theory 

describes two stable states for shallow lakes: one is a turbid state dominated by 

phytoplankton biomass, and the other is a clear water state dominated by aquatic 

macrophytes.    Both of these states can exists over a wide range of nutrient 

levels, from 24 µg/L to several mg/L total phosphorus (Moss 1998).     The clear 

water state is generally the more desirable state.  The beds of aquatic 

macrophytes are key in promoting the clear water state.  Plant communities 

provide refuge for large bodied zooplankton, which in turn graze down the algal 

population and help maintain the clear water (Moss 2003).  The macrophyte 

communities also provide habitat for fish, yielding a water body that is typically 

more aesthetically valuable than turbid, phytoplankton-dominated lakes.  It is 
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possible to maintain the clear water state in the presence of considerable 

external nutrient loading, but as the nutrient concentrations increase the stability 

of the system decreases and the lake is more vulnerable to perturbations that 

may drive the system to phytoplankton dominance (Scheffer et al., 1993).  Once 

the switch from higher plant to algae is in place, the phytoplankton are able to 

rapidly take advantage of the abundant nutrients.  They are able to grow at lower 

temperatures earlier in the year and due to mixing usually receive more light than 

rooted plants struggling up from the bottom of the lake.  Also, the open water of 

this system provides little refuge for large bodied cladocerans; fish easily prey 

upon them.  Consequently, in a phytoplankton dominated system there is little 

possibility that zooplankton community will be able to graze down algal crops 

(Moss 1998).  Unfortunately, once a lake has been driven to the phytoplankton-

dominated system, it can be quite difficult and expensive to pursue management 

and restoration efforts.  A system with too many nutrients and the lack of 

biological resilience is the fate of many lakes.                           

 Lake Elsinore is a shallow polymictic lake, located in the city of Lake 

Elsinore in Riverside County, California.  Lake Elsinore is a phytoplankton 

dominated lake with no substantial macrophytes growth; it has been subject to 

poor water quality conditions including very low transparency, high chlorophyll 

concentrations and periodic fish kills.  The fish community is primarily composed 

of common carp.  The lake is also subject to significant evaporative losses (1.42 

m/yr), which has served to aggravate existing water quality problems such as 

internal loading. The significant evaporative losses and the lack of regular water 
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supply have created a situation in which the lake level fluctuates widely.  The 

large evaporative losses and lack of regular inflows and flushing have increased 

the salinity to levels where the lake borders between a fresh and brackish water 

system creating several biological challenges.  Prior research reveled that the 

water quality in Lake Elsinore is strongly tied to the water supply for Lake 

Elsinore.  In an arid environment like southern California, freshwater resources 

are scarce.  The most readily available source of water for Lake Elsinore is 

recycled wastewater from the near by City of Lake Elsinore and neighboring 

communities.  As a result, a 2-year pilot project was conducted to evaluate the 

effects of recycled wastewater additions to the lake.   

The objective of this study, then, was to determine the impacts of recycled 

water on the overall water quality of the lake, especially on nutrient 

concentrations, algal biomass, transparency and dissolved oxygen levels.   This 

document summarizes the results from water quality monitoring at Lake Elsinore 

from June 2002 – June 2004.   

 

Methods 

Sampling locations 

Ten sampling sites located on the lake and three sites located in the 

recycled water delivery channel were regularly sampled (Fig 1). Sites 3, 8, and 9 

are long-term sampling locations of the local Regional Water Quality Control 

Board.    Additional lake sampling sites were chosen based upon predicted 

dispersion of the recycled water in the lake.  Three sites in the recycled water 
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Fig. 1. Lake sampling sites (shoreline from July 7, 
2003 survey). 

delivery channel were also included in 

the sampling, with site 13 located near 

the outflow of the wastewater 

treatment plant (not shown), site12 

midway between the treatment plant 

and the lake (not shown), and site 11 

at the point of discharge into the lake 

(Fig. 1).  After one year of sampling it 

was decided that there was little 

variability between sampling locations 

and sites 1, 4, 5 and 7 were discontinued.  

Sampling at Lake Elsinore began two weeks prior to the initial start up of 

recycled water additions.  During this preliminary two weeks and the following 

four weeks (i.e. the first 6 weeks) the lake was sampled three times per week 

(Monday, Wednesday, Friday) with Hydrolab cast conducted on each day and 

water samples collected only on Wednesday.  The following four months the lake 

was sampled weekly for both Hydrolab data and water samples; in January 2003 

the sampling frequency was reduced to biweekly.      

 

Field Sampling and Measurements 

 Water quality characteristics were measured at each site using a Hydrolab 

DataSonde 4a.  Hydrolab casts provided temperature (°C), dissolved oxygen 

(mg/L), pH, electrical conductance (mS/cm), turbidity (NTU), and oxidation-
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reduction potential (mV) as a function of depth.  Measurements were made from 

the surface of the lake to just off the bottom at 0.5 m intervals down to 3 meters 

depth and 1-meter intervals at depths greater than 3 meters.   Transparency was 

measured at each site using a Secchi disk.   

Water samples for nutrient analysis were also collected at all sites.    

Depth-integrated surface samples were collected using a 1.8 m Lucite sampling 

tube.   At sample locations 3 meters or greater in depth, discrete samples were 

taken at 3 m and 5 m using a van Dorn water sampler.    Depth-integrated 

surface samples were sub-sampled and stored in dark bottles.   Depth-

integrated, 3 m, and 5 m depth samples were also collected from site 9 for total 

dissolved and suspended solid analyses.  All field samples were immediately 

stored on ice until being returned and processed in the lab. 

 

Laboratory Measurements 

 Water samples were analyzed for soluble reactive phosphorus (SRP), 

NO3-N and NH4-N following filtration through a 0.45 µm polycarbonate filter and 

acidification with 50% H2SO4 to pH <2.  Acidification effectively converts SRP to 

total dissolved ortho-phosphate, although a formal digestion was not conducted, 

so we will retain the SRP description.   Samples for the analysis of total nitrogen 

were processed according to standard method 4500-N C (APHA 1998); total 

phosphorus samples were digested using persulfate oxidation method of 

Valderrama (1981).  All nutrient samples were analyzed colorimetrically on an 

Alpkem Autoanalyzer following standard methods (APHA 1998).   Chlorophyll 
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samples were analyzed according to standard method 10200 H.3 (APHA 1998) 

which involves a six-hour acetone extraction procedure with samples read on a 

fluorometer with an excitation 430 nm wavelength of and emission wavelength of 

663 nm.  Total dissolved and suspended solids were determined using standard 

methods 2540 C and 2540 D (APHA 1998).    

 

Model Calculations 

 Water quality data were fit to a number of simple empirical relationships. 

For example, to understand how chlorophyll concentrations may respond to 

nutrient concentrations in the lake over time, the data was fit to four equations 

that have been used to predict chlorophyll concentrations based on total nutrient 

concentrations.   

Dillion and Rigler (1974) developed a simple empirical equation to predict 

summer chlorophyll concentrations (Chl a) from the TP concentration (TP) in the 

lake at spring turnover: 

                              log Chl a = -1.136 + 1.449 log TP                                     (1) 

Similarly, the equation from Jones and Bachmann (1976) was primarily based 

literature values on summer total phosphorus and chlorophyll a concentrations 

from 143 lakes covering a broad range of trophic levels:  

                               log Chl a = -1.09 + 1.46 log TP                                           (2) 

Walker (1999) found reasonable agreement between Chl a and TP using:   

              Chl a = TP1.37/4.88                                  (3) 
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The final equation applied to the Lake Elsinore data was developed by Canfield 

(1983) from 165 Florida lakes in which he measured TP, TN and chlorophyll a 

concentrations over the entire year.   

Log Chl a = -2.49 +0.269 log TP + 1.061 log TN               (4) 

 Additionally, in order to identify the relative influence and relationship of 

various measured parameters, diagnostic criteria were calculated following 

Walker (1999). From a large dataset of Army Corps of Engineers reservoirs 

throughout the country, Walker (1999) defined non-algal turbidity T (m-1) as 

                                          T = 1/ ZSD – 0.025 Chl a                                            (5) 

where ZSD is the Secchi depth (m) and Chl a is the chlorophyll concentration 

(µg/L).  Low T-values (< 0.4 m-1) indicate low non-algal turbidity, thus 

allochthonous particulates are unimportant and the algal response to nutrients is 

expected to be high.  Conversely, when T >1 m-1, the non-algal turbidity is high, 

suspended sediment and other particulates are important, and the algal response 

to nutrients is expected to be low.   

Non-algal turbidity (T) and mixing depth (Zmix) was also found to provide 

an index of light availability due to non-algal turbidity (Lnon-algal):   

                                               Lnon-algal = Z mix T                                                 (6) 

The mixed layer depth should be the routine mixing depth of the system, which 

upon inspection of the dissolved oxygen and temperature data for Lake Elsinore 

is thought to be about 2 meters.  The results from the ACE reservoirs (Walker, 

1999) suggest that a value of Lnon-algal <3 indicates that light availability is high, 

non-algal turbidity is unimportant and there is likely to be high algal response to 
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nutrients.  A value greater than 6 implies low light availability, non-algal turbidity 

is important and the algal response to nutrients will be low, indicating the system 

will be at least partially light-limited.   

 The two previous equations specifically addressed potential light 

limitations due to non-algal turbidity; under some circumstances, self-shading by 

phytoplankton themselves can limit overall algal production in the water column.  

The potential light limitation due to organic and inorganic turbidity (L total) more 

completely evaluates the impact of light availability because it accounts for the 

possibility of phytoplankton self shading and is defined as      

                                                 Ltotal = Zmix / ZSD                                                (7)      

As with the equation describing light limitation due to non-algal turbidity (eq 6), a 

value of less than 3 suggests that light availability is high, and a significant algal 

response to nutrients is expected; a value of Ltotal greater than 6 indicates that 

light availability is low and that a reduced algal response to nutrients is expected 

(i.e., some light limitation). 

Walker (1999) also defined a relative chlorophyll concentration factor (FChl) 

FChl a = Chl a /TP                                                (8) 

where, as previously defined, Chl a and TP are the observed chlorophyll and 

total phosphorus concentrations, respectively.  According to Walker (1999), 

diagnostic a value of FChl less than 0.13 is a sign of low phosphorus response, 

indicating that chlorophyll production is limited by another factor.  Alternatively, 

an FC value greater than 0.4 indicates high phosphorus response by 
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phytoplankton suggesting that other factors are relatively unimportant to 

phytoplankton growth (i.e. the lake is phosphorus limited).     

 

Use of RWQCB Data 

 The Santa Ana RWQCB developed a valuable dataset for the period June 

2002 – May 2002 when the lake elevation was near 1240’ (378 m). To make this 

recycled water monitoring program compatible with the earlier monitoring 

campaign of the RWQCB, the 3 main RWQCB sites have been retained in this 

study. The cumulative water quality record from 2000-2004 will be presented and 

discussed in the following section to maximize insight gained from these efforts. 

The principal exception to this will be the presentation of the Hydrolab data, 

where the higher sampling frequency afforded greater insight into short-term 

temporal trends. 

 

Results  

Temperature 

 Temperature profiles measured at site 9 (the deepest sampling location) 

were used to create a temperature contour plot spanning the two years of 

monitoring.  The lake showed strong seasonal differences in temperature, with 

daytime surface summer water temperatures reaching 29 – 30 °C, while the 

lower water column was typically 25 – 27 °C (Fig 1).  A transition to cooler 

temperatures began in the fall, with the temperature cooling to approximately 20 

°C in October.  Water column temperatures then cooled further, with 
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temperatures ranging from 12 –14 °C during the November to March period (Fig 

1).  The lake generally began warming in April, with modest stratification present 

over this time period.   Strong heating and stratification was also observed in late 

May to early June 2004 (Fig 1).     Overall, however, the lake displayed similar 

trends for both 2003 and 2004.  

 

 

Figure 1. Temperature profile over time:  site 9. 

 

Dissolved Oxygen 

 Dissolved oxygen concentrations have varied dramatically over the past 2 

years.  During the summer of 2002, the 0 – 1 meter depth was well oxygenated 

with DO concentrations of 7 – 10 mg/L (Fig 2).  Below this depth however, DO 

levels were very low throughout the summer and into the fall.  In August 2002 

there was significant oxygen depletion across the lake that resulted in a fish kill.   
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The lake began to mix and distribute DO through the water column in October 

and November 2002; the lake had higher but still slightly reduced DO 

concentrations (5 mg/L) near the sediments relative to the surface DO levels of 8 

– 10 mg/L (Fig 2).  This period of mixing and aeration was followed a sharp 

decline in DO throughout the water column in early December 2002.  The 

conditions during the winter of 2003 were generally well oxygenated.  The 

summer of 2003 was again marked by reduced DO concentrations through most 

of the water column at site 9 (Fig 2).  Associated with cooling temperatures 

during October – November of 2003, the lake began to mix and DO 

concentrations reached 8 – 14 mg/L.  The spring of 2004 resulted in notable DO 

reductions from about 3.5 meters depth to near the sediments, but the surface 

water was still well oxygenated with DO levels of 8 – 10 mg/L.   

 

 

Figure 2. Dissolved oxygen vs. time: site 9. 
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pH 

 The pH of Lake Elsinore has averaged slightly over 9 for the last two years 

although the pH profiles show some vertical and temporal trends (Fig.3).  Late in 

August of 2002 the pH values were as high as 9.6 followed by a very short period 

of reduced pH (8.5) at all three sites.  The pH then increased and remained fairly 

stable at 8.9 – 9.2 from the fall of 2002 through the spring of 2003.  In July of 

2003, there was a curious increase in pH near the sediments up to 9.6 at sites 8 

and 9.  The pH subsequently declined at sites 3 and 8 and was relatively stable 

at 8.7 through August to late November 2003 (data not shown). During this same 

time period, the pH at site 9 oscillated between 8.7 and 9.1 with a small spike to 

9.6 near the sediments in late October 2003 (Fig 3).  The pH was stable at 9.1 

during the winter of 2003 through spring 2004 (Fig 3).  

 

 

Figure 3. pH vs. time: site 9. 
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Electrical Conductance 

 The electrical conductance (EC) varied substantially over the past 2 years 

although it showed very little variability with depth (Fig. 4).  This figure very 

clearly shows the effects of declining lake level on conductance and salinity.  The 

EC increased from about 3.2 mS/cm in June 2002 to 4.1 mS/cm in February 

2003 (Fig 4).  Winter storms and the resulting Canyon Lake spill in late February 

2003 reduced the EC back to range of 3.3 mS/cm and subsequent spring storms 

continued to lower it to approximately 2.9 mS/cm in April 2003.  Evaporation 

during the summer 2003 brought the EC back up 3.6 mS/cm; this was followed 

by a moderate reduction to 3.2 – 3.3 mS/cm due to winter and spring rains in 

2004.   By June 2004 the EC had increased to about 3.6 as a result of the 

continued evaporation (Fig. 4).     

 

 

Figure 4. Electrical conductance (EC) vs. time: site 9. 
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Transparency and Chlorophyll 

 Lake transparency was measured as Secchi depth (ZSD).  The 

transparency averaged about 80 cm in the summer of 2000, declining through 

the winter of 2003 to 40 cm (Fig 5).   Except for a short clear water phase in the 

late spring of 2001, the Secchi depth stabilized at about 40 cm through 2001 and 

the first half of 2002.  Transparencies steadily declined over the late spring and 

summer of 2002, from 30 cm in late June to a minimum of 10 – 14 cm in late 

October.  The transparency increased rather suddenly in December 2002 

following a period of low DO and then continued to increase, albeit modestly, 

throughout the winter, with ZSD stable around 28 cm for much of the summer 

2003 (Fig. 5).  In late summer and fall 2003, transparencies decreased to the 

range of 20 – 22 cm and have remained steady throughout the winter and spring 

of 2004 (Fig. 5).   

 As with the Secchi depth data, the chlorophyll data is plotted as a 

compiled four-year record, with the data from June 2000 – June 2002 provided 

by the RWQCB.  Chlorophyll concentrations have increased steadily from 2000 – 

20002, with maximum concentrations occurring in late summer to early fall (Fig 

6).  Maximum averaged concentrations have increased from almost 100 µg/L in 

2000 to 160 µg/L in 2001 and > 400 µg/L in 2003 (Fig 6).  Chlorophyll 

concentrations were much lower in the late winter-early spring, generally 

averaging 20-25% of the summer maximum levels.  Chlorophyll concentrations 

generally declined from winter 2003 through early summer; the latter half of 2003 
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was characterized by stable chlorophyll concentrations at 200 µg/L (Fig. 6).  In 

2004, concentrations began to oscillate between 100 µg/L and 200 - 250 µg/L.   

 

 

Figure 5. Secchi depth over time (average of sites 3, 8 and 9). 
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Figure 6. Chlorophyll concentration over time (average of sites 3, 8 and 9). 

 
 Figure 7 displays a four-year record of the total dissolved solids (TDS) at 

Lake Elsinore (June 2000 – June 2002 data from RQWCB).  The TDS steadily 

increased from the summer of 2000 through the fall of 2002 due to evaporative 

losses with a peak at 2300 mg/L (Fig 7).  The Canyon Lake spill in February 

2003 caused a significant reduction in TDS to about 1900 mg/L; rains and inputs 

from EMWD further reduced the TDS concentration to the range of 1300 mg/L in 

June of 2003.  Since this time the TDS has ranged from 1300 – 1600 mg/L (Fig. 

7).   

 

Lake Level 

 The maximum depth at Lake Elsinore steadily declined from 2000 - 2002 

due to drought in southern California (Fig 8).  The recycled water additions have 
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not singly been able to keep pace with evaporative losses, although watershed 

inputs including the Canyon Lake spill in February 2003 have kept the lake above 

the minimum depth of 4.5 m encountered in the fall of 2002 (Fig 8).    
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Figure 7. Total dissolved solids over time (site 9). 
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Figure 8. Maximum lake depth over time. 

   

Nutrients 

 The total phosphorus (TP) concentration in Lake Elsinore has generally 

been increasing over the last 2 years (Fig. 9).  The TP concentration was rather 

steady near 0.1 mg/L during the summer of 2000 through spring of 2002.   

However, in the latter half of 2002, the TP concentration steadily increased, to 

0.3 mg/L.  The TP concentration remained high comparatively throughout much 

of the winter although it declined to < 0.2 mg/L in March 2003.  The TP 

concentration increased to about 0.4 mg/L by June of 2003, where it generally 

remained on average through the end of the year.  Concentrations have 

remained near 0.5 mg/L in 2004 (Fig 9).    
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Figure 9. Total P concentrations over time (average of sites 3, 8 and 9). 

 

The average TN concentrations have been quite variable over the last four 

years.  In the summer of 2000 and 2001, the average concentration was 2.4 

mg/L and 3.2 mg/L, respectively, while the winter concentrations were 

approximately 1 mg/L (Fig 10).  The sampling program started in June of 2002 

demonstrated 9 months of TN concentrations steady at about 5 mg/L (Fig. 10).  

Concentrations subsequently decreased to 3.5 – 4 mg/L in April 2003 following 

the Canyon Lake spill and remained low through May.  TN concentrations 

increased from this time through January 2004, with peaks of 10 mg/L at sites 

and 8 and 9 and a peak of 15.4 mg/L at site 3, to yield an average concentration 

of 11.8 mg/L (Fig. 10).  However, during this increasing trend there was 
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considerable variability between the sampling days.  Since January 2004, the TN 

concentration has decreased and remained fairly stable in the range of 5-7 mg/L.   

 

Figure 10. Total N concentrations over time (average of sites 3, 8 and 9). 
 

   Using the TN and TP results from Figures 9 and 10 one can calculate the 

TN:TP results (Fig. 11).  Phosphorus limitation is considered present when the 

TN:TP ratio exceeds 20:1, while nitrogen limitation is generally present the 

TN:TP ratio drops below 10:1.   As one can see, the TN:TP ratio has been quite 

variable over the last four years.   From the summer of 2000 through the summer 

of 2002, there have periods of strong P-limitation (ratios up to 50:1), interrupted 

with periods during the winter of co-limitation (~15:1) and brief periods of N-

limitation (~5:1).   The TN:TP ratio dropped below 20:1 in late November 2002 

and remained near or below this level through January 2003.  The spring of 2003 

was moderately P-limited, but by the summer the lake had shifted to co-limitation 
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that remained through June 2004.  The general trend since June 2002 has been 

moving towards N-limitation (Fig. 11).    

 

Figure 11. TN:TP ratio in lake over time. 

 

  Dissolved nutrient concentrations have remained generally low with the 

composite surface samples and 5-meter depth samples showing similar trends.  

The SRP concentrations were rather low (< 0.05 mg/L) or below detection during 

the summer of 2000.  There was a seasonal increase throughout the winter and 

spring of 2001, followed by a drop below detection during the summer 2001 

growing season (Fig 12).    The SRP concentration averaged 0.05 mg/L for the 

summer of 2002, but remained below detection for the majority of the fall and 

winter of 2003 (Fig 12).  The SRP concentrations increased in March 2003 

following the release of water from Canyon Lake and Eastern Municipal Water 
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District.  The concentration was about 0.04 mg/L in May 2003, the SRP 

continued to increase slightly before it fell below detection for the rest of the 

summer 2003.  There was a trend of increasing SRP with an average of 0.03 

mg/L in the winter of 2003.  The concentrations continued to increase through 

2004 (~ 0.05 mg/L) with increased variability between the sampling days (Fig 12).   

 

Figure 12. SRP concentration over time (average of sites 3, 8 and 9). 

 

 The NO3-N concentration was generally below detection except for a few 

periods (Fig. 13).  The nitrate concentration was consistently below detection 

throughout 2000 and 2001.  The concentration increased to average ~ 0.1 mg/L 

in late summer of 2002.  There was a notable spike in nitrate that ranged from 

0.3 – 0.6 mg/L at the 3 sites in late November (Fig. 13).   The NO3-N 

concentration was below detection for almost all of 2003 expect for the sharp 

increases observed in late March - early April and late November and December.  
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2004 displayed a similar trend but with measurable levels in late March to April 

(Fig. 13).   

 Ammonium – N concentrations have been very similar at the three primary 

sampling sites (Fig 14). Over the period of June 2000 – June 2001, the NH4-N 

concentration fluctuated between 0 and 0.4 mg/L.   The concentrations were 

generally low and only periodically reached 0.4 mg/L or higher from the summer 

of 2001 through 2002.   High concentrations were found in late November 2002, 

coinciding with high NO3-N levels (Fig. 13) and low DO concentrations 

throughout the water column (Fig. 2). The early months of 2003 demonstrated 

low NH4-N concentrations around 0.03-0.07 mg/L.  The latter half of 2003, the 

concentration increased and oscillated near an average value of about 0.3 mg/L 

for the remainder of the year.  The 5-meter depth sample from site 9 was slightly 

higher with an average of 0.45 mg/L (data not shown).  The concentration 

remained stable at about 0.2 mg/L through spring and early summer of 2004 

(Fig. 14).    
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Figure 13. NO3-N concentration over time (average of sites 3, 8 and 9). 

 

 
Figure 14. NH4-N concentration over time (average of sites 3, 8 and 9). 
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Other Lake Sites 

 A number of other sites were also regularly sampled and analyzed for 

nutrients and other water column properties. These sites were clustered near the 

recycled water delivery channel to quantify any local effects on water quality 

resulting from recycled water inputs (Fig. 1). The irregular spacing resulted from 

practical constraints imposed by depth, where it was concluded that a minimum 

depth of 1 – 1.5 m was needed to prevent continued evaporation and loss of 

these sampling sites. 

 Sampling from these sites yielded EC, temperature and other properties 

that were essentially identical to the main sampling sites on the lake; for 

example, t-tests of EC and TP comparing the mean concentrations of the main 

stations (3, 8 and 9) and those near the recycled water channel (e.g., sites 1, 6, 7 

and 10) confirmed that there were no statistically significant difference between 

these two groups. 

 Moreover, flow velocity measurements made using a Sontek Argonaut 

acoustic-Doppler velocimeter (ADV) on June 28, 2003 indicated a rather limited 

extent of the velocity field associated with the recycled water input (Fig. 15).  

Velocities as large as 8 cm/s were recorded at the location where flow actually 

enters the lake; flow then tended to follow the eastern side of the small 

embayment formed near the channel, but dropped to about 2-3 cm/s at the end 

of the “peninsula” where flow enters the main part of the lake. A small clockwise 

gyre was also identified (Fig. 15), as momentum from boat wakes and wind 

waves that wash the eastern shore interacts recycled water flowing in the 
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opposite direction. Importantly, no well-defined velocity field was identified away 

from the recycled water delivery channel; thus, consistent with Hydrolab data that 

showed no substantial plume of lower EC water, recycled water appears to be 

well-mixed into the lake a short distance from its entry location. 
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Figure 15. Velocity field near the recycled water delivery channel (as 
measured on June 28, 2003). 

 
 
Recycled Water 
 
 Throughout the course of this 2-year project the continuous external flows 

to the lake were from recycled water, which was provided by both the Elsinore 

Valley Municipal Water District (EVMWD) and the Eastern Municipal Water 

District (EMWD) (Table 1).  The cumulative additions for EVMWD and EMWD 

were 3,119 and 6,497 acre-feet respectively.  Winter storms in 2003, which 
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resulted in Canyon Lake overflowing its dam, provided a considerable amount of 

water to Lake Elsinore via the San Jacinto River (Table 1).  Excluding this event, 

however, the San Jacinto River was only a minor source of water for the lake.  

Additionally, near the end of the project, pumping of groundwater at the island 

wells began and contributed a total of 980 af to the lake by June 2004.   

  
Table 1.  Summary of flows (af) to Lake Elsinore by reporting period.  
Quarter Date EVMWD EMWD San Jacinto R. Island Wells Total 

1 Jun - Sep 2002 545 0 0 0 545 
2 Oct - Dec 2002 540 0 54 0 594 
3 Jan - Mar 2003 632 1,498 8,493 0 10,623 
4 Apr - Jun 2003 301 0 1,154 0 1,455 
5 Jul - Sep 2003 332 0 5 0 337 
6 Oct - Dec 2003 280 1,467 19 0 1,766 
7 Jan - Mar 2004 230 3,532 58 70 3,890 
8 Apr - Jun 2004 259 0 74 910 1,243 
  Total 3,119 (15%) 6,497 (32%) 9,857 (48%) 980 (5%) 20,453 

   
 

The nutrient concentrations in the recycled water channel have been quite 

variable over the last two years (Figs. 16 and 17).  The SRP concentrations have 

ranged from >4 mg/L in November 2002 and May 2004 and <0.01 mg/L following 

major winter storm runoff and contributions from EMWD (Table 1) in early 2003 

(Fig 15a).  The average SRP concentration at site 11 (furthest downgradient of 

the treatment plant outfall) over the 2-yr sampling period was 2.03 mg/L (Fig 16).  

Site 13, which is nearest the treatment plant, was only slightly higher at 2.27 

mg/L. Dissolved NO3-N concentrations were even more variable with 

concentrations of 20-25 mg/L in the late fall of 2002 that then declined and were 

below 1 mg/L on a number of sampling days (Fig. 17a). Total N averaged 

approximately 4 mg/L over the two years (Fig 17b).  The total nutrients (TN and 

TP) were recovered essentially 100% as dissolved nutrients (Figs. 16  and 17).  
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Figure 156.  Recycled water nutrient concentrations in delivery channel: 
 a) SRP and b) TP. 
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Figure 16.  Recycled water nutrient concentrations in delivery channel:  
a) NO3-N and b)TN. 
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Discussion 

 The information gained over the last two years of sampling especially 

when coupled with the previous monitoring conducted by the RWQCB, provides 

a valuable data set from which to better understand the conditions of Lake 

Elsinore.  The lake has endured major water quality changes in the last four 

years.  In 2000 through the first half of 2002, Lake Elsinore enjoyed relatively 

good water quality; total phosphorus concentrations were fairly stable with a 

mean of 0.12 mg/L although the summer chlorophyll concentrations had 

increased from about 90 µg/L in 2000 to 160 µg/L in 2001.  The lake began to 

show significant changes and decreasing water quality in 2002.  Total 

phosphorus and total nitrogen concentrations were significantly higher in late 

summer of 2002 than in the two previous years and the chlorophyll 

concentrations exceeded 300 µg/L, reaching a maximum of 410 µg/L in October 

2002 (Fig. 6).  These changes coincided with pronounced reductions in lake 

elevations with the maximum depth dropping to 4.5 meters and the mean depth 

dropping below 3 meters (2.95 m) by September 2002 (Fig. 8).  This low lake 

level exposed bottom sediments previously well below the wave-mixed layer 

depth and presumably resulted in greater sediment resuspension and internal 

nutrient loading.  Fortunately winter storms in 2003 increased lake elevation and 

mean and maximum depths, returning to January 2002 levels (Fig. 8).  Recycled 

water flows over this period were modest (Table 1), although nutrient loading was 

significant (Table 2).  Over the course of the project EVMWD contributed 15% of 

the total flow into Lake Elsinore (Table 1), although it contributed approximately 
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58% and 19% of the external TP and TN loads to the lake, respectively (Tables 2 

and 3).   Eastern Municipal Water District and the flow from the San Jacinto River 

contributed 31% and 48% of the flow, respectively (Table 1); the total 

phosphorus contributions from these sources however, were relatively low (Table 

2), although the TN loads were more significant at 46% for EMWD and 37% from 

the San Jacinto River (principally flows from Canyon Lake) (Table 3).   

 

  Table 2.  Summary of external phosphorus loads (kg) to Lake Elsinore by reporting period 
Quarter Date EVMWD EMWD Canyon L. Island Wells Total 

1 Jun - Sep 2002 1,479 0 0   1,479 
2 Oct - Dec 2002 1,798 0 13   1,811 
3 Jan - Mar 2003 1,021 517 2305   3,843 
4 Apr - Jun 2003 520 0 313   833 
5 Jul - Sep 2003 532 0 1   534 
6 Oct - Dec 2003 487 507 4 10  998 
7 Jan - Mar 2004 250 1,220 13 135 1,483 
8 Apr - Jun 2004 920 0 17   937 
  Total  7,008 (58%) 2,244 (19%) 2,667 (22%) 145 (1%) 12,063 

 

Table 3.  Summary of external nitrogen loads (kg) to Lake Elsinore by reporting period 
Quarter Date EVMWD EMWD Canyon L. Island Wells Total 

1 Jun - Sep 2002 2,017 0 0   2,017 
2 Oct - Dec 2002 7,527 0 113   7,640 
3 Jan - Mar 2003 4,748 13,230 39,809   57,787 
4 Apr - Jun 2003 1,188 0 5,409   6,597 
5 Jul - Sep 2003 983 0 10   993 
6 Oct - Dec 2003 2,373 12,956 40 NA 15,369 
7 Jan - Mar 2004 1,938 31,194 122 NA 33,253 
8 Apr - Jun 2004 735 0 155   890 
  Total  21,507 (17%) 57,381 (46%) 45,659 (37%) NA 124,547 

 

The contribution of nutrients to the lake from external sources have 

increased significantly from 2000-2001, when external TN and TP loads were 

5271 and 626 kg, respectively (Anderson 2001). The primary sources were 

recycled wastewater from both Elsinore Valley and Eastern Municipal Water 
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Districts and the Canyon Lake spill.  The total phosphorus and nitrogen loads 

from these sources in 2003 were 7,284 kg and 80,346 kg respectively (Fig. 18).  

These loads represent only approximately 13% and 21% of TP and TN loads, 

respectively, for the nutrient budget in 2003 (Fig. 18), with internal loading based 

upon core-flux measurements made in July 2003.  It is thus reasonable to 

propose that these external loads remain relatively unimportant to the current 

lake water quality.  These external input of nutrients are thought to yield an 

increase in the internal loading rates to due the recycling of the additional 

nutrients that could persist for some time, however.  Thus, impacts from recycled 

water additions could be seen in the lake water quality for some time.  There are 

examples of lakes in which it was not uncommon for internal loading to continue 

for 5 – 10 years after the decrease in external loads (Welch and Cooke 1995).  

Additionally in some lakes the net release rates of internal loading have 

increased for a period of years before eventually declining.   Lake Sǿbygaard is a 

common example demonstrating the importance of internal loading after a 

reduction in the external loading; for more than 20 years after reduced external 

loading the annual TP retention of the lake was negative.  The lake is still 

classified as hyper-eutrophic and current predictions on the longevity of internal 

loading imply that the transition phase from reduced external loading may last 

more than 30 years (Sǿndergaard et al., 1999). 
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a) 

b) 

Figure 178. a) Annual TP load (kg): 2003, b) Annual TN load (kg): 2003. 

 

The increase in the external loading of nutrients to the lake nevertheless 

plays some part for the increased total nutrient concentrations in the lake, but do 

not appear to be directly tied to chlorophyll a levels since the highest measured 

concentrations essentially preceded recycled water inputs (Fig. 6).  Chlorophyll 

concentrations were in fact poorly correlated with total phosphorus (Fig. 19).       
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Figure 18. Chlorophyll a concentration vs. total phosphorus concentrations. 

 

 Although some of the variability in this plot is due to seasonal differences, 

total phosphorus was not a good predictor of chlorophyll and accounted for <1% 

of the variance in chlorophyll concentrations.  Total N concentrations were also 

poorly correlated with chlorophyll concentrations (R2 = 0.15).  Chlorophyll 

concentrations and Secchi depth, however, were positively correlated (Fig. 20).  

Using the full 4-yr dataset, chlorophyll levels were described by an empirical 

model with different slope and intercept terms and a lower R2 value (0.50) than 

an earlier equation fit to a smaller dataset based upon Associated Labs 

chlorophyll analyses that yielded a higher R2 (0.77).  
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Figure 20. Chlorophyll concentration vs. Secchi depth. 

 
 
 These findings (Figs. 18 and 19) indicate that Lake Elsinore does not 

appear to be limited by phosphorus concentrations above about 0.3 mg/L.  To 

explore this further, calculations were made using a number of common 

chlorophyll-TP models as well as the diagnostic criteria of Walker (1999) 

whereby phosphorus, nitrogen, light and other factors can be evaluated.   

Figure 21 presents the average summer chlorophyll concentration and the 

results of four chlorophyll – TP models (equations 1 – 4) for the summers of 

2000-2003.  The model of Dillon and Rigler (eq 1) does an adequate job of 

reproducing the summer chlorophyll concentration in 2000, however, in 2001 and 
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2002 it underpredicts the average summer chlorophyll concentration while 

overpredicting it for 2003 (Fig. 20). 

 

      

Figure 191. Average summer chlorophyll and results of chlorophyll models. 

 

Similarly, the Jones and Bachmann model (eq 2) worked reasonably well 

in 2000, under-predicted the concentration in 2001 and 2002, and then over-

predicted the chlorophyll concentration for the summer of 2003 (Fig. 21).  The 

third model, based on TP from Walker (1999) (eq 3), over-predicted the average 

summer chlorophyll concentration in 2000, was generally within acceptable limits 

in 2001 and 2002 and over-predicted the chlorophyll concentration in 2003 (Fig 

21).  The Canfield model (eq 4), which includes both TP and TN concentrations, 
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did a sufficient job of predicting summer average chlorophyll in 2000 and 2003 

however; it under predicted the concentrations for 2001 and 2002 (Fig. 21). 

 The three models based on TP concentrations all significantly over-

estimated the chlorophyll concentration in 2003, indicating that at TP levels 

similar to those found in Lake Elsinore during the summer of 2003, one would 

expect much higher chlorophyll concentrations than were observed.   This 

suggests that another factor(s) must be limiting chlorophyll production during the 

summer of 2003.  This is supported by a regression analysis incorporating data 

from all four years (2000 – 2003).  This analysis indicated that chlorophyll 

concentrations were not strongly correlated with total nutrient concentrations, 

implying that other factors are influencing the chlorophyll concentration (Table 4).  

Chlorophyll concentrations had the strongest correlations with TDS and lake 

depth.  

Table 4. Regression analysis with chlorophyll 
 Variable R2

TP 0.01 
TN 0.15 

TN:TP 0.03 
Max Lake Depth 0.40* 

TDS 0.42* 
            *significant at p<0.05 

 

In an effort to understand what may be limiting the chlorophyll 

concentration, diagnostic criteria (eqs 4-8) were applied to evaluate the influence 

of factors such as turbidity, mixing depth, and total phosphorus on chlorophyll 

concentrations.  Evaluating the impact of non-algal turbidity and the relationship 

between non-algal turbidity and mixing depth demonstrated that inorganic 
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turbidity plays a small role in Lake Elsinore.  The analysis incorporating mixing 

depth (Z mix) and Secchi depth evaluated light availability in the system (Fig. 22).  

In 2000 and 2001, the lake was not to partially light-limited however, in summer 

2002, in concert with rapid phytoplankton growth, the lake apparently became 

light-limited, most likely as a result of self-shading by the phytoplankton 

community (Fig. 22).  The lake remained light-limited throughout the project.  

This analysis suggests that light limitation was a contributing factor to the 

reduced summer chlorophyll concentrations in 2003.  Additionally, Fig. 23, which 

relates chlorophyll concentrations and total phosphorus, shows that the system 

was generally P-limited and occasionally co-limited from 2000 through fall 2002.  

Then the lake began to steadily move towards non P-limitation. 
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Figure 202. Mixing depth / Secchi over time: evaluating light limitation. 
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Figure 21. Chlorophyll concentration / TP over time: evaluating P limitation. 

 
 

  This is consistent with two other assessments; the TN:TP ratio (Fig 11) 

showed a steady trend towards N-limitation and Figure 22 provides evidence for 

light limitation.  Interestingly, Rhee and Gotham (1981) found that the nitrogen 

requirements for growth increase with decreasing irradiance, indicating that these 

factors together present an even greater challenge to phytoplankton production.  

They also suggest that the simultaneous limitation of light and nutrients on 

growth is greater than the sum of their individual effects.  Furthermore, it was 

found that at Lake Chapala, a shallow natural lake in Mexico, the phytoplankton 

growth was limited by significant turbidity (Lind et al 1992).  Lake Chapala had an 

average Secchi depth of 0.2 meters, which was approximately the mean 
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transparency in Lake Elsinore  (Fig. 5) when light apparently became limiting 

(Fig. 22).    

A shift in the lake towards light- and possible N-limitation may have also 

given a competitive advantage to cyanobacteria.  It is well known that a variety of 

cyanobacteria are capable of N2-fixation (Wetzel 1983); in addition, it has been 

suggested that their buoyancy and ability to absorb light in the yellow – red 

region of the spectrum provide advantages in a light-limited system (Phillips 

2000; Downing 2001).  Downing (2001) also presents evidence that as total P 

increases, cyanobacteria represent an increasing percentage of the 

phytoplankton biomass, suggesting that lakes with a summer TP concentration of 

100 µg/L have an 80% probability of cyanobacterial dominance.  Furthermore, it 

has been suggested that certain species of cyanobacteria such as Oscillatoria 

have a strong preference for well-mixed systems such as Lake Elsinore (Horne, 

pers. comm.)  In  2002, Lake Elsinore’s phytoplankton community began to shift 

towards cyanobacterial dominance, particularly Oscillatoria.  It is hypothesized 

that the increased mixing, due to declining lake level, and increased nutrient 

concentrations initiated growth of Cyanobacteria.  As the lake has shifted 

towards light and nitrogen limitation, Oscillatoria has apparently been able to 

outcompete other phytoplankton species and dominate the lake.  This dominance 

by Oscillatoria represents a shift in the phytoplankton community and a decline in 

water quality compared to the more favorable conditions of 2000 –2001.   
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Conclusions 

Lake Elsinore has undergone a number of water quality changes in the 

last four years.  Factors such as fluctuating lake levels due to competing 

processes of evaporation and watershed inputs (especially the Canyon Lake 

release in 2003), create difficulties in trying to tease out the direct influence of 

recycled water additions over the last two years.  However, the overall dynamics 

offer some interesting points to highlight.  The lake experienced the worst visual 

water quality prior to any significant recycled water inputs.  Additionally, the 

nutrient load from the Canyon Lake release did not trigger a spike in 

phytoplankton production, suggesting that stabilizing the lake level may be of 

greater short-term concern than increasing nutrient concentrations.  This 

effective resetting of the lake level to conditions similar to that in January 2002 

may have played a crucial role in preventing further deterioration of water quality.  

The poorest water quality observed in the lake was more closely associated with 

the declining lake level than recycled water inputs or high lake nutrient 

concentrations.  Furthermore, because the lake seems to have shifted to a light- 

and possibly N-limited system, continued additions of recycled water may not 

have a strong visual impact on the water quality of the lake.  However, prolonged 

and increased external loading will exacerbate long-term internal loading and 

reduced water quality. Ongoing modeling efforts using this 4-yr dataset should 

provide further quantitative insights in the functioning of Lake Elsinore. 
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