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Executive Summary 
 

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

Riverside County in Southern California (33° 39.5’ latitude and 117° 21.0’ longitude). The 

lake has historically been plagued by poor water quality, including algal blooms, low 

dissolved oxygen (DO) concentrations, and occasional fish kills. As a result, Lake 

Elsinore has been listed on the State of California’s 303d list, and is considered 

“impaired” due to nutrients and other factors. As such, the Santa Ana Regional Water 

Quality Control Board (RWQCB) is required to develop a nutrient TMDL for the lake. 

This report summarizes results from research conducted for the RWQCB in support of 

the TMDL development effort for Lake Elsinore. 

The study characterized the sediments within the lake, quantified the rate of nutrient 

release from sediments (i.e., internal loading), and evaluated the rate of sedimentation 

and particulate-bound nutrient deposition. This information was then used to develop 

nutrient budgets for Lake Elsinore for 2000-2001, and served as the basis for water 

quality simulations that evaluated alternate strategies for lake restoration and 

management. 

Three types of sediments were identified within the lake basin, a shallow, sandy 

sediment with little organic matter, found in <4 m of water (type I), a finely textured 

sediment with high organic matter, and high N and P contents, in 6-7 m of water (type 

III), and a transitional sediment at 4-6 m depth with intermediate texture, C, N and P 

contents (type II). The fine, organic (type III) sediment was estimated to occupy 1440 

acres or approximately one-half of the total sediment surface. Type I and II sediments 

each occupied about 25% of the lake bottom.  

Release of nutrients from these sediments was quantified using laboratory core-flux 

experiments and in situ multichamber porewater samplers. Core-flux results 

demonstrated significant release of NH4-N and soluble reactive phosphorus (SRP) from 

the type II and III sediments across a range of temperatures and DO levels. The rate of 

NH4-N and SRP release from the fine, organic (type III) sediments was lowest in the 

winter (25.6±9.3 mg NH4-N/m2/d and 7.0±1.9 mg SRP/m2/d), and increased to maximum 

rates of 101.0±15.9 mg NH4-N/m2/d and 12.0±0.5 mg SRP/m2/d during the summer. 

Internal loading rates of SRP and NH4-N for the type II sediments were comparable to 

those measured for the type III sediments. In situ estimates of internal loading were 

lower that those measured in the laboratory. The higher rate of internal loading found 
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using the core-flux technique was attributed to mineralization of freshly deposited 

surficial material which is not sampled using the peepers. 

Sediment traps deployed at various times and locations across the lake indicated a 

rapid rate of sedimentation within Lake Elsinore. Mass flux rates measured using traps 

deployed mid-depth (~3 m depth) averaged 18.6 g/m2/d, while bottom traps averaged 2-

4x higher, depending upon sampling location. Deposition rates of particulate-borne N 

and P, measured using mid-depth traps, averaged about 150 and 25 mg/m2/d, 

respectively, with no clear seasonal or spatial trends. The properties of the trapped 

material were not vastly different than the bottom sediments, although slightly higher 

total C, organic C, CaCO3, and total N and P contents were generally found in the 

material recovered from the traps relative to bottom sediments. The high rate of 

sedimentation suggests that resuspension of bottom sediments may be operating within 

Lake Elsinore. Further support for this comes from an analysis of chlorophyll and total 

suspended solids concentrations in the water column, where no relationship was found 

(R2=0.01). 

Using the internal loading and sediment trap results, combined with estimates of 

external loading of nutrients, based upon stream flow and nutrient concentrations, and 

atmospheric deposition, nutrient budgets for 2000-2001 were developed. Given the low 

flows measured for this time period, external loading contributed only minor amounts of 

N and P to Lake Elsinore (approximately 626 of P and 5274 kg of N, respectively). 

Internal processes controlled nutrient cycling within the lake. Mass balance 

considerations suggest that resuspension of sediment-borne N and P (including 

dissolved and colloidal forms not recovered analytically as NH4-N and SRP) exceeded 

the SRP and NH4-N flux from bottom sediments, although much of the resuspended P 

was assumed to be unavailable for direct algal uptake. Total annual release of SRP from 

the bottom sediments was estimated at 33,160 kg/year, as compared with projected 

inputs of resuspended (total) P of 50,606 kg/year. N loading to the water column 

proceeded at a rate about 6x higher than that found for P, with approximately 197,370 kg 

NH4-N/year released from bottom sediments and 269,216 kg N/year mobilized due to 

resuspension processes and/or released as dissolved organic or colloidal forms. 

Following development of N and P budgets for Lake Elsinore, the BATHTUB and CE-

QUAL-R1 models were used to predict water quality under different management 

scenarios. The BATHTUB model did an adequate job of reproducing observed mean 

annual water quality in the lake (e.g., predicted mean annual chlorophyll a concentration 
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of 49.3 µg/L vs. 52.4 µg/L as measured by the RWQCB). The model predicted limited 

increases in the mean annual chlorophyll a concentration with modest additions of 

recycled water, although large additions were predicted to have a more significant effect 

(e.g., 15,000 af of recycled water increased the predicted mean annual chlorophyll 

concentration by 29%). Aeration and alum additions were predicted to decrease the 

mean annual chlorophyll concentration by 27% and 32%, respectively.  

In separate simulations, CE-QUAL-R1 was used to model heating, stratification and 

mixing within the lake at its current elevation and at full pool. Using meteorological data 

collected February 8 – May 22, 2001, CE-QUAL-R1 reproduced the overall trends in 

temperature observed at the lake, but over-predicted somewhat the final May 

temperature. The simulations also missed the shorter-term heating and mixing dynamics 

recorded using temperature loggers, but this was thought to be a result of the averaging 

of the weather data to 12-hour mean values before being used as input to the model. 

Notwithstanding these limitations, the model revealed a strong dependence of 

stratification and mixing on lake elevation. Under equivalent meteorological conditions, 

wind energy was not able to mix the water column as readily, resulting in more frequent 

and more persistent stratification events when compared with that predicted at its current 

lake elevation. 

Consideration of current and historical water quality and other data indicates that 

Lake Elsinore is a dynamic system subject to substantial year-to-year variability. For 

example, SRP internal loading measurements for the summer of 2000 made by Beutel 

(2000) were considerably higher than those found in the present study for the summer of 

2001. Nevertheless, some conclusions can be drawn. First of all, the sediments are an 

important source of N and P to the water column throughout the year. Moreover, while 

release rates were generally higher under anoxic conditions, significant SRP release 

under oxic conditions was also found. Secondly, water quality, sediment trap, and mass 

balance considerations indicate that sediment resuspension is an important source of 

particulate-borne N and P to the water column. Continued net evaporative losses from 

the lake are expected to exacerbate potential water quality problems resulting from wind-

resuspension of bottom sediments, increasing turbidity and particulate-N and P inputs to 

the water column. Finally, control of internal and, during wet years, external sources of 

nutrients, in conjunction with lake level stabilization, is necessary before significant 

improvement in water quality can be achieved.  
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1. INTRODUCTION 
 

 Lake Elsinore is a shallow, 3000 surface acre lake located in Southern California. It 

serves as the terminus for the ~780 square mile San Jacinto watershed, and can be 

considered a closed-basin lake except under unusually wet conditions. The lake 

currently has a mean depth of approximately 4 m and a maximum depth of about 7 m, 

although the maximum depth could increase to almost 12 m given sufficient rainfall and 

inflows. Situated in a semi-arid valley with summertime temperatures often exceeding 40 

ºC during the day, annual evaporative losses from the lake surface average about 1.4 

m/year.  

As a result of its geographical and climatic setting, the morphology of its basin, and 

other factors, Lake Elsinore has typically rather poor water quality. The lake is subject to 

frequent algal blooms, low dissolved oxygen (DO), and occasional fish kills. Lake 

Elsinore has been listed on the State of California’s 303d list, and is considered 

“impaired” due to nutrients and other factors. As such, the Santa Ana Regional Water 

Quality Control Board (RWQCB) is required to develop a nutrient TMDL for the lake. 

This research has been conducted for the RWQCB in support of the TMDL development 

effort for Lake Elsinore. 

The objectives for this study were to characterize and quantify the internal loading 

and cycling of nutrients within Lake Elsinore and to develop model predictions of water 

quality based upon changes in nutrient inputs to the lake. Predicted lake response can 

then be used with other information by the RWQCB in the TMDL development process 

for Lake Elsinore.  

 Toward that end, a series of laboratory and field measurements were conducted from 

July, 2000 – June, 2001. Specific activities and objectives included: 

 

  ● Measurement of surface water quality 

  ● Characterization of sediments and their distribution within the lake 

  ● Quantification of nutrient release from sediments 

● Measurement of sedimentation rates and the rate of particulate N and P 

   deposition to the sediments 

  ● Development of nutrient budget 

  ● Evaluation of lake response to changes in water quality through model  

   simulations 
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2. SURFACE WATER QUALITY 
  

Basic water quality parameters, such as water temperature, DO, pH, electrical 

conductance (EC) and transparency, provide valuable information about the condition 

and the short term and seasonal changes in the lake.  Thus, it was important to 

characterize the water quality in Lake Elsinore throughout the research period, both to 

understand the functioning of the lake and to provide baseline data to calibrate water 

quality simulations against.  

 

2.1 Methods 
  

Routine field measurements of water quality were made typically near the center of 

the lake using a HydroLab Quanta multiparameter water quality monitoring probe. The 

immersible probe was fitted with a pressure transducer, temperature sensor, DO probe, 

pH electrode and EC electrode which was connected to a data display/controller via a 50 

m waterproof cable. The DO probe was calibrated approximately bimonthly against an 

02-saturated water sample prepared by sparging with lab air. The pH electrode was 

periodically calibrated against pH 7 and 10 buffers (Fisher Scientific). The pressure 

transducer, used to determine depth of the multiparameter probe, was not calibrated per 

se, although it was re-zeroed in the field as needed to properly record depths. 

Temperature and EC were not calibrated, although they were confirmed as working 

properly and within specification by the factory upon delivery. The transparency of the 

lake was measured using a Secchi disk. 

 It should be noted that these field measurements were not part of a strict contracted 

water quality monitoring program; rather, these measurements were conducted in 

association with other specifically sponsored research activities on the lake. A separate, 

regular monitoring program for the lake was conducted by the RWQCB. 

 In addition to the temperature records determined using HydroLab casts, more 

detailed temperature measurements were made using a series of Onset Stowaway 

Tidbit temperature loggers. A series of up to 10 loggers were deployed in the fall 

(October 20-26, 2000) and spring (April 26 – May 22, 2001). The fall deployment was in 

the northern end of the lake adjacent to the limnocosms in 4 m of water, while the spring 

deployment was in the deepest portion of the lake (7 m). The loggers recorded the 

temperature every 15 mins. 
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2.2 Results 
  

Field measurements were conducted at somewhat irregular intervals depending upon 

other research activities being conducted at the lake. Measurements were made on 19 

different dates, with about one-half of these occurring between July–September 2000. 

These data are summarized in Table 1.  

The lake had an average temperature of 21.7 °C, with a wintertime minimum 

temperature of 10.9 °C and a summertime maximum of 30.3 °C, an average Secchi 

depth of 0.6 1 m, and mean DO and pH values of 7.2 and 8.6, respectively. Although 

these summary statistics are somewhat skewed because they represent an uneven 

sampling in time and space, these values are nevertheless in reasonable agreement 

with those from the more complete monitoring program of the RWQCB. For example, the 

mean DO value of 7.2 mg/L is in good agreement with the mean DO value of 7.1 mg/L 

derived from the RWQCB monitoring program (C. Li, pers. comm..). 

 

Table 2.1. Summary of water column data (July, 2000 – June, 2001). 

                            

Parameter      Units   Mean   Median   Min   Max  
Temperature    ºC     21.7      24.4   10.9       30.3 

DO         mg/L      7.2    7.4      0.4   13.3 

pH         --       8.6    8.7      7.9     9.2 

Transparency     m      0.6    0.6      0.2       1.1 

                            

 

While mean data are useful indices of water quality, it is also useful to look at the 

seasonal and spatial trends in water quality (Figs. 2.1 and 2.2). As one can see in Fig. 

2.1, a strong seasonal trend in water temperature is evident. Water temperatures can 

approach 30 ºC in the summer months (June-September), while much cooler 

temperatures characterize the water column from December – March (Fig. 1). A 

significant amount of heat is exported from the lake in the fall (October - November), with 

rapid heating witnessed in the spring (April – May). 
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 Fig. 2.1. Water temperature as a function of 
depth and time of year (from Hydrolab casts). 

Moreover, while some surface heating was observed, especially during the midday, a 

persistent strong temperature gradient with depth was generally not found. Thus, as 

previously noted, Lake Elsinore is characterized as a polymictic lake, subject to frequent 

mixing events. 

This polymictic character of the lake 

can be clearly seen in the more detailed 

temperature records derived using the 

temperature loggers. The fall 

deployment showed strong diurnal 

surface heating that extended down 

only 0.5 – 1 m depth within the water 

column, followed by wind-driven mixing 

and convective cooling leading to 

isothermal conditions in the evening 

through the early morning (Fig. 2.2).  

Thus, the lake mixes DO from the 

surface down into the water column at least 4 m on a diurnal basis. In an analogous 

fashion, oxygen-demand and nutrients from the sediments are also mixed upward into 

the water column.  
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Fig. 2.2. Detailed temperature profiles (October 20 – 26, 2000) 
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The springtime deployment of temperature loggers, made in the deepest portion of 

the lake, revealed some limited stratification. As previously found, strong surface heating 

in the afternoon was followed by mixing and cooling in the evening, although mixing of 

heat was generally restricted to the uppermost 3 – 5 m (Fig. 2.3). Deeper waters 

warmed more gradually through the entrainment by the warmer surface waters. An 

exception was the period from May 4-5, in which the temperature profile was uniform top 

to bottom indicating complete mixing of water column (Fig. 2.3). The implications of this 

short-term stratification and mixing will be discussed further in Section 7. 

 

 

 Seasonal trends in DO were also derived from HydroLab monitoring data (Fig. 

2.4). Again, the details of the seasonal and depth trends should not be over-interpreted 

due to the limited number of sampling dates. Nevertheless, some general conclusions 

can be drawn. Abundant DO was typically found in the upper waters at the time of 

sampling, often above values predicted using Henry’s constant and the partial pressure 

of O2 in the atmosphere. The supersaturation results from the photosynthetic production 

of O2 within the photic zone. Oxygen concentrations near the sediments tended to be 
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Fig. 2.3. Detailed temperature profiles (April 26 – May 22, 2001). 
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Fig. 2.4. DO concentrations as a function of 
depth and time of year (from Hydrolab) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.1. Sampling locations for sediment 
grab samples. 

much lower, and on several sampling 

dates approached 0; nevertheless, on 

numerous other dates, DO levels stayed 

well above 1 mg/L and in fact often 

approached 5 mg/L (Fig. 2.4). Five mg/L 

DO is a water quality objective for Lake 

Elsinore, and its contour is provided in 

Fig. 4. Thus 5 mg/L was found through 

much of the water column throughout 

the year, and in fact only in May, 2001 

did low DO water start to intrude into the 

upper portion of the water column. 

 

 
3. CHARACTERIZATION OF SEDIMENTS AND THEIR DISTRIBUTION 
  

As a key step in quantifying the internal loading of nutrients from the sediment, it was 

necessary to evaluate the properties and distribution of sediments within Lake Elsinore.  

 

3.1 Methods 
 

A regular sampling grid was developed for 

sediment grab sampling (Fig. 3.1). A total of 49 

sites were sampled using a Ponar sampler. 

Locations of sediment samples and lake margin 

were recorded using GPS. Depth to sediments 

was also recorded.  

 Sediment samples were placed in 500 mL 

wide mouth glass jars with screw-cap lid and 

stored on ice until transport back to the lab. 

Sediment was then homogenized and 

subsampled for porewater analysis and 

sediment characterization. Porewater was 

extracted by centrifugation, filtered and acidified. 
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Fig. 3.2 Bathymetry for Lake Elsinore. 

 The sediments were characterized using a variety of common techniques used for 

soil and sediment analysis. Particle size was determined on sonicated but otherwise 

untreated sediment using the hydrometer method (Gee and Bauder, 1986). Total C, N, 

and S were measured by dry-combustion methods using a Carlo-Erba CNS analyzer 

(Nelson and Sommers, 1982). Inorganic C and CaCO3 were determined manometrically 

following Loeppert and Suarez (1996).  Organic C was taken as the difference between 

total C and inorganic C. Total and inorganic P was determined following Aspila et al.  

(1976). Organic P was taken as the difference between total and inorganic P (Aspila et 

al., 1976; Berner and Rao, 1994). Total Fe and Fe(II) contents of the sediments were 

determined on 1 M HCl extracts using the o-phenanthroline method. Porewater NH4-N 

and SRP and extracted SRP were analyzed 

using an Alpkem autoanalyzer following 

standard methods (APHA, 1989). Fine scale 

structural features and elemental composition 

of sediment samples were also evaluated 

using a Philips XL30 scanning electron 

microscopy (SEM) coupled with EDAX. 

  The sediment sampling location and 

depth, location of the lake margin, and other 

data were used to construct a bathymetric 

map for the lake (Fig. 3.2). As one can see, 

the lake is generally quite shallow, with 

depths 20’ or less for most of the lake, with a 

maximum lake depth of about 24’ at its current (2000-2001 elevation (Fig. 3.2). 

 

3.2 Results 
 

A summary of the sediment properties is given in Table 3.1. The “average” sediment 

in Lake Elsinore had a particle size distribution of 27.6 % sand, 38.7 % silt and 33.7 % 

clay, although considerable variation within the sediments was found (e.g., % sand 

ranged from 0 - 95.5%) (Table 3.1). Organic C within the sediments ranged from 0.1 – 

5.7% and averaged 3.19% (on a dry-weight basis). Calcium carbonate (CaCO3) within 

the sediments ranged from 0 – 12.5% and averaged 7.1%, while total N ranged from 0 -

0.6% and averaged 0.36%. Total P averaged 760 mg/kg with approximately 70% of that 
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P in an inorganic form extractable with 1 M HCl (Aspila et al., 1976). Porewater 

concentrations of P and N were generally high, with mean SRP and NH4-N 

concentrations of 3.33 mg/L (range 0.07-6.09 mg/L) and 14.8 mg/L (range 0.1–27.6 

mg/L), respectively. 

 
Table 3.1. Summary of sediment characterization data. 

                               

Property Units Mean Std Dev Median Min Max 
       
Sediment       
Sand % 27.6 33.1 10.8 0.0 95.5 
Silt % 38.7 18.0 43.0 2.2 75.5 
Clay % 33.7 20.2 38.7 2.3 59.6 
Total C % 4.04 2.31 5.4 0.1 6.8 
Organic C % 3.19 1.94 4.3 0.1 5.7 
Inorganic C % 0.85 0.46 0.9 0.0 1.5 
CaCO3  % 7.08 3.83 7.7 0.0 12.5 
Total N % 0.36 0.20 0.5 0.0 0.6 
Total S % 0.78 0.50 1.1 0.0 1.3 
Total Fe % 0.71 0.30 0.73 0.12 1.31 
Fe(II) % 0.38 0.15 0.39 0.06 0.68 
Total P mg/kg 760 249 851 44 1113 
Inorganic P mg/kg 524 163 556 37 853 
Organic P mg/kg 236 143 295 3 462 
       
Porewater       
SRP mg/L 3.33 2.10 3.94 0.07 6.09 
NH4-N mg/L 14.79 7.72 16.84 0.12 27.65 

                                   
  

  

 Results from the SEM/EDAX analyses of sediment samples confirm the presence of 

well-defined calcium carbonate crystals throughout the lake sediments, as well as 

diatom frustules, layer silicate clays, and FeS2 (Fig. 3.3). Magnetic separation 

techniques on sediment subsamples also indicated the presence of magnetic minerals 

(e.g., hematite, magnetite) within the sediments. Such minerals are relatively common in 

weathered granitic soils, and thus are thought to be derived from the watershed. Soil-

derived minerals would be principally in the Fe(III) state (although magnetite does have 

some structural Fe(II)), so microbial processes in the sediments reduce a significant 
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Fig.3.4. Clay content of the sediments. 

 
Fig. 3.3. SEM image of bottom sediment and 
EDAX spectra of FeS2 particle. 

portion of the watershed-derived Fe 

minerals. The Fe(II)/total Fe ratio 

indicates that about 50% of the oxidized, 

soil-derived iron minerals are reduced to 

Fe(II) forms. 

It is useful to consider the spatial 

distribution of sediment properties within 

the lake basin. As a result, contour maps 

for these various parameters were 

developed using the sampling data and 

geostatistical techniques. Sampling 

indicated that fines (silt and clay) were 

generally highest near the center of the 

lake, while sand dominated the lake 

margins, often to about 4 m depth (Fig. 

3.4). 

 Total C and organic C in the sediments 

both followed very closely clay content, 

and were in fact highly correlated with 

clay content (each yielding R2 values of 0.93). Organic C is shown in Fig. 3.5. The strong 

relationship is evident from comparing the two figures, where it is clear that the center of 

the lake is receiving the fine, organic materials deposited or produced in the lake. 

The distribution of CaCO3 within the 

lake basin was also determined. One 

notes that a somewhat different 

distribution was found when compared 

with, e.g., organic C, although much of the 

CaCO3 was located near the middle of the 

lake basin (Fig. 3.6). In general, 

somewhat greater heterogeneity in 

distribution was found when compared 

with, e.g., organic C. 
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Fig. 3.5. Organic C content of the sediments.
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Fig.3.6. CaCO3 content of the sediments. 
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Fig. 3.7. Total N content of the sediments. 
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Fig. 3.8. Porewater NH4-N concentrations. 

 

 

Total N closely followed total and organic C (R2=0.99 and 0.97, respectively), and 

was again principally associated with the fine sediments near the center portion of the 

lake (Fig. 3.7). It is interesting to note that the calculated ratio of organic C:N was very 

close to 10 for effectively all the samples (C:N ratio of 10.1). 

 Porewater NH4-N concentrations (Fig. 3.8) were correlated with total N in the 

sediments, although the relationship was not particularly strong (R2 of 0.56). That is, 

56% of the variability in porewater concentrations could be accounted for by variations in 

total N in the sediments. This indicates that other biogeochemical factors are also 

responsible for NH4-N concentrations in the porewater of Lake Elsinore. 
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Fig. 3.9. Organic P content of the 
sediments. 
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Fig. 3.10. Inorganic P content of the 
sediments. 

Organic P was also associated with the fine sediments near the center of the lake, 

with concentrations over 400 mg/kg in some locations (Fig. 3.9). Organic P was 

correlated with organic C, although the strength of the relationship was moderate 

(R2=0.63). 

 The highest concentrations of 

inorganic P were found in the southern 

portion of the lake, reaching 

concentrations as high as 800 mg/kg (Fig. 

3.10). The distribution of inorganic P was 

somewhat different than that found for 

organic P and CaCO3, with a relatively 

weak correlation between CaCO3 and 

inorganic P (R2 = 0.37). 

Finally, porewater SRP concentrations 

followed most of the other characteristics 

and were highest near the center portion 

of the lake, associated with the fine organic sediments there (Fig. 3.11). Porewater P 

was very highly correlated with total C (R2=0.98), although relationships were weaker for 

organic C (R2=0.75) and CaCO3 (R2=0.59). 

 

 

 

 

 

 

 

 

  

 

 

 

 

 A simple graphical cluster analysis of sediment properties was also conducted. For 

this analysis, a series of scatter plots were developed and analyzed to look for natural 
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Fig. 3.11. Porewater SRP concentrations. 
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Fig. 3.12. Scatter plot showing 3 different 
sediment types. 

Fig. 3.13. Distribution of sediment within 
Lake Elsinore by sediment type. 

clustering of sediment properties. An 

example of a such a scatter plot, in this  

case of porewater SRP vs. organic C 

content, is shown in Fig. 3.12. The symbol 

labels correspond to grid assignments, 

increasing to the east and south (e.g., site 

4-5 lies about 400 m due east of site 4-4). 

As one can see, the sediment collected at 

the various sites clusters into 3 groups. In 

this classification 22% of the sites fell into 

the type I sediment, 22% fell into the type II 

class, and 53% of the sites fell into the type 

III class. A single sediment sample, 7-1, did 

not conform to this classification scheme. Scatter plots using depth, % sand, and other 

independent variables yielded comparable results. That is, the sediments comprising the 

type III sediments in this classification scheme also tended to co-associate when using 

other variables. The type III sediments were a finely textured sediment found in 6 – 7 m 

depth water (>6 m), and high in organic C, total N, and porewater NH4-N and SRP. Type 

I sediments were generally found in shallow water (<4 m), coarse-textured and low in 

organic C, total N and porewater nutrient concentrations. Type II was transitional 

between types I and III. The spatial distribution of these 3 sediment types within the lake 

basin is shown in Fig. 3.13, while a summary of the mean properties of the 3 different 

types of sediments is provided in Table 

3.2. 

The tendency for fine organic 

sediments to preferentially deposit into 

the deepest water is sometimes referred 

to as “sediment focusing”. The estimated 

total surface area of the type III (fine 

organic) sediments is 1440 acres, while 

the areal extent of the coarse type I and 

transitional type II sediments is estimated 

at 750 and 810 acres, respectively (Table 

3.2). 
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Table 3.2. Mean sediment properties by type.  
      _ ___                  
Mean Property Units Type I Type II Type III 

Area acres 750 810 1440 
Depth m 2.8 ± 1.1 4.9 ± 0.9 6.3 ± 0.6 
Sand % 70.8 ± 31.2 29.5 ± 15.4 4.1 ± 4.0 
Silt % 19.7 ± 23.6 48.1 ± 11.9 44.8 ± 6.8 
Clay % 9.5 ± 11.7 22.3 ± 5.4 51.2 ± 6.3 
Total C % 1.07 ± 1.44 3.04 ± 0.86 5.97 ± 0.39 
Organic C % 0.79 ± 1.06 2.13 ± 0.75 4.84 ± 0.45 
Inorganic C % 0.28 ± 0.42 0.90 ± 0.20 1.14 ± 0.26 
CaCO3  % 2.34 ± 3.46 7.53 ± 1.66 9.5 ± 2.2 
Total N % 0.10 ± 0.12 0.27 ± 0.07 0.53 ± 0.03 
Total S % 0.14 ± 0.30 0.53 ± 0.28 1.18 ± 0.08 
Total P mg/kg 425 ± 209 781 ± 165 916 ± 73 
Inorganic P mg/kg 340 ± 170 595 ± 128 573 ± 77 
Organic P mg/kg 84 ± 97 196 ± 104 342 ± 71 
SRP mg/L 0.6 ± 1.3 3.1 ± 0.6 4.9 ± 1.2 
NH4-N mg/L 6.8 ± 6.9 14.5 ± 6.1 20.0 ± 3.7 

 

  

4.0 NUTRIENT RELEASE FROM SEDIMENTS 
 

 Nutrient release from the sediments (i.e., internal loading) is generally acknowledged 

to be the dominant source of nutrients to Lake Elsinore in years with limited precipitation 

and runoff. It was thus of central importance to quantify this source of nutrients. 

 

4.1 Methods 
 

Nutrient release from sediments is generally quantified through the use of two 

different approaches. The first is sometimes referred to as the “core-flux” method, and 

involves collecting intact cores in the field, and then incubating the cores in the lab while 

measuring the change in concentration of nutrients in the overlying water (Moore et al., 

1991). The 2nd approach involves placing multichamber equilibrium dialyzers (“peepers”) 

into the sediments, allowing them to equilibrate for 3-4 weeks, and then retrieving and 

measuring the chemical concentration gradients within the sediments (Hesslein, 1976). 

The concentration gradient is then used in conjunction with Fick’s 1st Law to calculate 

the flux rate. This latter technique, using “peepers”, also provides valuable information 



  Internal Loading and Nutrient Cycling in Lake Elsinore 
   

 21 

about the geochemical processes controlling mineral and phosphorus solubility. Both of 

these approaches were used in this study, and are described in more detail below. 

 

4.1.1 Core-flux studies 

 

 Cores were collected following Beutel (2000) and others. Briefly, an Ekman dredge 

was used to collect a grab sample, which was then subsampled by carefully inserting a 

30.5 cm by 6.3 cm diameter Lucite tube approximately 10 cm into the sediment. The 

bottom of the core was then sealed using a rubber stopper and secured. The core was 

then carefully topped off with bottom water sampled using a van Dorn sampler and 

stoppered with zero headspace. Generally triplicate cores were collected at each site 

with sites selected to capture release rates from the principal sediment types. Sampling 

locations were recorded using GPS. 

 Cores were then incubated in the dark at the temperature and DO levels measured at 

the time of sampling. Approximately 10 mL of water was removed daily, filtered and 

analyzed for soluble NH4-N, NO3-N and SRP using an Alpkem autoanalyzer following 

standard methods (APHA, 1989). Dissolved oxygen was measured using a YSI Model 

55 DO meter. The water was briefly sparged with N2 or lab air as needed to maintain DO 

and to very gently mix the water column within the core. Care was taken to not disturb 

the sediment when sampling or sparging. The measured change in concentration was 

used in conjunction with water volume and sediment-water interfacial area to calculate a 

mass flux rate. 

 

4.1.2 Peeper studies 

 

Field-based rates of nutrient release from sediments were also determined from in 

situ pore water profiles collected using peepers (Hesslein, 1976; Teasdale et al., 1995). 

Replicated peepers were placed at a series of locations around the lake within the major 

sediment zones of the basin identified above. Peepers were allowed to equilibrate 3-4 

weeks (Webster et al., 1998) and were then removed and analyzed for NO3-N, NH4-N, 

and SRP using the Alpkem Autoanalyzer as above. Electrodes were also used to 

monitor sulfide and pH profiles within the sediments. Diffusive flux from the sediments 

was then calculated by substituting the nutrient gradients derived from linear regression 
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Fig. 4.1. Sampling sites for core-flux, 
peeper and sediment trap measurements. 

of the peeper data (Moore et al., 1991) into Fick’s first law, which states that flux is 

proportional to the concentration gradient; that is: 

 

 

where J is the diffusive flux in mass per unit area per unit time; φ is the porosity; n is a 

correction for sediment tortuosity (~2); D is the aqueous diffusion coefficient, and dC/dz 

is the pore water concentration gradient (Hesslein, 1976). 

 

4.2 Results 
 

4.2.1 Results from core-flux experiments 

 

 The core-flux experiments built upon the 

data of Beutel (2000) who evaluated 

nutrient flux from the center portion of the 

lake basin during the summer months 

(June-September, 2000). Triplicated intact 

cores were sampled from near the deepest 

portion of the lake (in the type III sediment 

type shown in red as a solid yellow circle in 

Fig. 4.1) on October 10, 2000, March 8, 

June 5, July 3, and August 2, 2001. This 

sampling site will be referred to as the “high-speed zone” site, as the site is located on 

the east edge of the high-speed zone delineated by a buoy line. Cores were also 

collected near the limnocosms at the “limnocosm” site, near the entrance to the ski 

school/San Jacinto River influent channel near the eastern margin of the lake (“ski-

school”), in the southern portion of the lake (the “south-bay” site), and on the western 

shore (“shallow-west” site). The coordinates and water depth of the sampling locations 

are provided in Table 4.1. 

 

 

 

 

 

)()/( 1dzdCDJ nφ−=  

Table 4.1. Sampling sites for core-flux, peeper and sediment trap measurements. 
 

Site Latitude Longitude Depth (m) 
Limnocosm 33°40.259 117°21.895 4.8 
High-Speed Zone 33°39.941 117°21.137 7.0 
Ski School 33°39.553 117°19.601 3.9 
South-Bay 33°38.645 117°20.229 2.8 
Shallow-West 33°39.594 117°22.195 1.2 
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Fig. 4.3. Core-flux results: SRP. 
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Fig. 4.2. Core-flux results: NH4-N. 

 Results of the core-flux experiments 

indicate that the sediments serve as a 

significant source of NH4-N and SRP to the 

water column of Lake Elsinore. The flux of 

NH4-N from the type III, fine organic 

sediments was observed to decrease from 

almost 90 mg/m2/d in October to 26 

mg/m2/d in March (Fig. 4.2). The water 

temperature decreased from about 22 °C in 

October to 12 °C in March while DO 

remained fairly high (4.7 mg/L). The low 

rate of internal loading of NH4-N during 

March (Fig. 4.2) is consistent with the strong influence of temperature on the rates of 

microbial respiration and decomposition reactions (Wetzel, 1983). The March 

experiment was also conducted under relatively well-oxygenated conditions observed at 

the time of sampling (>4 mg/L DO). Release of NH4-N from the sediments then 

increased through the spring to return to the summer rates of about NH4-N release of 

about 100 mg/m2/d. 

 A high rate of release of SRP from the sediments was also found. Internal loading of 

SRP proceeded at a rate generally ~1/10th that of NH4-N, with summertime values 

generally 10-12 mg/m2/d. Phosphate-P also exhibited some seasonality, with lower flux 

rates measured in March relative to those 

measured during the summer and fall. 

Again, lower temperatures and high DO 

levels are thought to be responsible for this 

observation, although the seasonal 

variations are not as strong as those noted 

for NH4-N (Fig. 4.3). 

Some removal of NO3-N was also 

observed, although the low levels of NO3-N 

in the lake (often near or below detection 

limits of 0.04 mg/L) limited our ability to 

routinely provide an accurate measure of 

loss rates. 
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Fig. 4.4. Vertical porewater profiles 
collected using “peepers” (9/26/00). 

 Results from the other sites are summarized in Table 4.2. The sites located in type II 

sediments had generally comparable rates of N and P release from the sediments when 

compared with the high speed zone (type III) sediment, while type I (shallow sandy 

sediments) released very little nutrients (Table 4.2). 

 

Table 4.2. Core-flux results. 
Temp DO Flux (mg/m2/d)Site Type   Sampling  

      Date (°C) (mg/L) SRP NH4-N NO3-N 

High Speed III 10/10/00 22 1.5 8.8±0.7 86.0±11.0 -0.75±0.49 
  3/8/01 12 4.7 7.0±1.9 25.6±9.3 -14.7±3.1 
  6/5/01 24 3.8 12.0±0.5 71.2±8.9 NA 
  7/3/01 25 0.6 9.5±0.2 96.7±13.3 NA 
  8/2/01 26 0.6 10.1±0.3 101.0±15.9 NA 
        
Limnocosm II 3/8/00 12 6.2 10.2±8.3 21.4±0.1 -8.3±1.7 
  6/5/01 24 4.2 11.7±1.1 47.9±2.4 NA 
  8/2/01 26 2.0 10.5±0.9 122.0±19.1 NA 
        
Ski School II 3/8/01 12 5.2 13.4±2.4 20.1±3.1 -7.8±1.4 
  8/2/01 26 2.8 6.4±0.8 95.4±27.1 NA 
        
South-Bay II 8/2/01 26 3.5 4.0±0.4 107.0±13.4 NA 
        
Shallow-West I 6/5/01 12 7.8 -0.34±0.06 -0.02±0.26 NA 
  6/5/01 24 6.3 1.9±1.8 6.0±3.5 NA 
  8/2/01 26 3.5 1.9±0.9 10.1±4.6 NA 
 

4.2.2 Results from peeper studies 

 

Peepers have also been used to characterize porewater chemistry and provide an in 

situ  estimate of nutrient flux.  Peepers were 

deployed, allowed to equilibrate for about 3 

weeks, and then retrieved in September, 

December and March and October. 

Porewater profiles showed a number of 

interesting trends (e.g., Fig. 4.4). For 

example, in the porewater profiles shown 

from a peeper deployed at the limnocosm 

site in September, concentrations of 

dissolved N and P were constant up to 

about 10 cm beneath the sediment-water 

interface at approximately 6 and 12 mg/L 
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Fig. 4.5. Seasonal trends in NH4-N and SRP porewater profiles at the limnocosm site. 

respectively; their concentrations then decreased ~linearly to the sediment-water 

interface to low µg/L levels (Fig. 4.4). Calcium concentrations reached a maximum value 

of slightly more than 40 mg/L at 10 cm sediment depth, with lower concentrations above 

and below this depth interval within the sediments (Fig. 4.4). Increased dissolved CO2 

due to decomposition reactions at this sediment depth may be responsible for increased 

local CaCO3 solubility. Concentrations of sulfide (principally as HS-) reached a maximum 

about 3 cm beneath the sediment-water interface and decreased sharply on either side 

of this zone of intense sulfate reduction. No sulfide was detectable in the water column. 

 Interesting seasonal trends were evident from different peeper deployments at a 

given site. For example, porewater profiles at the limnocosm site showed a downward 

migration and decrease in the concentration gradients for NH4-N and SRP from fall 

through the winter and into the spring (Fig. 4.5). The concentration of NH4-N in the 

deepest portion of the profiles remained fairly constant at about 12 mg/L, however (Fig. 

4.5). Similar trends were noted for SRP as well, although the porewater concentrations 

in the deepest part of the sediments were observed to decrease from about 7 to 4 mg/L 

(Fig. 4.5). It was noted that the pH also increased over this same time interval, 

presumably due to decreased production of CO2 in the sediment associated with lower 

wintertime temperatures. Such an increase in pH would decrease somewhat the 

solubility of CaCO3 thereby lowering porewater SRP concentrations. More 

importantly,the concentration gradients (dC/dz), i.e., the slope of the straight portion of 

the concentration profiles, decreased from the September sampling through March. 



  Internal Loading and Nutrient Cycling in Lake Elsinore 
   

 26 

0 0.4 0.8 1.2 1.6 2
Porewater Concentration (mmol/L)

-30

-20

-10

0

10

D
ep

th
 (c

m
)

   9/26/00
  12/21/00
   3/20/01
   8/13/01

H2O

Sediment

 
Fig. 4.6. Seasonal trends in sulfide porewater 
profiles at the limnocosm site. 
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Fig. 4.7. Saturation indices calculated from 
peeper (limnocosm site, 12/21/00 sampling). 

Thus, the driving force for diffusive flux of NH4-N and SRP from the sediments 

decreased over this same time interval. 

 Other chemical constituents also exhibited strong seasonal trends as well. For 

example, hydrogen sulfide levels in the 

porewater were greatest during the 

summer, and then decreased markedly 

during the late fall to reach a minimum 

concentration of about 0.2 mM found 

during the March sampling (Fig. 4.6). 

The sulfide concentration was then 

observed to increase markedly during 

the spring-summer to exceed 1.6 mM in 

the porewater. It is clear that strongly 

reducing conditions predominate the 

sediment geochemistry in Lake 

Elsinore, including formation of FeS2 (s). 

The strong concentration gradients 

result in significant diffusive flux of sulfide into the water column (up to 2 mmol/m2/d).  

 The peeper data was also used to 

calculate saturation indices for common 

minerals found in soils and sediments. 

Saturation indices are defined simply as 

the log of the ratio of the ion activity 

product to a given mineral’s solubility 

product, and provide important clues 

about geochemical properties of 

sediments and possible geochemical 

controls on porewater concentrations. 

 Saturation indices were calculated 

from porewater chemistry using 

MINTEQA2, a USEPA geochemical 

speciation model (USEPA, 1991). 

Results from such a series of calculations are shown in Fig. 4.7. The sediment 

porewater was in equilibrium with calcite (CaCO3), as evidenced by the SI value very 
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Fig. 4.8. Peeper-derived SRP and NH4-N flux from sediments.

close to 0 (Fig. 4.7), while the porewater was supersaturated with respect to FeS (+SI 

value) but generally slightly undersaturated with respect to FeCO3. The porewater was 

strongly supersaturated with respect to hydroxyapatite  (SI values of 7-8 throughout the 

profile, data not shown). SEM/EDAX data support the presence of CaCO3 within the 

sediments, although FeS2, rather than FeS, was found (Fig. 3.3). No evidence for 

siderite, hydroxyapatite, or vivianite (an iron-phosphate) within the bottom sediments 

was found by SEM/EDAX. 

 Substitution of the porewater concentration gradient into Fick’s 1st Law (eq 1) allows 

one to calculate the in situ diffusive flux from sediments. The results from such 

calculations for SRP and NH4-N are shown in Fig. 4.8. In situ estimates of SRP flux 

ranged from about 1 – 7 mg/m2/d (Fig. 4.8A), while NH4-N flux estimates ranged from 

approximately 2 – 95 mg/m2/d (Fig. 4.8B).  

 

Moreover, both seasonal and spatial differences in internal loading were observed 

(Fig. 4.8). In general, however, one notes that the in situ flux estimates were generally 

considerably lower than those derived from laboratory core-flux measurements. For 

example, from the March, 2001 sampling, peepers pointed to a mid-basin site (type III 

sediment) flux rate of 2.2 ± 0.3 mg/m2/d, while corresponding core-flux experiments 

conducted using samples from the same site collected at the same time yielded a SRP 

flux rate of 7.0 ± 1.9 mg/m2/d. As care was taken in the core-flux measurements to 

maintain temperature and DO levels comparable to those found in the field, it appears 

that this discrepancy is related to mineralization of freshly deposited particulate matter to 
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the surface of the sediments. Such material (probably just a few mm in thickness) would 

not be captured in the porewater profile measured by the peepers. Thus it appears that 

peepers quantify the base long-term flux of nutrients and other chemicals from the 

sediment, but does not adequately reflect release from fresh, rapidly mineralized 

material. The difference between peeper-estimated flux rates and core-flux 

measurements would represent the mineralization of this rapidly recycled fraction (here 

contributing P at an estimated rate of 4.8 mg/m2/d or 69% of the total SRP release from 

the sediments). 

 This hypothesis was tested using cores collected on July 3, 2001. In this experiment, 

a total of 9 intact cores were collected from the high speed zone (mid-basin) site. The 

cores were brought back to the lab and immediately sampled, filtered and acidified. 

Following sampling, one set of triplicated cores were incubated as described in section 

4.1.1. A second set of triplicated cores were brought to 3% formaldehyde to sterilize the 

water column and surficial sediments and thereby inhibit mineralization of the freshly 

deposited surface organic material. The control set yielded a SRP internal loading rate of 

9.48±0.20 mg/m2/d, while the formaldehyde treated cores released SRP at a mean rate 

of 5.62±1.84 mg/m2/d. A t-test of the means showed that the differences were 

statistically significant at p=0.05. For this sampling interval, then, the data suggest that 

41% of the measured release of SRP could be attributed to the mineralization of freshly 

deposited surficial sediment material. 

 

5.0 SEDIMENTATION AND  PARTICULATE-BOUND NUTRIENT DEPOSITION 
 

 In order to understand the cycling and turnover of nutrients within Lake Elsinore, it is 

necessary to measure both their release from the sediments (Section 4.0) and their 

deposition to the sediments. The relative rates of these two processes help define the 

efficiency of nutrient use within Lake Elsinore and the potential for burial and removal of 

N and P from the system. 

 

5.1 Methods 
  

A series of cylindrical sediment traps with a 20 cm diameter and 60 cm height were 

constructed out of PVC pipe fitted with an endcap. It has been previously found that a 

height/width ratio of 3.0 most accurately traps suspended material in waters with local 
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velocities less than 10-20 cm/s (Gardner, 1980). Duplicate traps were deployed at ~3 m 

(mid-depth) and 6-7 m (or bottom) depths using subsurface buoys at the sites used for 

nutrient flux measurements (Fig. 4.1; Table 4.1) (excluding the shallow-west site where it 

was not feasible to deploy sediment traps). Traps were deployed on 5 different dates 

spanning the time period of August, 2000 – August, 2001.  The sediment traps were 

carefully retrieved and the top ~80% of the water was slowly siphoned out of the traps. 

Previous researchers have reported that less than 5% of the trapped material is lost via 

this process (Blomqvist and Kofoed, 1981). From a practical standpoint, it reduces the 

volume of water brought back to the lab from 18.8 L to only about 4 L per trap. 

The suspended solids within the trap sample are allowed to settle overnight, the 

upper ~80% of the water again carefully siphoned off, and the remainder was then 

transferred to a series of 250 mL centrifuge bottles. The suspended material was then 

collected, dried to 70 ºC, weighed, and analyzed for total CNS, CaCO3, and total, 

organic and inorganic P as described above (Section 3.1). 

 

5.2 Results 
 

 Sediment traps captured significant quantities of material that varied in its properties 

depending upon sampling depth and season. Results for the “limnocosm” site are shown 

in Table 5.1 although similar results were noted at other sites as well. In general, 

measured mass flux rate was lower for the traps located at mid-depth within the water 

column than traps measuring flux directly above the lake bottom. While increased 

suspended solids concentrations and flux rates would be expected at the deep sites due 

to sediment focusing, geometric arguments considering the bathymetry of the lake would 

suggest an increase of up to 2.1x higher for the deep water sites relative to the mid-

depth samplings. The observed increase is actually closer to 3.3x. Such an observation 

suggests local sediment resuspension-deposition events being recorded in the traps.  

  For any given sampling date, bottom trap material was generally lower in organic 

C, CaCO3, total N and total P concentrations than material trapped higher in the water 

column (Table 5.1). The bottom trap material tended to approach the properties of the 

underlying sediment, especially the fine, organic type III sediment (Table 3.2). The 

presence of significant amounts of CaCO3 in the trapped material indicates that calcite is 

presumably forming within the water column, perhaps in association with CO2 fixation by 

phytoplankton. Inorganic P comprised on average 70.4% of the total P in the trapped 
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material. The very high rates of mass flux for the bottom traps, in combination with the 

bottom sediment properties, further supports the notion for significant sediment 

resuspension taking place within the lake. Direct wind-driven mixing and bioturbation 

may be responsible for the high rates of measured flux. 

 
Table 5.1. Sediment trap results from limnocosm site. 

                              
Date     Mass Flux Total C  Organic C  CaCO3  Total N   Total P  

        g/m2/d         ------------------------ % ---- --------------------      µg/g 
Mid-Depth (3 m) 

17-Aug   23.9±2.3  9.08±0.55  6.92±0.58  18.0±0.6  0.94±0.08  324±69 
 24-Auga     6.1    9.52   6.55   24.7   0.85   277 
 17-Nov*a   32.9   6.84   5.72   9.34   0.67   1288 
 25-May   12.6±2.1  6.83±0.14  5.62±0.30  10.1±1.29  0.70±0.16  1057±159 
 3-Aug    16.3   9.77   NA    NA    1.15   1392 
 
Bottom (5 m) 
 17-Aug   100.8±15.8 5.90±0.68  4.36±0.13  12.8±4.6  0.57±0.33  265±29 
 24-Aug   38.9±6.2  6.59±0.28  4.63±0.33  16.4±0.9  0.60±0.04  243±75 
 17-Nova   44.0   6.76   5.80    8.02   0.61   1183 
 25-May   91.2±54.1  5.65±0.35  4.57±0.21  9.01±1.17  0.56±0.04  1088±172   
 3-Aug    NA    NA    NA    NA    NA    NA 
                              

aduplicates lost due to small sunfish within trap (Aug. 24)  or other problems (Nov. 17). 

 

Sedimentation rates for traps deployed on the lake bottom at 4 different locations 

within the lake at 5 different sampling dates are shown in Fig. 5.1. (The sampling dates 

of August 17, August 24, November 17, May 25 and August 13 are represented on Fig. 

5.1 as simply 1-5.) The rates ranged from 8 – 100 g/m2/d and averaged 46.7±27.6 

g/m2/d across all sites and sampling times. 
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Fig. 5.1. Sedimentation rates measured at different 
sampling sites using bottom traps.
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Fig. 5.2. Chlorophyll concentration vs. total 
suspended concentration (RWQCB). 

Using the measured mass flux rates and the chemical composition of the trap 

material, one can estimate the average rate of deposition of particulate N and P to the 

sediments for the different sites (Table 5.2).  

 

Table 5.2. Sediment trap results averaged over sampling dates. 
                               
            ----------------------- Mass Flux ------------------------- 
         Total Particulates  Organic C  Total-N   Total-P   

          -------- g/m2/d ---------     ----- mg/m2/d ----- 
Mid-Depth 
 Limnocosm      18.3±10.3   1.16±0.72  154±79   21.3±13.8 
 High Speed Zone    18.9±24.5   1.32±1.01  136±150   27.7±33.8 
 
Bottom 
 Limnocosm      68.7±31.8   3.27±1.20  401±165   69.4±29.4 
 South Bay      45.2±34.5   2.88±0.82  262±183   53.3±43.9  
 Ski School      34.8±23.7   2.11±0.17  204±122   40.2±30.0 
 High Speed Zone    33.1±31.1   2.77±2.30  328±177   50.4±44.5 
   
                               

 

Nevertheless, it should be noted that 

resuspension processes will result in an 

overestimate of net particulate nutrient flux 

to the sediments. Further evidence for 

resuspension within the lake can be 

gleaned from the monitoring data collected 

by the RWQCB for 2000-2001. For 

example, chlorophyll a concentrations in 

composite surface samples were 

uncorrelated with total suspended solid 

concentrations (R2=0.01) (Fig. 5.2). In the 

absence of resuspension effects, one would 

expect a statistically significant positive correlation. Similarly, no relationship was found 

between chlorophyll a and turbidity (R2=0.02), while a strong correlation between total 

suspended solids and turbidity was found (R2=0.91). 

In a separate study, turbidity was monitored at 4 m depth near the center of the lake 

every 30 mins from June 26 – July 3, 2001 using a HydroLab DataSonde4 fitted with a 

shuttered turbidity probe and logging capabilities. Results are presented in Fig. 5.2 and 

show both long-term and short-term variation in turbidity over this period. Average daily 
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Fig. 5.3. Turbidity near center of lake at 4 
m depth: June 26 – July 3, 2001. 

turbidity decreased over the measurement period from approximately 27 NTU on July 

27, 2001 to a minimum of about 16 NTU early July 2, 2001. Turbidity then increased 

rather sharply, to a peak of >24 NTU by approximately midnight (Fig. 5.3). In fact, rather 

regular diurnal variations in turbidity were found, where turbidity generally increased by 

15 –25% near midnight (this is most 

apparent for June 27, 28, 29 and July 2 and 

3). This rather regular increase in turbidity 

near the center of the lake (at 4 m depth) 

near midnight was attributed to nearshore 

sediment resuspension by strong afternoon 

winds followed by advective transport of 

suspended material and subsequent 

deposition processes. Calculations made 

using water velocity measurements and 

travel distances support an 8-h transport 

time (4 pm → midnight) for wind-suspended 

material. 

The average settling velocity of suspended material within the lake, V   (m/d), can be 

estimated from the total suspended solids concentration [TSS] (mg/m3) and sediment 

trap flux, J (mg/m2/d), by the relationship: 

][TSS
JV sed=  

Using the mean total suspended solids concentration of 33.9 mg/L (RWQCB, 2001) and 

a sedimentation rate of 18.9 g/m2/d, one calculates a mean settling velocity of 0.56 m/d. 

 

6.0 NUTRIENT BUDGET 
  

 With information about inputs of nutrients to Lake Elsinore, including external sources 

(e.g., the San Jacinto River, the local watershed including stormwater runoff, 

atmospheric inputs) and internal sources (i.e., nutrient release from the sediments), and 

losses (e.g., nutrients removed from the water column via sedimentation and, for N, 

denitrification and NH3(g) volatilization), one can develop a nutrient budget for Lake 

Elsinore. 
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Fig. 6.1. San Jacinto River discharge to 
Lake Elsinore (2000-2001). 

6.1 Methods 
 

 External inputs of nutrients to Lake Elsinore were calculated from available 

monitoring data collected by the RWQCB for 2000-2001. Atmospheric deposition of N 

directly to the lake surface was estimated from data collected by the National 

Atmospheric Deposition Program (NADP). The previous year’s annual average data was 

used (1999) since 2000-2001 data is not currently available, although year to year 

variability in annual flux rate is low. Regional measurements of direct atmospheric inputs 

of P to the lake were not available, so inputs were estimated using default values of 

Walker (1995). Internal inputs of N and P were derived from core-flux experiment results 

(Section 4.0), while sedimentation losses were estimated from sediment trap results 

(Section 5.0). Total mass of N and P within the water column were calculated from the 

total N and total P concentrations measured within the lake as part of the RWQCB’s lake 

monitoring program. 

 

6.2 Results 
 

6.2.1 External loading 

 

 Limited direct flow to Lake Elsinore was received from the San Jacinto River during 

the 2000-2001 study period. Discharge to the lake was recorded at the USGS Gaging 

Station #11070500 (Fig. 6.1). The total estimated volumetric input was 2375 acre-feet. 

Total P for this period averaged 0.17 mg/L, 

yielding a total estimated input of 497 kg of 

total P to Lake Elsinore. Flows from Leach 

Canyon Channel Outlet, Ortego Channel 

Outlet and the Four Corners NPDES were 

also recorded (Table 6.1). These channels 

represent approximately 50% of the local 

drainage area (C. Li, pers. comm.). As a 

result, additional inputs from ungaged flood 

control channels and other tributaries would 

be expected, although such inputs are 

expected to be minor compared to that of 
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the San Jacinto River. 

The San Jacinto River was the principal source of flow and externally-derived 

nutrients delivered to Lake Elsinore, constituting 94% of the total measured discharge, 

88% of the total P, and 94% of the total N (Table 6.1). 

 

 Table 6.1. External loading to Lake Elsinore (2000-2001). 

Discharge Total Flow 
(af) 

Total P 
(mg/L) 

Total N 
(mg/L) 

Total P 
(kg) 

Total N 
  (kg) 

  San Jacinto River 2375 0.188 1.7 548 4970 

  Leach Canyon 73.5 0.38 1.89 34.3 171 

  Ortego Channel 21.3 0.62 2.46 16.2 64.5 

  Four Corners NPDES 50.1 0.45 1.12 27.7 69.0 

             Total 2520   626.2 5274 

 

 The final external source of nutrient inputs to the lake considered is that of direct 

atmospheric input onto the lake surface. The NADP reported total inorganic N (TIN) 

deposition rates of 1.7 kg /ha/year. At a lake surface area of about 3000 acres or 1200 

ha, one estimates an external atmospheric loading of 2,040 kg N/yr to Lake Elsinore. 

Phosphorus inputs were estimated assuming a rainfall TP concentration of 30 µg/L 

(Walker, 1995), coupled with 30 cm of rain for the 2000-2001 period and a surface area 

of 3000 acres, to yield a P loading of 108 kg/yr. Estimates of dry deposition of P to the 

lake surface were not available. 

 

6.2.2 Internal loading 

 

 Internal loading of N and P to the lake varied depending upon sediment type and 

season. For the purposes of development of N and P budgets for Lake Elsinore, it will be 

assumed that the internal loading of nutrients can be apportioned to “summer” and 

“winter” average rates, each of 6 months in duration. Summer internal loading rates were 

taken as the average from the October, June, July and August determinations for each 

sediment type (where available). Sediment type I, which dominated the shallow water 

and lake margin, was found to contribute relatively minor quantities of N and P to the 

water column (Table 4.2). The NH4-N release rates of 6.0 and 10.1 mg/m2/d from the 

June and August samplings were averaged to yield a mean summer rate of 8.0 mg/m2/d, 
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while the SRP summer release rate was taken as 1.9 mg/m2/d (Table 6.2). At an 

estimated area of 750 acres or 3.04x106 m2, this amounts to approximately 24 kg N/d or 

4,430 kg of N and 1050 kg P over the summer (Table 6.2). Lower flux rates witnessed at 

lower temperatures results in lower loading rates during the winter months (Table 6.2). 

The total annual N loading to Lake Elsinore from this sediment type, then, is estimated at 

4650 kg or about 2x that derived from atmospheric inputs. Sediment types II and III, with 

higher organic C, total N and total P contents, contributed more significantly to the 

internal loading of N and P to the lake (Table 6.2). The fine organic (type III) sediments 

are estimated to provide 56% of the total internal P loading to the lake (18,410 kg/yr out 

of a projected total annual internal loading of 33,160 kg/yr) and 63% of the total annual N 

loading. 

 

Table 6.2. Internal loading to Lake Elsinore (2000-2001). 

                               
      Summer (6 mos)           Winter (6 mos)        Total 

Sediment       Flux      Loading      Flux     Loading    Loading   
       mg/m2/d     kg     mg/m2/d       kg          kg 
SRP 

Type I      1.9      1,040       0.1           50      1,100 
Type II   11.0   6,590     11.8   7,060    13,650 

  Type III     10.3     10,960       7.0   7,450    18,410 
  
  Total          18,600           14,560    33,160 
 
NH4-N 
  Type I      8.0       4,430       0.1        200     4,650 
  Type II   93.1     55,740     20.8   12,450   68,190 
  Type III       91.4     97,280     25.6   27,250     124,530 
 
  Total            157,450             39,920     197,370 
 

 

6.2.3 Particulate nutrient flux to sediments 

 

 As previously noted, significant amounts of material were collected in sediment traps 

deployed at various locations throughout the year, indicative of a high deposition rate for 

particulate-borne nutrients (Section 5.2). No clear trends in particulate N and P flux rates 

as a function of season were noted, so annual average flux rates for the different sites 

were calculated (Table 5.2). The evidence for resuspension of sediments leading to 

overestimates of net sedimentation rates was discussed previously. Since traps 
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deployed on the bottom will be more susceptible to trapping resuspended particles than 

those located further up within the water column, the mid-column trap results were used 

to estimate particulate-borne nutrient deposition to the sediments (Table 6.3). 

 

Table 6.3. Mean nutrient deposition rate and annual load by sediment type. 
                            
              Particulate-P          Particulate-N 

Sediment Type    Flux     Load       Flux   Load    
         mg/m2/d     kg/yr    mg/m2/d   kg/yr 
  

 I       ~0        ~0      ~0    ~0 
   II       21.3    25,500    154      184,400 
   III       27.7    59,000    136      289,500 
    

   Total            84,500           473,900 
                            
 

6.2.4 Proposed N and P budgets for Lake Elsinore 

 

 Based upon the above considerations, one can propose the following P budget for 

Lake Elsinore: 

             Atm Deposition 

   all values          ↓   108 
    in kg/yr 
                     

 
External Inputs 
  626  → 
 

 

 

 

 

  Fig. 6.2. Phosphorus budget for Lake Elsinore (2000-2001). 

 

As one can see, internal loading greatly exceeded external inputs of P to Lake 

Elsinore for 2000-2001. Inputs also greatly exceed the standing P mass within the lake, 

which in this context can be considered a steady-state value on an annual averaged 

basis, and thus represents neither production nor loss, but rather a compartment with 

some known amount of P storage. Sedimentation losses estimated using sediment trap 

  
 

  Standing P Mass 
  5,500 

 
 
 
 
     ↑   33,160    Sedimentation   ↑   50,606 
Internal Loading   ↓   84,500         Resuspension 



  Internal Loading and Nutrient Cycling in Lake Elsinore 
   

 37 

data substantially overestimate the P deposition rate, such that over 2x the measured 

inputs are thought to be lost from the water column. Since sedimentation is the only loss 

mechanism for P from the water column, the principle of mass balance suggests that 

50,606 kg of P is resuspended into the water column each year. 

The N budget differs slightly from the P budget due to additional inputs and loss 

processes. Specifically, atmospheric deposition of N directly onto the lake surface adds 

2,040 kg of N to the lake, while denitrification removes up to 70,850 kg/yr (Fig. 6.2). A 

larger standing N mass relative to the known inputs exists, although the mass balance 

again overestimated net sedimentation losses by a wide margin, reflecting the previously 

discussed trapping of resuspended sediments due to wind-mixing and bioturbation, here 

estimated to amount to 269,216 kg each year. 

 

        Atm Deposition     N2 Fixation 

           ↓   2,040        ↓   ?      ↑   70,850 

 
   all values 
    in kg/yr 
 

 
External Inputs 
  5,274  → 
 

 

 

 
 

   Fig. 6.3. Nitrogen budget for Lake Elsinore (2000-2001). 

 

 

7.0 WATER QUALITY MODELING 
 
 With the development of nutrient budgets for Lake Elsinore, it is possible to use 

models to predict water quality in the lake and compare those predictions with measured 

properties. With reasonable agreement between observed and predicted values, the 

model can be used with some confidence to predict water quality following changes in 

              Denitrification   
 
 
 

 Standing N Mass 
    125,000 

 
 
 
 
     ↑   197,370    Sedimentation    ↑   269,216 
Internal Inputs    ↓   473,900         Resuspension 
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external and/or internal loading of nutrients to Lake Elsinore and guide TMDL 

development efforts. 

 

7.1 Methods 
 

Two different models were used in this phase of the project. The BATHTUB model 

(Walker, 1996) is a widely-used eutrophication model that relies upon empirical 

relationships developed from measured water quality parameters in the US Army Corp 

of Engineers reservoirs located throughout the country. The model predicts annual or 

growing season (summer) average water quality in lakes and reservoirs based upon 

external loads from stream flow, atmospheric inputs and other point and nonpoint 

sources, internal loading, lake morphometry (mean depth, surface area, etc.), 

evaporation, lake discharge, and other parameters. BATHTUB has been previously used 

to predict water quality in Lake Elsinore (Montgomery-Watson, 1997). 

The model CE-QUAL-R1 (USACE, 1995) is a one-dimensional hydrodynamic-water 

quality model that can, in principle, simulate a host of water quality parameters, including 

temperature, DO, salinity, algal, zooplankton and fish community populations, uptake 

and decomposition reactions, and chemical speciation of nitrogen, phosphorus, iron, 

manganese, sulfur and other elements. Application of CE-QUAL-R1 requires an 

extensive database and experience, and is not appropriate for use as a general lake 

management tool. The model will be used in this study to simulate stratification and 

mixing events in Lake Elsinore and to explore meteorological conditions governing such 

processes. 

 

7.1.1 BATHTUB 

 

 The principal inputs to the BATHTUB model included external loads from the San 

Jacinto River and other local runoff sources, as well as direct atmospheric inputs, 

estimates of internal loading, precipitation, evaporation, and lake morphometric 

parameters. Principal input parameters used in the BATHTUB simulations are provided 

in Table 7.1.  
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Table 7.1. BATHTUB model input parameters. 

aonly the organic P was considered potentially bioavailable as described in text (i.e., 30% of total P) 

 

The BATHTUB model has a number of different options within it, providing, for 

example, flexibility in describing the relationship between nutrients and chlorophyll, 

nitrogen and phosphorus sedimentation, transparency, etc. These sub-models are 

summarized in Table 7.2. 

 

   Table 7.2. BATHTUB sub-models used in calculations. 

Water Quality Parameter Model 

Chlorophyll a P, N, low turbidity 

Secchi depth Chlorophyll and Turbidity 

P Balance 2nd Order, Fixed 

N Balance 2nd Order, Fixed 

 

 

7.1.2 CE-QUAL-R1  

 

 The CE-QUAL-R1 model is a comprehensive, mechanistic model used in this context 

to simulate heating, mixing and stratification in Lake Elsinore. Accordingly, CE-THERM, 

the temperature submodel was employed. This model uses as input, local 

meteorological data, morphometric properties of the lake, and the initial temperature 

profile in the lake. Meteorological conditions have been recorded by installation of a 

Davis Weather Monitor II weather station with datalogger. The weather station has been 

logging wind speed, wind direction, air temperature, relative humidity, dewpoint, and 

rainfall every 30 min since February 8, 2001. Temperature profiles in the lake have been 

Input Parameter Value  Nutrient Loading Total P (kg) Total N (kg) 
      

   Surface Area 3000 acres     External Inputs 626.2 5274 

   Mean Depth 4 m     Atm Inputs 108 2040 

Mixed Layer Depth 4 m     Internal Load 33,160 197,370 

   Precipitation 0.3 m  Resuspension 50,606a 269,216 

   Evaporation 1.45 m     

Non-algal Turbidity 0.4 m-1     
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recorded every 15 min since April 26, 2001 using the series of Onset Tidbit Temperature 

Loggers described previously (Section 2.1). 

 

7.2 Results 
 

7.2.1 BATHTUB 

 

 Using the input parameter values (converted as necessary to conform to the units 

used by BATHTUB), nutrient loading data, and sub-models (Tables 7.1 and 7.2), 

BATHTUB was used to predict water quality in Lake Elsinore. For this analysis, it was 

assumed that only the organic-P associated with the resuspended sediment could 

become available to the phytoplankton. Results from P-fractionation of the material 

recovered in sediment traps indicate that, averaged over all sediment trap data, 72.8% 

of the total P is recovered as inorganic P in the method of Aspila et al. (1976). Thus, it 

was assumed that only 30% of such sediment-borne P is potentially bioavailable. 100% 

of the sediment-borne N was assumed to be organic and thus potentially available for 

algal production. Using the measured external inputs, internal loading, and sediment 

resuspension of N and P, the model reasonably predicted the mean chlorophyll 

concentration and Secchi depth, although it tended to underpredict somewhat TP and 

TN concentrations when compared with the results from the RWQCB’s monitoring 

program for 2000-2001 (Table 7.3).  

 

Table 7.3. RWQCB-measured and BATHTUB-predicted mean annual water quality. 
 Chl a (µg/L) Secchi (m) TP (mg/L) TN (mg/L) 

RWQCB 52.4a 0.62 0.119 2.5 

BATHTUB-predicted 49.3 0.6 0.102 1.80 
aSurface composite samples  

 

The widest discrepancy was found for TN, in which the model underpredicted the 

measured mean TN value by about 30%. The reason for this discrepancy is not clear, 

although it is possible that N-fixation by blue-green algae, not explicitly accounted for in 

the model, may be responsible for the higher observed TN values relative to model-

predicted values. Since the lake is generally P-limited, this discrepancy was not 

considered to undermine the modeling efforts. The mean total P concentration was also 
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Fig. 7.1. Predicted and observed 
exceedance probabilities for chlorophyll.

underpredicted, by about 15%, relative to the RWQCB-measured value (Table 7.3). 

While a number of reasons may be responsible for this discrepancy, it is proposed that 

both organic P and some of the inorganic P mobilized during sediment resuspension 

events is bioavailable. Thus, it appears that resuspension inputs of P may be slightly 

underestimated.  

 In addition to comparing the mean 

values, it is instructive to also compare 

the observed and predicted distribution of 

chlorophyll concentrations in the lake. As 

one can see, the probability of exceeding 

a given chlorophyll concentration as 

predicted by BATHTUB is in good 

agreement with the monitoring data 

collected by the RWQCB, deviating from 

observed data only at high chlorophyll 

concentrations and low exceedance 

probabilities (Fig. 7.1). These high 

chlorophyll-low probability events are 

associated with algal blooms and lay outside of the intended use of the model. This 

generally good agreement between observed and predicted cumulative probability 

distributions provides additional support for the model’s ability to reproduce basic water 

quality properties within Lake Elsinore. Overall, then, the agreement between 

BATHTUB-predicted and measured water quality parameters was thought to be 

adequate given the nature of the calculations and the variance in the measured water 

quality properties. Thus, no revisions to input data or development of lake-specific model 

calibration factors were performed. 

 The model was then used to evaluate water quality in the lake under a series of 

different scenarios that included elimination of external loading, recycled water additions, 

and reductions in internal loading which might be achieved through alum, aeration, or 

other in-lake treatments. 

 The first scenario evaluated was the elimination of external loads to the lake, using 

2000-2001 as a reference. As noted in Figs. 6.2 and 6.3, external loading contributed a 

very small amount of N and P to the lake, and thus elimination of such sources is 

expected to have a minimal impact on predicted water quality (Table 7.4). 
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Table 7.4. Predicted mean annual water quality. 
 Chl  (µg/L) Secchi (m) TP (µg/L) TN (µg/L) %>50 µg/L 

2000-2001 49.3 0.6 102.1 1797 36.9 

No Ext Load 49.3 0.6 101.7 1807 36.9 

Aeration 35.8 0.8 71.6 1797 19.8 

Alum (type III) 33.4 0.8 70.4 1525 16.8 

  

In an analogous manner, one is able to predict the influence of aeration and alum 

treatment on lake water quality. For example, it was previously suggested that aeration 

could reduce the internal loading of P by approximately 25,000 kg P/yr, which is 

equivalent to an areally-averaged reduction of internal loading due to sediment nutrient 

flux of 5.7 mg P/m2/d, from a mean, spatially-averaged annual rate of 7.5 mg/m2/d to 1.8 

mg/m2/d. It will be assumed that aeration will not significantly affect N-release, although 

it could be argued that aeration could alternately increase or decrease the rate of 

denitrification within the lake. Aeration is predicted to lower the mean annual chlorophyll 

concentration from 49.3 µg/L to 35.8 µg/L and increase the Secchi depth from 0.6 to 0.8 

m (Table 7.4).  

An alum treatment covering the type III sediment (Fig. 4.1) was assumed to inhibit P 

release from this sediment (Anderson, 2000) and, due to an increase in cohesiveness of 

the sediment, reduce resuspension inputs of N and P by 50% Under such conditions, 

alum was predicted to reduce mean annual chlorophyll concentration to 33.4 µg/L with a 

corresponding transparency increase to 0.8 m (Table 7.4). Moreover, the alum treatment 

is expected to reduce excursions over 50 µg/L chlorophyll to 16.8%, as compared to 

19.8 and 36.9% for aeration and no treatment, respectively (Table 7.4). 

 The predicted impacts of recycled water addition to Lake Elsinore are shown in Fig. 

7.2. For these calculations, it was assumed that the recycled water had an average SRP 

concentration of 2 mg/L and an inorganic N content of 8 mg/L. Due to the high rate of 

internal loading, low rates of recycled water additions are predicted to have relatively 

limited impacts on the mean annual chlorophyll concentrations in the lake. For example, 

recycled water addition to offset the typical annual deficit due to evaporation (3600 af/yr) 

is predicted to increase the mean annual chlorophyll concentration by 8%. The predicted 

mean annual chlorophyll concentration increased with increasing volume (Fig. 7.2). At a 

recycled water addition sufficient to offset evaporative losses during a particularly dry 

year (15,000 af), the mean annual chlorophyll concentration was predicted to increase 
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Fig. 7.2. Predicted mean annual 
chlorophyll concentrations as a function of 
recycled water additions. 

29% to 63.7 µg/L, with concentrations 

exceeding 50 µg/L 53% of the year. It is 

important to recognize, however, that 

BATHTUB assumes such inputs as being 

averaged over the year, so additions over a 

shorter interval, such as over 2-3 months, 

for instance, will result temporally higher 

chlorophyll concentrations than predicted 

here. 

 

 

7.2.2 CE-QUAL-R1 

   

Meteorological factors control the stratification and mixing in lakes. Of particular 

importance are wind speed, solar heating, and convective cooling. Heating of the lake 

surface lowers the density of the uppermost layer of water, resulting in thermal 

stratification. Sufficient wind energy can overcome the buoyant forces thereby mixing the 

water column and vertically distributing heat, DO, and nutrients. Plots of air temperature 

and wind speed, and water column temperature for the April 26 – May 22, 2001 period 

are shown in Fig. 7.3. This water column temperature data was previously discussed. 

Here it is reintroduced to underscore the importance of meteorological influences on lake 

structure and function. Over this interval, we see the strong diurnal oscillations in air 

temperature (given in the upper panel of Fig. 7.3 as the red line). Night-time minima 

generally averaged about 13-15 °C, while afternoon maxima often exceeded 35 °C (Fig. 

7.3). Windspeeds were generally low at night (~1 m/s or less) and increased strongly in 

the early afternoons to 4-6 m/s. We notice that the lake is weakly stratified in April, with 

~4 °C difference between upper and lower depths in the water column. Inspecting the 

lower panel, one can see relatively short-lived (<1 day) increases and subsequent 

cooling of the upper 1-2 m of the water column coinciding with daily maximum 

temperatures and windspeeds (Fig. 7.3). Most of the time period shown reflects some 

persistent, albeit weak stratification. The exception is the May 3-5 time period, where 

cooler temperatures and strong winds resulted in mixing of the water column (i.e., a 

uniform temperature from top to bottom) (Fig. 7.3). Increased daytime temperatures and 

weaker winds resulted in a rapid return to weakly stratified conditions. 
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Fig. 7.3.  Detailed meteorological and water temperature record (April 26 – May 22, 2001). 

 

Persistent stratification can be expected to reduce the DO in the lower water column 

due to sediment and water column oxygen demand. Oxygen demand experiments 

conducted on samples collected May 14 indicated that SOD varied depending upon 

sediment type and location, and ranged from 0.4 – 1.5 g/m2/d. Water oxygen demand 

ranged from 0.5 – 1.8 mg/L/d. Surface and bottom water samples generally had higher 

rates than samples collected at mid-depth, presumably reflecting the additional 

influences of algal respiration and resuspended material, respectively. Assuming a WOD 

of 1 mg/L/d, stratification persisting more than about a week would result in anoxia in the 

subsurface. Continued stratification would allow the buildup of NH4-N, SRP, NH3, and 

H2S, such that subsequent mixing would release these nutrients and, in the case of NH3 

and H2S, toxins, to the rest of the water column. Such an event provides a rich pulse of 

nutrients to the photic zone, promoting an algal bloom. The mixing event may also result 

in significant mortality of organisms sensitive to NH3 and other reduced chemical 

species. As a result, understanding the duration of stratification, frequency of mixing, 

and the meteorological conditions controlling these events are of central importance. 
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Fig. 7.4. Detailed meteorological record (February 8 – May 22, 
2001). 

Using the weather data collected this past spring (2001), CE-QUAL-R1 simulations 

were conducted to evaluate its ability to predict stratification and mixing events in Lake 

Elsinore.  Weather conditions at the lake for spring 2001 is shown in Fig. 7.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

Air temperatures exhibited strong diurnal oscillations throughout the spring. Air 

temperatures were predictably low in February, with daily averages of about 6-12 °C and 

ranging from about 1 – 22 °C. Air temperature gradually increased through March, 

followed by a week or more of cool, windy conditions, before again gradually increasing 

through May to daily average temperatures of approximately 22-25 °C (Fig. 7.4). 

Dewpoint, a measure of the total water vapor in the air, tended to follow air temperature, 
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Fig. 7.5. CE-QUAL-R1-predicted water temperature profiles (February 8 
– May 22, 2001). 

although a sharp drop in dewpoint coincided with strong Santa Ana-type winds in early 

May which served to substantially lower the total water vapor content of the air. 

These data, recorded every 30 min, were averaged to yield 12-hour mean values and 

then used as input to CE-QUAL-R1 simulations. The observed water column 

temperature measured on February 8, 2001 was used as the initial condition, with a 12-

hour timestep. Results of the simulation are shown in Fig 7.5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The model predicts heating of the water column from approximately 10 °C in early 

February to about 27 °C by the end of May. A continuous record of water column 

temperature is not available until late April (Fig. 7.3), however one can see that the 

model overpredicted the May temperature by several degrees C. Moreover, the model 

tended to predict essentially isothermal conditions through much of the spring. 

Stratification was predicted for late March, however (Fig. 7.5), corresponding to 

increased daytime temperatures and relatively weak winds observed during this period 

(Fig. 7.3). Relatively short-lived stratification was also predicted in mid- to late-May. It is 

postulated that the averaging used to reduce the meteorological data to a form suitable 

for incorporation in the model is probably responsible for the disparity regarding the 

mixing state of the lake. The model did correctly simulate the heating and subsequent 

cooling observed late April – early May, however (Fig. 7.3).  

While additional work is needed before the model can be fully calibrated and used to 

predict the very short time (and vertical) scale mixing events within the lake, it is 
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Fig. 7.6 CE-QUAL-R1-predicted water temperature profiles using 
February 8 – May 22, 2001 weather conditions assuming Lake Elsinore at 
full pool (~12 m depth). 

nevertheless interesting to use the model to predict vertical structure within the lake 

under different operational conditions. 

 For the following simulation, the above weather conditions (Fig. 7.4) were applied to 

Lake Elsinore at full pool (estimated maximum depth of 12 m). With this increased lake 

elevation, wind energy is not able to as readily mix the water column, resulting in more 

frequent and more persistent stratification events (Fig. 7.6) when compared with that 

predicted at low pool (Fig. 7.5). For example, well-defined stratification events are 

predicted for the 2nd half of March, mid-April, and mid-May. At a maximum depth of 7 m, 

the model predicted no apparent stratification in April, and weaker stratification for 

March. Thus, the model predicts increased frequency and duration of stratification with 

increasing lake elevation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8.0 DISCUSSION 
 

 Results from these studies confirm many of the findings of previous investigations into 

the water quality in Lake Elsinore. Specifically, high chlorophyll concentrations, low 

transparency and high temperatures were found over the 2000-2001 study period. 

Unlike some previous reports, however, dissolved oxygen levels generally remained 

relatively high throughout much of the water column, with anoxia witnessed only directly 
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above the sediments in the deepest areas of the lake during the spring and summer 

months. Moreover, no evidence for any fish kills was observed. 

 As previously found, the release of NH4-N and SRP from the sediments was a 

significant source of nutrients to the water column, with only minor amounts of N and P 

being input to Lake Elsinore from the San Jacinto River and other external sources over 

the study period. While high levels of internal loading of N and P from the sediments has 

been previously reported under anoxic conditions (Beutel, 2000; Montgomery-Watson, 

1997), findings from this study suggest high rates of internal loading under both anoxic 

and oxic conditions as present at the time of sampling.  

 The observed release of significant amounts of SRP under relatively well-aerated 

conditions results from the biogeochemistry of the lake sediments. As shown in Fig. 4.6, 

the upper 10 cm of sediment is a zone of intense sulfate reduction, manifested by high 

concentrations of sulfide over much of the year. This high sulfide concentration 

suppresses Fe2+ concentrations in the porewater to levels often <1 µM, as determined 

by analysis of peeper samples, through formation of FeS2(s) (Fig. 3.3). Thus high rates 

of sulfate reduction limit the potential for FeOOH(s) formation in the sediments and, in 

turn, limit Fe control on P solubility. 

Moreover, nutrient release continued throughout the year, with rates generally 

reduced but not eliminated during the winter. For example, NH4-N release from the type 

III sediments measured at the high speed zone site decreased from 86 mg/m2/d in 

October, 2000 to 25.6 mg/m2/d in March, 2001. SRP release decreased from 8.8 to 7.0 

mg/m2/d over this same time period, before increasing to 12.0 mg/m2/d in June, 20001. 

Measured rates of SRP release over the summer of 2001 were lower than those 

reported by Beutel (2000) for the summer of 2000, however. The maximum summertime 

rate of SRP release of 12 mg/m2/d, found in the present study during the June, 2001 

sampling, was only about one-half of the mean rate reported by Beutel (2000) for July, 

2000. Beutel (2000) did note a marked decrease in SRP release over the summer, from 

a maximum average rate of 24.1 mg/m2/d for July, 2000, to 17.4 mg/m2/d for August, 

2000, and 9.5 mg/m2/d in September, 2000. Analysis of cores collected approximately 3 

weeks after Beutel’s September sampling as part of the present study yielded SRP 

release rates comparable to those reported by Beutel (2000) (8.8±0.7 vs. 9.5±1.4 

mg/m2/d, respectively). Since the findings between the two labs for this latter sampling 

are in general accord, it seems reasonable to conclude that the observed differences 

between the summer-2000 and summer-2001 flux rates are due to natural ecological 
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variability, ecological or biogeochemical changes, and/or longer term temporal trends. 

Estimates of total internal loading of P were similar however, since Beutel (2000) 

assumed minimal wintertime release, while significant loading was in fact measured in 

this study. 

 Consideration of the above year-to-year variability, as well as other historical water 

quality data, indicates that, unlike many lakes and reservoirs, Lake Elsinore is a dynamic 

system that is far from any steady-state condition. Of particular consequence for Lake 

Elsinore presently is the continued evaporation of water from the lake surface. Such 

evaporative losses have two immediate effects that will limit any approach to a steady-

state condition. First of all, evapoconcentration will result in the continued precipitation of 

CaCO3. Lake Elsinore is in equilibrium with CaCO3 (Fig. 4.7), thus, evapoconcentration 

will promote the formation and deposition of CaCO3 within the lake basin (up to an 

estimated 800,000 kg CaCO3/year). Importantly, Lake Elsinore has a Ca:HCO3
- ratio less 

than one and thus, with continued evapoconcentration, will evolve into a Na-dominated, 

high alkalinity, high pH water following the concept of the chemical divide (Drever, 1988). 

Such conditions, over the long term, may favor coprecipitation, adsorption, or inclusion 

of P into the precipitating CaCO3. Changes in the water column chemistry, e.g., through 

high levels of runoff or other inputs, could be expected to alter this and other 

geochemical controls on P solubility.  

The second effect of persistent evaporation in the absence of significant inflows is the 

increased tendency for resuspension of fine organic sediments. An important finding 

from this study was the high rate of sedimentation measured using sediment traps. 

Sedimentation rates averaged about 19 g/m2/d in the upper water column (~3 m depth) 

and 47 g/m2/d near the bottom. Water column data as well as mass balance 

considerations for N and P within the lake point to significant resuspension of bottom 

sediments, presumably due to wind-resuspension and bioturbation. While only a 

relatively small proportion (30%) of the resuspended P was assumed to be readily 

bioavailable (the organic P fraction), these findings do suggest an additional internal 

mechanism resulting in nutrient loading and decreased water quality within Lake 

Elsinore. 

 With a continued decrease in lake level, sediment resuspension is expected to occur 

more frequently. Mechanistically, as the lake level drops, the wind-mixed layer intrudes 

further into the lake basin, exposing fine, organic sediments that were previously below 

the depositional boundary depth. Thus, net evaporation should promote continued wind-
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induced sediment resuspension, thereby reducing water clarity and increasing TN and 

TP loading to the water column. Conversely, wind-driven resuspension effects may be 

reduced following a significant increase in lake level above current levels. 

 Beyond these 2 effects, a vast range of hydrological and ecological changes may 

potentially buffet the lake. For example, a large volume of runoff, with a high external 

loading of nutrients, may foster a subsequent increase in internal loading rates. This can 

be inferred from the 1997 study of Montgomery-Watson in which internal loading was 

solved as budget residuals for 1995-1996 (Montgomery-Watson, 1997). In that report, 

the average internal load of P was estimated at 204,400 kg/yr in 1995, following high 

runoff. The estimated internal P load for 1996, a relatively dry year, was about one-half 

that of 1995. 

 The dynamic nature of Lake Elsinore makes it difficult to confidently predict future 

water quality, but near-term predictions, assuming hydrologic and other conditions do 

not change markedly, are possible. With that in mind, simulations were conducted using 

BATHTUB (Walker, 1995) that tested the ability of the model to correctly predict current 

water quality conditions, and then evaluated the potential impacts of various proposed 

management strategies on lake water quality. 

Simulations indicated that limited inputs of recycled water of a few thousand acre-feet 

would have a modest impact on mean annual water quality in Lake Elsinore; 

nevertheless, previous nutrient addition experiments demonstrated that such inputs 

would have a pronounced negative, if not relatively short-lived, effect (Anderson, 2000). 

Higher rates of recycled water addition were predicted to have negative impacts on both 

short-term and longer-term water quality in the lake. At additions sufficient to offset 

evaporative losses during a dry year (15,000 af), the mean annual chlorophyll 

concentration was predicted to increase 29% to almost 64 µg/L. 

Simulations did indicate a beneficial effect from aeration (defined here simply as 

engineering-based maintenance of high DO conditions in the water column), however. 

Using the internal P load offset suggested by Beutel of 25,000 kg/yr (Beutel, 2000), 

model calculations indicated that aeration would lower the predicted mean annual 

chlorophyll a concentration from 49.3 µg/L to 35.8 µg/L. It should be noted, however, 

that this offset value was based on summer, 2000 data that showed higher rates of 

internal loading than found in summer, 2001. (The nutrient budget and loading rates 

used in the BATHTUB simulations were based on fall, 2000 – summer, 2001.) Moreover, 

the relatively high DO concentrations found throughout the water column for much of the 
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year and the high rates of internal loading found under aerobic conditions implies 

incomplete control of internal loading of SRP via aeration (or oxygenation). 

Alum treatment of the type III sediments, corresponding to the middle one-half of the 

lake basin, was predicted to have somewhat more beneficial effects due to its effect on 

both SRP release and the prospects for increasing the cohesiveness of the sediments 

(predicted mean annual chlorophyll a concentration of 33.4 µg/L). Further improvements 

in water quality could be achieved if the treatment area was expanded to include both 

the type II and III sediments, but would require treatment covering about 75% or about 

2,250 acres of the bottom sediments. (Such improvements are predicated upon limited 

disturbance of the alum layer by wind-resuspension or bioturbation.) 

Notwithstanding these considerations, it is clear that control of both internal and, 

during wet years, external sources of nutrients, in conjunction with lake level 

stabilization, is necessary before significant improvements in water quality in Lake 

Elsinore can be achieved. 
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