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From August 1996 through September 1997 eleven fixed stations were sampled 

monthly in January, March , April , July, August, September, and November and 

fortnightly in May and June for the purposes of establishing baseline conditions present 

in Lake Texoma as related to U.S. Army Corps of Engineers chloride control activities in 

the upper Wichita River, Texas.  Five reservoir zones were identified a priori using 

historical chloride concentration data and include the Red River Zone (RRZ), Red River 

Transition Zone (RRTZ), Main Lake Body (MLB), Washita River Transition Zone 

(WRTZ), and Washita River Zone (WRZ) in order of decreasing chloride concentration.  

The existence of the WRTZ is not supported here, however the Big Mineral Arm in the 

RRTZ was observed to be highly independent of the mixing patterns observed in the 

RRTZ and was treated post priori separately from the RRTZ.  Spatial and temporal 

comparisons between reservoir zones were performed on seventeen (17) physicochemical 

parameters from each of the eleven sampling stations and phytoplankton count data from 

one sampling station within each reservoir zone and physicochemical parameters were 

observed to exhibit a fixed spatial gradient.  Strong density gradients throughout the 

reservoir were observed to occur in conjunction with vertical stratification of the water 

column.  Stratification stability at individual stations was attributable to both thermal and 

salinity density gradients throughout the period of stratification with the degree to which 



stratification is thermally or chemically induced influenced by inter-annual variability in 

hydraulic residence time.  Hypolimnetic oxygen depletion rates were also observed to be 

affected by changes in hydraulic residence time with a long-term trend of decreasing 

relative areal hypolimnetic oxygen rates detected between the 1970's and 1990's.  The 

algal assemblage present in Lake Texoma is dominated by the Cyanophyta, which 

comprises 82.1 % of the assemblage total standing crop with one species, Microcystis 

incerta, comprising 57.0 % of the assemblage total standing crop and is typical of a 

temperate eutrophic lake.  The algal assemblage was affected more by temporal dynamics 

rather than spatial dynamics with variance observed in the algal assemblage attributable 

to physicochemical factors which vary through time. 
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CHAPTER I 

SPATIOTEMPORAL VARIABILITY IN PHYSICOCHEMICAL AND BIOLOGICAL 

WATER QUALITY PARAMETERS, LAKE TEXOMA, OKLAHOMA AND TEXAS, 

AUGUST 1996 - SEPTEMBER 1997 

Introduction 

Lake Texoma offers many challenges to water quality managers due to the unique 

chemical characteristics exhibited by the reservoir.  The chemical composition of the reservoir 

can at times differ considerably from that of both the Red and Washita Rivers, with much of the 

ionic composition of the reservoir attributable to the inflows originating from the upper Red 

River Basin.  The influence of the Red River on the ionic composition of the reservoir is best 

demonstrated by the strong salinity gradient characteristic of the lake (Hubbs et al., 1976; Pettit, 

1976; Stanford et al., 1977; Stanford and Zimmerman, 1978; Perry et al., 1979; Work and 

Gophen, 1995; Atkinson et al., 1996).  Chloride concentrations fall into relatively well defined 

riverine, riverine transitional, and lacustrine zones that have been observed in several other 

reservoirs (Thornton, 1990), with the highest chloride concentrations occurring in the Red River 

arm, and the lowest chloride concentrations occurring in the Washita River arm. 

Although the chloride anion is generally not a dominant ionic component of open lake 

systems (Wetzel, 1983) it is just that dominance in Lake Texoma that has drawn the attention of 

water quality managers in attempts to utilize water from the reservoir for a variety of municipal, 

industrial, and agricultural purposes.  Lake Kinneret, Israel, is comparable to Lake Texoma 

relative to water quality management concerns.  Efforts to decrease chloride concentrations in 

Lake Kinneret have been more extensive than have chloride control efforts for Lake Texoma, to 

date.  The source of chloride loadings into Lake Kinneret differs greatly from those of Lake 
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Texoma.  Chloride loadings contributing to high chloride concentrations in Lake Kinneret (250 

mg/L on average) are due to the presence of thermo-mineral springs located on the bottom of the 

lake and along the shoreline and not the Jordan River, which exhibits an average chloride 

concentration of 20 mg/L  (Mero, 1978).  In contrast, the source of chloride loadings into Lake 

Texoma is primarily due to mineral loadings originating from brine seeps located throughout the 

upper Red River Basin.  The soils and surface geology of the Red River watershed are rich in 

calcium carbonate, calcium sulfate, and sodium chloride (marine evaporite salt) deposits formed 

by the subsidence of inland Permian seas (Sonnenfeld, 1984).  When compared to reservoirs at a 

similar latitude chloride rather than sulfate is the most abundant anion and sodium rather than 

calcium is the most abundant cation (Groeger and Ground, 1994).  It is because of the highly 

mineralized nature of the water in Lake Texoma that the reservoir is committed primarily to 

recreation. 

  As originally formulated the U.S. Army Corps of Engineers (USACE), Red River 

Chloride Control Project (RRCCP) was estimated to result in up to a 35, 25, 25, and 10 percent 

decrease in chloride, sulfate, sodium, and calcium concentrations respectively in Lake Texoma 

during normal and low flow periods.  Chloride control efforts within the upper Red River basin 

began when in 1964 ring dike construction at Estilline Springs, Estilline, Texas, was 

implemented to evaluate the effectiveness of, and potential for, additional chloride control 

activities throughout the basin.  Chloride control features at Estilline Springs currently prevent 

240 tons of salts per day from entering the Red River (USACE, 2003a) and represents a 5% 

reduction in long-term reductions of chloride loadings into Lake Texoma (USACE, 2002a). 

In 1974 Truscott Brine Disposal Reservoir, Knox County, Texas, was authorized (Public 

Law 93-251) to be constructed by the USACE for the purpose of brine storage for brine collected 
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and diverted from the South Fork Wichita River, Texas (USACE, 1993a).  Construction was 

completed in 1982.  In 1987, a low flow collection facility comprised of an inflatable weir and 

pump house was put into operation in the upper reaches of the South Fork Wichita River.  

Operations in the South Fork Wichita River have resulted in the effective control of 165 tons of 

salt per day (87%) by transfer to Truscott Brine Disposal Reservoir resulting in the long-term 

reductions of chloride loadings into Lake Texoma of 5% (USACE, 2002a).  In 1997, 

construction of a low-flow collection weir and pump house was completed along the Middle 

Fork Wichita River; however, construction was interrupted and only the weir is operational at 

this time and brine is not being diverted to Truscott Brine Disposal Reservoir. 

To date, these are the only chloride control structures completed within the upper Red 

River basin.  In 1997, a reevaluation of the Wichita River only portion of the Red River Chloride 

Control Project was initiated by the U.S. Army Corps of Engineers, Tulsa District.  This 

reevaluation resulted in a new draft Supplement to the Final Environmental Statement and the 

project is currently awaiting final approval for completion.  Implementation of the Wichita River 

only portion of the Red River Chloride Control Project could result in as much as a 15, 5, and 7.5 

percent reduction in mean chloride, sulfate, and TDS concentrations respectively in Lake 

Texoma (USACE, 2003b). 

The overall objective of this study was twofold.  The primary objective being the 

establishment of a baseline of physical, chemical, and biological data such that the effectiveness 

of current and future chloride control efforts in the upper Red River basin could be assessed 

relative to changes in the total dissolved solids concentration in Lake Texoma over time.  The 

secondary objective centered around the examination of the extent to which future reductions in 

total dissolved solids in Lake Texoma could impact turbidity and primary productivity due to 
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decreases in sedimentation rates Schroeder and Toro (1996) predicted would occur following 

project implementation. 

Methods and Materials 

Lake Texoma is a 360.2 km2 (89,000 acre) impoundment located on the Red River at 

river kilometer 1167.9 (river mile 725.9), 8 kilometers (5 miles) northwest of Denison, Grayson 

County, Texas.  Construction (August 1939 through February 1944) was authorized by the Flood 

Control Act approved 28 June 1938 (Project Document HD 541, 75th Congress, 3d Session) for 

flood control, water supply, hydroelectric power, navigation, and recreation (USACE, 1993a).  

At the top of the conservation pool (188.1 m [617.0 ft]), capacity of the lake is 3.18 x 10 9 m3 

(2,580,386 acre-feet) with a maximum depth of 34 m (112 ft) and mean depth of 9 m (30 ft) 

(USACE, 1993b).  The drainage basin area upstream of the dam is 103,000 km2 (39,719 square 

miles), the majority of which is comprised of pasture and cropland (Atkinson et al., 1996). 

A review of historical water quality data for Lake Texoma by Atkinson et al. (1996) 

demonstrated the existence of a relatively strong horizontal chloride gradient in the reservoir 

similar to horizontal chemical gradients common in other large reservoirs (Thornton, 1990).  

Subsequently, five zones (Red River Zone, Red River Transition Zone, Main Lake Zone, 

Washita River Transition Zone, and Washita River Zone) were identified a priori in the riverine, 

transitional, and lacustrine portions of the reservoir and sampling stations were located 

throughout the reservoir such that they were coincident with historical sampling locations 

(Stanford et al., 1977; Stanford and Zimmerman, 1978; Perry et al., 1979) in the thalweg of the 

riverine, riverine transitional, and lacustrine portions of the reservoir.   

Surveys of physical-chemical profiles were conducted in Lake Texoma from August 

1996 through September 1997 at 11 fixed sampling stations (Figure 1). Surveys were conducted 
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once each month in January, March, April, July, August, September, and November and twice 

each month in May and June.  The Red River Zone (RRZ), Red River Transition Zone (RRTZ), 

Main Lake Zone (MLZ), Washita River Transition Zone (WRTZ), and Washita River Zone 

(WRZ) each contained two fixed sampling stations located within the thalweg of the old river 

channel.  The Big Mineral Arm (BMA) contained only a single fixed sampling station located in 

the thalweg of the old river channel.  In addition to the fixed sampling stations, a random 

sampling station was selected in each of the five reservoir zones for each sampling period by 

overlaying a fixed grid (approximately 500 meters on a side) of potential sampling locations on a 

map of Lake Texoma.  The grid was based on increments of 0.001 decimal degrees of longitude 

and latitude.  Each grid point was numbered, and a random number generator was used to select 

one random location from each zone and each sampling trip.  Random sampling stations were 

limited to depths greater than six meters, or approximately three times the Secchi depth. 

Sampling stations were located each month with a Trimble Navigation GeoExplorer 

Global Positioning System (GPS) from known coordinates (Table 1).  A Hydrolab® (H20) 

multiprobe was used to measure dissolved oxygen (mg/L), temperature (oC), pH (standard units), 

and specific conductance (µS/cm) at 2 meter intervals beginning 1 meter below the surface and 

ending 1 meter above the bottom every 5 seconds for 2 minutes (n = 26) at each depth.  Water 

samples were pumped from depth using a Teel (Model 1P580E) water pump via a 1 inch O.D., 

3/4 inch I.D. weighted steam hose lowered to each discrete sampling depth.  Water was passed 

through a Hydrolab® flow cell at a rate of 1 liter per minute.  Additional replicate water samples 

were taken (n = 3) for a variety of water quality parameters (Table 2) at one meter below the 

surface (Top), one meter above the chemocline (M1), one meter below the chemocline (M2), and 

one meter above the bottom (Bottom). 
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Statistical analyses were conducted using MINITAB 13 (Minitab, Inc. 2000).  For 

hypothesis testing the level of significance (α) was 0.1, with the exception of normality testing 

where α = 0.05.  A level of significance of α = 0.1 was chosen here such that any significant 

differences would be more likely represent shifts in ecological trends on community and 

ecosystem/landscape scales through space and time rather than the species and niche/ecotone 

scales.  Initial analyses were performed on all data to determine if the data deviated significantly 

from that of a normal distribution using the Anderson-Darling normality test.  All data resulting 

from this study were found to significantly deviate from that of a normal distribution.  Spatial 

and temporal differences among sampling locations, sampling depths, and sampling events were 

determined using analysis of variance (ANOVA) on ranked data.  When differences among the 

medians were detected, Tukey's multiple comparison test (MCT) was utilized to determine which 

medians were different.  Results from Tukey's MCT presented here are always presented in an 

order of decreasing median value.  Correlation analyses were preformed using the Spearman 

rank correlation throughout this analysis. 

Box and whisker plots, as defined by Minitab, Inc. (2000), used to graphically display 

much of the data are as follows:  the end of the lower whisker represents the lowest observation 

within quartile 1 (Q1) minus 1.5 multiplied by quartile 3 (Q3) minus Q1.  The end of the upper 

whisker represents the highest observation within Q3  plus 1.5 multiplied by Q3 minus Q1.  The 

lower portion of the box is the 25th percentile (Q1) and the upper portion of the box is the 75th 

percentile (Q3).  The horizontal bar located within the box represents the median value.  The 

symbol located within the box represents the mean value.  The asterisks (*) identify data points 

outside the lower and upper limits of the whiskers (Figure 2). 
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During the exploratory data analysis (EDA) phase of the analysis presented here it 

became evident that the BMA does not likely exhibit as strong an influence on the RRTZ as was 

postulated by Atkinson et al. (1996).  As a result, the BMA was identified post priori as a 

separate reservoir zone for the purposes of exploring the difference in water chemistry between 

the BMA and RRTZ as well as the relationship between the BMA and other reservoir zones 

relative to their chemical constituents. 

Results 

Physical Parameters 

 
Precipitation and Reservoir Elevation  

 Throughout the course of this study (1 August 1996 through 31 September 1997) 

precipitation at the U.S. Army Corps of Engineers (USACE) Denison gage (DSNT2) recorded a 

total of 126.08 cm (49.64 inches) of precipitation (USACE, 2002c).  The maximum single 

rainfall event, recorded at the Denison Dam, occurred on 7 November 1996 where 10.41 cm (4.1 

inches) of precipitation was recorded (Figure 3).  A total of 101 rainfall events were recorded 

during the course of this study with 35 rainfall events resulting in greater than 1.27 cm (0.5 

inches) of precipitation, 17 rainfall events resulting in greater than 2.54 cm (1.0 inches) of 

precipitation, and 2 rainfall events resulting in greater than 5.08 cm (2.0 inches) of precipitation 

recorded at the Denison Dam.  The majority of rainfall events, 84 in total, resulted in less than 

2.54 cm (1.0 inches) of precipitation. 

 Precipitation, as reported by the USACE (USACE, 2002c), throughout the 103,000 km2 

(39,719 square mile) drainage basin totaled 95.43 cm (37.57 inches).  The maximum single 

rainfall event of 3.68 cm (1.45 inches) occurred on 23 September 1997 (Figure 4).  Throughout 

the drainage basin a total of 205 rainfall events were recorded.  Of these, 174 rainfall events 
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resulted in precipitation less than 2.54 cm (1.0 inches), 17 resulted in less than a 1.27 cm (0.5 

inches) of precipitation, and 6 resulted in precipitation greater than 2.54 cm (1.0 inches).  No 

single rainfall events resulting in greater than 5.08 cm (2.0 inches) of precipitation were recorded 

within the drainage basin during this study. 

 Reservoir elevation ranged from 188.10 m NGVD (617.13 ft NGVD) to 189.82 m NGVD 

(622.79 ft NGVD) during the study period.  As seen in Figure 2, the reservoir elevation was 

below the top of the conservation pool of 188.06 m (617 feet) on five of the sampling trips 

(August 1996, January 1997, April 1997, August 1997, and September 1997), otherwise the 

reservoir occupied the flood control pool (188.06 m to 195.07 m) when sampling occured.  Rapid 

increases in elevation greater than one meter over a relatively short period of time, generally not 

more than 10 days in duration tended to occur following rainfall events with greater than 2.54 cm 

of precipitation within the drainage basin while elevation increases of 0.3 m tended to be 

associated with rainfall events resulting in from 1.0 cm to 1.5 cm of precipitation within the 

drainage basin (Figure 4). 

 

Turbidity 

 Turbidity (NTU) values at one meter below the surface ranged from 1.6 NTU to 79.5 

NTU with mean and median turbidity values of 9.16 NTU and 5.8 NTU, respectively.  Spatially, 

sampling stations in the riverine portions of the reservoir (RRZ and WRZ) exhibited the greatest 

degree of variability and turbidity values were greater relative to transitional and lacustrine 

zones.  Median turbidity values were 53.7 %  (RRZ, mean = 12.2 NTU; median = 8.0 NTU) and 

71.5 % (WRZ, mean = 17.1 NTU; median = 13.1 NTU) greater relative to the Main Lake Zone 

(MLZ, mean = 2.9 NTU; median = 3.7 NTU) with a distinctive turbidity gradient evident 
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throughout the riverine portions of the reservoir decreasing in a down reservoir direction (Figure 

5).  Temporally, median turbidity values were greatest during the spring months (mean = 12.6 

NTU; median = 7.8 NTU) and lowest during winter months (mean = 4.4 NTU; median = 4.3 

NTU) with the greatest degree of variability occurring during the summer months. 

 Turbidity was found to be significantly positively correlated (Spearman rank correlation) 

with several physicochemical parameters across all sampling sites and sampling dates.  

Significant positive correlations, where the correlation coefficient (r) identified a weak 

correlation (r < 0.5) with turbidity included lake elevation, discharge at the Red River gage near 

Gainesville, TX, discharge at the Washita River gage near Dickson, OK, precipitation within the 

reservoir drainage basin, total Kjeldahl nitrogen, and dissolved oxygen (0.107 < r < 0.365).  

Significant positive correlations where r identified a somewhat stronger correlation with turbidity 

included downwelling light intensity, total suspended solids, total phosphorus, ortho-phosphorus, 

and nitrite + nitrate (0.402 < r < 0.868).  The only significant negative correlation where r 

indicated a relatively strong correlation with turbidity was, not surprisingly, with Secchi depth (r 

= -0.909, p < 0.001).  Parameters with which there were weak but significant negative 

correlations (p < 0.1) with turbidity included the rate of evaporation at the dam, water 

temperature, pH, specific conductance, total dissolved solids, chloride, sulfate, calcium, 

magnesium, sodium, and potassium (-0.117 < r < -0.281). 

Significant spatial and temporal differences were identified (one-way ANOVA on ranked 

data) across all sampling sites and dates in median turbidity values between individual sampling 

sites (F = 137.01, p < 0.001), reservoir zones (F = 220.10, p < 0.001), and seasons (F = 36.53, p 

≤ 0.001).  Tukey's MCT on ranked data separated the six reservoir zones into four statistically 

different groups WRZ ≠ RRZ = BMA ≠ WRTZ = RRTZ ≠ MLZ.  Seasonally, median turbidity 
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values were statistically different between each season with turbidity values greatest in the spring 

and lowest in the winter (spring ≠ fall ≠ summer ≠ winter). 

Across all reservoir zones, TSS accounted for 89.8% of the variability observed in 

turbidity values.  However, within individual reservoir zones TSS was observed to account for 

anywhere between 3.3% (MLZ) to 94.8% (RRZ) of the variability observed in turbidity.  

Multiple regression models for the whole lake and individual reservoir zones (Table 3) were able 

to account for between 89.3% and 98.5% of the observed variability observed in turbidity 

throughout the reservoir. 

 

Secchi Depth 

 Secchi depth across all sampling sites and sampling dates ranged from 0.15 m to 3.45 m 

with mean and median values of 0.93 m and 0.85 m, respectively.  Spatially, Secchi depth was 

greatest in the MLZ and exhibited a gradient of decreasing depth throughout the transition and 

riverine zones (Figure 6).  Descriptive statistics of Secchi depth in each zone across all sampling 

dates are provided in Table 4.  The MLZ exhibited the greatest overall range in Secchi depth (2.8 

m) with the next largest range in Secchi depth exhibited by the RRTZ (1.4 m) across all sampling 

sites and sampling depths with the remaining reservoir zones each exhibiting Secchi depth 

measurements ranging between 0.85 meters to 1.1 meters.  Across all sampling dates median 

Secchi depth values were 181.8 % lower in the RRZ, 138.5 % lower in the RRTZ, 33.3 % lower 

in the WRTZ, and 244.4 % lower in the WRZ relative to the MLZ. 

 Temporally, across all sampling stations and dates, Secchi depth exhibited a moderate 

degree of variability between seasons.  Generally, median Secchi depths were greatest during the 

winter months within each of the reservoir zones with Secchi depth exhibiting very little 
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variability between the spring, summer, and fall months (Table 5).  Statistically, there was a 

significant difference in median Secchi depth between seasons (one-way ANOVA on ranked 

data, F = 10.2, p < 0.001) with greater Secchi depth occurring during winter months and smallest 

Secchi depth occurring during spring and fall months (winter ≥ summer ≠ fall = spring, Tukey's 

MCT on ranked data). 

 Across all sampling sites and dates Secchi depth was significantly positively correlated 

(Spearman rank correlation) with water temperature (r = 0.150, p = 0.002), pH (r = 0.255, p < 

0.001), specific conductance (r = 0.160, p < 0.001), and sulfate (r = 0.154, p = 0.001).  

Significant negative correlations with Secchi depth included reservoir elevation (r = -0.149, p = 

0.002), light extinction coefficient (r = -0.784, p < 0.001), turbidity (r = -0.908, p < 0.001), total 

suspended solids (r = -0.822, p < 0.001), total phosphorus (r =-0.559, p < 0.001), total Kjeldahl 

nitrogen (r =-0.345, p < 0.001), chlorophyll a (r = -0.124, p = 0.01), nitrate (r = -0.376, p < 

0.001), and ortho phosphorus (r =-0.193, p = 0.003).  An analysis of the correlation between 

Secchi depth, turbidity, and TSS with chloride, sulfate, and TDS was also performed across all 

sampling dates for each station.  The results of this analysis (Table 6 through Table 8) revealed 

that TDS, chloride and sulfate have a significant positive correlation with Secchi and a negative 

correlation with turbidity and TSS.  In general, significant correlations of Secchi, turbidity, and 

TSS with chloride, sulfate, and TDS were observed in the riverine arms of the reservoir with no 

significant correlations between these parameters observed in the MLZ.  Throughout the 

reservoir, no significant correlations were observed between TSS and sulfate. 

 Scatter plots of Secchi depth v. turbidity generated for EDA purposes indicated a 

tendency for turbidity to cluster relative to Secchi values commonly observed in Lake Texoma.  

Regression analysis was performed on data from the various reservoir segments and a least 
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square line-of-best-fit and 90% confidence belt of predicted turbidity was generated (Figures 7 

through Figure 12).  Throughout the reservoir the coefficient of determination (R2) ranged from 

0.232 (MLZ) to 0.925 (RRZ).  Within the riverine and riverine transition zones turbidity 

accounted for greater than 50% of the variability observed in Secchi depth (R2 > 0.5).  In the 

lacustrine portions of the reservoir the correlation between turbidity and Secchi depth was minor 

(r = 0.23) with the relationship between turbidity and Secchi observed to be somewhat 

proportional to inflow.  Across all sampling sites and sampling dates turbidity accounted for 

84.1% of the observed variability in Secchi depth.  Regression analysis of data across all 

sampling sites and sampling dates is presented in Figure 13. 

 

Light Attenuation 

 Results presented here differ somewhat from those reported by Rolbiecki (1998) due to 

the inclusion of data collected in September 1997; however, the results of both analyses are in 

general agreement.  Across all sampling sites and dates, the light attenuation coefficient (η") 

ranged from 0.54 m-1 to 5.55 m-1 (mean = 1.59 m-1 ; median = 1.32 m-1).  Generally, a 

longitudinal gradient was evident on all sampling dates with a pattern of increasing η"s in an up-

reservoir direction and the lowest η"s occurring in the lacustrine portions of the reservoir nearest 

the dam.  Light attenuation coefficients and Birgean percent absorption values for each of the 

intensively monitored stations (3, 9, 17, 22, and 24) on each sampling date is provided in Table 

9.  Spatially, there was a significant difference in median η"s between individual stations and 

zones (one-way ANOVA on ranked data, F = 25.61, p < 0.001 and F = 37.33, p < 0.001, 

respectively).  Tukey's MCT on ranked data of individual stations supports the general 

observation of increasing η"s in an up reservoir direction throughout both the Red and Washita 
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River arms and when reservoir zones were compared three groups were clearly identified, MLZ 

≠ RRTZ = WRTZ ≠ RRZ = BMA = WRZ. 

 Temporally, there was a significant difference in median η"s between season (one-way 

ANOVA on ranked data, F = 3.99, p = 0.009) with median η"s indicating a lower rate of 

attenuation (greater η"s) during the spring and summer months and a greater rate of attenuation 

(lower η"s) during the winter months.  Tukey's MCT on ranked data could not clearly delineate 

individual groups among seasons (spring = fall ≥ summer ≥ winter).  Analysis of seasonal trends 

in the η"s between zones revealed that during the winter months, while there is still an 

observable increase in η" in an up-reservoir direction, statistical significance could not be gained 

(one-way ANOVA on ranked data, F = 2.59, p = 0.16).  During spring, summer, and fall months 

statistical significance was gained (ANOVA on ranked data, F = 21.17, p < 0.001, F = 12.02, p < 

0.001, and F = 14.27, p < 0.001, respectively); however, Tukey's MCT on ranked data revealed 

some overlap between zones within individual seasons (spring, WRZ = BMA = RRZ ≥ RRTZ  ≥ 

WRTZ ≠ MLZ; summer, WRZ = BMA = RRZ ≠ RRTZ = WRTZ ≥ MLZ; fall, RRZ = BMA ≥ 

WRZ ≥ WRTZ = RRTZ ≠ MLZ). 

  Calculations of the Birgean percent light absorption for select stations (Table 9) indicate 

that greater than 70% of the incident light at the surface was generally absorbed in the first meter 

of the water column in the riverine zones (Stations 3 and 24) and the WRTZ (Station 22) 

throughout most of the study period.  Birgean percent light absorption values for the lacustrine 

(MLZ, Station 17) and the RRTZ (Station 9) indicate that 50% of the incident light at the surface 

was generally absorbed in the first meter of the water column.  In general, an η" of 1.70 m-1 is 

indicative of greater than 90% light attenuation per meter; however, as seen in Table 9 this can 

vary somewhat from zone to zone and season to season. 
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Chemical Parameters 

Total Suspended Solids 

Across all sampling sites, sampling depths, and sampling dates, total suspended solids 

(TSS) ranged from < 4.0 mg/l to 84.4 mg/l (mean = 11.4 mg/l, median = 8.1 mg/l) at one meter 

below the surface; < 4.0 mg/l to 22.7 mg/l (mean = 8.6 mg/l, median = 7.4 mg/l) at one meter 

above the chemocline; < 4.0 mg/l to 14.4 mg/l (mean = 7.4 mg/l, median = 6.5 mg/l) at one 

meter below the chemocline; and < 4.0 mg/l to 427 mg/l (mean = 23.8, median = 13.6 mg/l) at 

one meter above the bottom sediments. 

The strongest correlations (r > 0.5) with TSS across all sampling sites, sampling depths, 

and sampling dates included Secchi depth (r = -0.822, p = 0.001), downwelling extinction 

coefficient (r = 0.714, p < 0.001), and turbidity (r = 0.788, p < 0.001).  Weaker negative 

correlations (r < -0.5) were observed between TSS and total phosphorus (r = -0.491, p < 0.001) 

and nitrite + nitrate (r = -0.339, p < 0.001) across all sampling sites, sampling depths, and 

sampling dates. 

Horizontally, median TSS concentrations were significantly different between individual 

sampling stations and reservoir zones (one-way ANOVA on ranked data, F = 44.78, p < 0.001 

and F = 63.67, p < 0.001, respectively) with concentrations greatest in the riverine zones and 

lowest in the MLZ (RRZ = WRZ ≠ BMA ≠ RRTZ = WRTZ ≥ MLZ, Tukey's MCT on ranked 

data) (Figure 14).  Vertically, median TSS concentrations were significantly different between 

discrete sampling depths (one-way ANOVA on ranked data, F = 41.41, p < 0.001) with 

concentrations at one meter above the bottom significantly greater than median concentrations at 

one meter below the surface and one meter above and below the chemocline (Bottom ≠ Top ≥ 

M1 ≥ M2, Tukey's MCT on ranked data). 
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At discrete sampling depths median TSS concentrations were significantly different 

between zones at one meter above the surface and one meter above the bottom (one-way 

ANOVA on ranked data, F = 52.08, p < 0.001 and F = 26.56, p < 0.001, respectively).  There 

was no significant difference in median TSS concentration between zones at one meter above or 

one meter below the chemocline.  Median TSS concentrations did exhibit a horizontal gradient at 

one meter below the surface and at one meter above the bottom similar to that described above; 

however, at one meter above the bottom significance between riverine transition and lacustrine 

zones was not gained (Top, WRZ ≥ RRZ = BMA ≠ WRTZ = RRTZ ≥ MLZ, Bottom, RRZ = 

WRZ ≠ BMA = RRTZ ≥ WRTZ = MLZ, Tukey's MCT on ranked data). 

Temporally, across all sampling sites and sampling depths, there was a significant 

difference in median TSS concentrations between seasons (one-way ANOVA on ranked data, F 

= 10.91, p < 0.001) with median concentrations greatest during the spring and fall and lowest 

during the summer and winter.  Two distinct seasonal groups in median TSS concentration were 

identified by Tukey's MCT on ranked data, spring ≥ fall ≠ summer ≥ winter.  At individual 

sampling depths the seasonal trend described above was not consistent; however, there was a 

significant difference in median TSS concentration between seasons at each discrete sampling 

depth (one-way ANOVA on ranked data, Top, F = 7.72, p < 0.001; M1, F = 17.85, p < 0.001; 

M2, F = 4.29, p = 0.046; Bottom, F = 4.62, p < 0.001).  At one meter below the surface, median 

TSS concentrations were greatest in the spring and exhibited a consistent decrease in 

concentrations throughout the summer, fall, and winter months with seasonal differences in TSS 

concentration falling into three significantly different groups (spring ≠ summer = fall ≠ winter, 

Tukey's MCT on ranked data).  At one meter above the chemocline median TSS concentrations 

were significantly greater and more variable during the fall months relative to the summer 
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months.  At one meter below the chemocline, median TSS concentrations were significantly 

greater during the summer months during periods of stratification.  At one meter above the 

bottom, the general trend of greater median concentrations occurring during spring and fall 

months and lower median concentrations occurring during summer and winter months was 

observed; however Tukey's MCT on ranked data was not able to clearly distinguish between 

seasons (fall ≥ spring ≥ summer = winter). 

Median TSS concentrations were significantly different between zones across all seasons 

(one-way ANOVA on ranked data, spring, F = 40.40, p < 0.001; summer, F = 25.08, p < 0.001; 

fall, F = 24.57, p < 0.001; winter, F = 4.07, p = 0.004) with no single consistent horizontal 

gradient observed.  During spring and summer months median TSS concentrations were greatest 

in the RRZ and WRZ; however, during spring months concentrations in the WRTZ were not 

significantly different from concentrations present in the MLZ, while during summer months 

concentrations between these two zones were significantly different (spring, RRZ = WRZ ≠ 

BMA ≥ RRTZ ≠ MLZ = WRTZ; summer, WRZ = RRZ ≥ BMA ≠ WRTZ ≥ RRTZ ≥ MLZ, 

Tukey's MCT on ranked data).  During fall months median TSS concentrations were again 

greater in the RRZ and WRZ with no significant difference in median TSS concentrations 

between riverine transitional and lacustrine zones (RRZ = WRZ ≥ BMA ≠ RRTZ = MLZ = 

WRTZ, Tukey's MCT on ranked data).  The horizontal gradient exhibited during winter months 

was inverse to the general trend described above with the greatest median concentrations present 

in the MLZ and the lowest concentrations present in the WRTZ (MLZ ≠ RRTZ = RRZ ≥ WRZ ≥ 

BMA ≥ WRTZ, Tukey's MCT on ranked data). 
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Nutrients 

 Nutrient analysis included total Kjeldahl nitrogen (TKN), nitrite + nitrate nitrogen (NO2 

+ NO3), total phosphorus (TP), and ortho-phosphorus (ortho-P). 

Total Kjeldahl Nitrogen 

 TKN concentrations across all sampling sites, sampling depths, and sampling dates 

ranged from 0.15 mg/l to 2.41 mg/l (mean = 0.59 mg/l; median = 0.55 mg/l).  At discrete 

sampling depths across all sampling sites and dates TKN concentrations ranged from 0.15 mg/l 

to 1.25 mg/l (mean = 0.59 mg/l; median = 0.57 mg/l) at one meter below the surface; 0.21 mg/l 

to 0.75 mg/l (mean = 0.49 mg/l; median = 0.48 mg/l) at one meter above the chemocline; 0.31 

mg/l to 0.84 mg/l (mean = 0.49 mg/l; median = 0.46 mg/l) at one meter below the chemocline; 

0.21 mg/l to 2.41 mg/l (mean = 0.64 mg/l; median = 0.56 mg/l) at one meter above the bottom 

sediments. 

 TKN was significantly correlated (r > 0.5, p < 0.1) across all sampling sites, sampling 

dates, and sampling depths with only one parameter, chlorophyll a (r = 0.508, p < 0.001).  

Additionally TKN was found to be significantly positively correlated, but with weaker 

associations, with several parameters where 0.105 < r < 0.381 and p ≤ 0.10.  These included 

reservoir elevation, water temperature, specific conductance, downwelling light intensity, 

turbidity, total hardness, total dissolved solids, chloride, sulfate, total phosphorus, ortho-

phosphorus, calcium, sodium, and potassium.  Significant negative correlations were also 

identified where -0.345 < r < -0.109 and p ≤ 0.01.  These included Secchi depth, total alkalinity, 

and nitrite + nitrate. 

 Spatially, a significant horizontal gradient in median TKN concentrations across all 

sampling sites, sampling depths, and sampling dates (one-way ANOVA on ranked data, F = 
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17.30, p < 0.001) was identified with slightly higher median concentrations present in the Red 

River arm and slightly lower median concentrations present in the MLZ as well as throughout 

the Washita River arm (Figure 15).  Median TKN concentrations were significantly different 

between discrete sampling depths (one-way ANOVA on ranked data, F = 16.52, p < 0.001) and 

there were significant differences between median concentrations at one meter below the surface 

and one meter above the bottom and between concentrations at one meter above and below the 

chemocline with concentrations at the surface and bottom greater than those at the chemocline 

(Top = bottom ≠ M1 = M2, Tukey's MCT on ranked data). 

 Temporally, across all sampling sites and sampling depths, median TKN concentrations 

were significantly different between seasons (one-way ANOVA on ranked data, F = 11.13, p < 

0.001) with the greatest concentrations present during summer and fall months (summer = fall ≠ 

spring ≥ winter, Tukey's MCT on ranked data).  At discrete sampling depths there was a 

significant difference between seasons at one meter below the surface, one meter above the 

bottom, and at one meter above the chemocline (one-way ANOVA on ranked data, Top, F = 

19.81, p < 0.001; M1, F = 11.75, p < 0.001; bottom, F = 12.60, p < 0.001) with no single 

consistent trend observed in vertical gradient across seasons.  At one meter below the surface, 

median TKN concentrations were greater during summer months and lowest during winter 

months with no difference in spring and fall concentrations (summer ≠ fall = spring ≠ winter, 

Tukey's MCT on ranked data).  At one meter above the bottom, median TKN concentrations 

were greater during the summer and fall months and significantly lower during spring and winter 

months (fall = summer ≠ spring = winter, Tukey's MCT on ranked data).  At one meter above the 

chemocline concentrations were significantly greater (Tukey's MCT on ranked data), but less 

variable, during summer months relative to fall months during periods of stratification. 
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There was also an observable degree of horizontal gradation in median TKN 

concentrations between seasons.  This gradation was most apparent during fall and summer 

months.  Median TKN concentrations among reservoir zones differed, by season, as follows, 

winter, RRZ ≠ BMA ≥ WRZ ≥ RRTZ = MLZ ≥ WRTZ; spring, RRR ≥ BMA ≥ RRTZ ≠ WRZ ≥ 

MLZ ≥ WRTZ; summer, RRZ ≥ BMA ≥ WRZ ≥ RRTZ ≥ WRTZ ≥ MLZ; fall, RRZ ≥ BMA ≥ 

RRTZ ≥ MLZ ≥ WRTZ = WRZ. 

 

Nitrite + Nitrate 

The additive parameter of NO2 + NO3 nitrogen concentrations are used here in place of 

nitrite (NO2) and nitrate (NO3) individually due to the fact that NO2 was found to be below the 

practical quatitative limit (PQL) in 73.7% of samples collected while NO3 was found to be below 

the PQL in only 14.6% of samples collected throughout the study period.  

NO2 + NO3 nitrogen concentrations across all sampling sites, sampling depths, and 

sampling dates ranged from < 0.01 mg/l to 1.31 mg/l with a mean concentration of 0.30 mg/l and 

median concentration of 0.31 mg/l).  At discrete depths across all sampling sites and dates NO2 + 

NO3 concentrations ranged from < 0.01 mg to 0.80 mg/l (mean = 0.29 mg/l, median = 0.31 mg/l) 

at one meter below the surface; < 0.01 mg/l to 0.75 mg/l (mean = 0.18 mg/l, median = 0.1 mg/l) 

at one meter above the chemocline; < 0.01 mg/l to 0.68 mg/l (mean = 0.24 mg/l, median = 0.18 

mg/l) at one meter below the chemocline; < 0.01 mg/l to 1.31 mg/l (mean = 0.34 mg/l, median = 

0.36 mg/l) at one meter above the bottom sediments. 

Significant positive and negative correlations were identified between NO2 + NO3 

concentrations and many other parameters.  Parameters with the strongest positive correlations 

included Red River discharge (r = 0.382, p < 0.001), Washita River discharge (r = 0.492, p < 
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0.001), turbidity (r = 0.471, p < 0.001), and total suspended solids (r = 0. 339, p < 0.001).  

Parameters with the strongest negative correlations included water temperature (r = -0.642, p < 

0.001), evaporation rate (r = -0.368, p < 0.001), and chlorophyll a (r = -0.648, p < 0.001). 

Across all sampling sites, sampling depths, and sampling dates median NO2 + NO3 

concentrations exhibited a slight horizontal gradient in Lake Texoma with median concentrations 

higher in the riverine arms and lower in the lacustrine areas (Figure 16).  Significant differences 

in median NO2 + NO3 concentrations across all sampling depths and dates were found between 

stations (one-way ANOVA on ranked data F = 11.27, p < 0.001) and between zones (one-way 

ANOVA on ranked data F = 19.01, p < 0.001).  Median concentrations were generally greater in 

the RRZ and WRZ with the lowest concentrations present in the BMA.  Tukey's MCT on ranked 

data determined the following relationship, RRZ = WRZ ≠ WRTZ ≥ RRTZ ≥ MLZ ≥ BMA.  

Median NO2 + NO3 concentrations were also significantly different between discrete sampling 

depths across all sampling sites and sampling dates (one-way ANOVA on ranked data, F = 

15.84, p < 0.001) with the greatest concentrations present at one meter above the bottom and the 

lowest concentrations present at one meter above the chemocline.  There was no significant 

difference in median concentrations at one meter above and below the chemocline (bottom ≠ Top 

≥ M2 ≥ M1, Tukey's MCT on ranked data). 

Temporally, across all sampling sites and sampling depths, there was a significant 

difference in median NO2 + NO3 concentrations between seasons (one-way ANOVA on ranked 

data, F = 131.32, p < 0.001) with the greatest concentrations observed during spring and winter 

months and the lowest concentrations observed during fall months (spring ≥ winter ≠ summer ≠ 

fall, Tukey's MCT on ranked data).  At discrete sampling depths across seasons there was a 

significant difference in median NO2 + NO3 concentrations at one meter below the surface, one 
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meter below the chemocline, and one meter above the bottom (one-way ANOVA on ranked data, 

F = 100.45, p < 0.001, F = 11.25, p = 0.001,and F = 56.69, p < 0.001, respectively).  There was 

no significant difference in median NO2 + NO3 concentrations between seasons at one meter 

above the chemocline during periods of stratification.  At one meter below the surface and one 

meter above the bottom the trend of higher median concentrations during spring and winter with 

lower concentrations during summer and fall was fairly consistent, the major difference being 

that at the bottom median summer concentrations were significantly greater than median fall 

concentrations, whereas at one meter below the surface, median concentrations were 

significantly greater during fall relative to summer (Top, spring ≥ winter ≠ fall ≠ summer and 

Bottom, spring = winter ≠ summer ≠ fall).  At one meter below the chemocline median NO2 + 

NO3 concentrations were significantly greater and less variable during summer months relative to 

fall months during periods of stratification (Tukey's MCT on ranked data). 

Median NO2 + NO3 concentrations were significantly different between zones during 

spring, fall, and winter months (one-way ANOVA on ranked data, F = 27.75, p < 0.001, F = 

16.98, p < 0.001, and F = 20.47, p < 0.001, respectively).  During all seasons where a significant 

difference in median NO2 + NO3 concentration was detected, median concentrations were higher 

in the riverine zones and decreased throughout the riverine transition and MLZ.  The lowest 

median NO2 + NO3 concentrations were continuously associated with the BMA where 

concentrations were significantly different from all other reservoir zones during spring and fall 

months.  Within each season, Tukey's MCT on ranked data resulted in the following reservoir 

zone groupings, spring, WRZ ≠ RRZ ≥ WRTZ ≥ RRTZ = MLZ ≠ BMA; fall, RRZ ≠ WRZ ≥ 

RRTZ ≥ WRTZ = MLZ ≠ BMA; winter, WRZ ≠ RRZ ≠ RRTZ = WRTZ ≥ MLZ ≥ BMA. 
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Total Phosphorus 

TP concentrations across all sampling sites, sampling depths, and sampling dates ranged 

from < 0.01 mg/l to 0.47 mg/l (mean = 0.065 mg/l; median = 0.05 mg/l).  At discrete sampling 

depths across all sampling sites and dates total phosphorus concentrations ranged from < 0.01 

mg/l to 0.17 mg/l (mean = 0.052 mg/l; median = 0.045 mg/l) at one meter below the surface; < 

0.01 mg/l to 0.12 mg/l (mean = 0.042 mg/l; median = 0.04 mg/l) at one meter above the 

chemocline; < 0.01 mg/l to 0.13 mg/l (mean = 0.048 mg/l; median = 0.04 mg/l) at one meter 

below the chemocline; < 0.01 mg/l to 0.47 mg/l (mean = 0.087 mg/l; median = 0.07 mg/l) at one 

meter above the Bottom sediments. 

Several water quality parameters were significantly correlated with TP concentrations.  

Parameters with the strongest significant correlations (r > ⏐0.5⏐) with total phosphorus included 

Secchi depth (r = -0.599, p < 0.001), downwelling extinction coefficient (r = 0.518, p < 0.001), 

and turbidity (r = 0.629, p < 0.001). 

Spatially, median concentrations of total phosphorus were significantly different both 

horizontally and vertically (one-way ANOVA on ranked data, F = 17.61, p < 0.001 and F = 

57.37, p < 0.001, respectively).  Horizontally, across all sampling depths and sampling dates, a 

general trend of greater median concentrations in the riverine zones and lower median 

concentrations in the riverine transitional and lacustrine zones was evident (Figure 17).  Median 

TP concentrations were significantly different between zones (one-way ANOVA on raked data, 

F = 24.02, p < 0.001) and Tukey's MCT on ranked data identified two clearly distinct groups, 

riverine and riverine transitional-lacustrine (RRZ = WRZ ≠ RRTZ ≥ BMA > WRTZ = MLZ).  

At discrete sampling depths the observed horizontal gradient described above was not consistent 

across all sampling sites and sampling dates.  At one meter below the surface, median 
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concentrations were significantly different (one-way ANOVA on ranked data, F = 25.23, p < 

0.001) with concentrations decreasing in a down-reservoir direction throughout each river arm.  

Tukey's MCT on ranked data identified three groups of reservoir zones (RRZ = BMA > WRZ ≠ 

RRTZ ≥ WRTZ ≠ MLZ).  The same general pattern was observed at one meter above the 

chemocline where median TP concentrations were significantly different between zones (one-

way ANOVA on ranked data, F = 14.21, p < 0.001).  At one meter above the bottom median TP 

concentrations were significantly different between zones (one-way ANOVA on ranked data, F = 

11.67, p < 0.001) with median concentrations greater in the lacustrine zones, decreasing 

throughout the riverine transition zone, and then increasing slightly throughout the riverine 

zones.  Tukey's MCT on ranked data identified two clearly distinct zonal groups, MLZ ≥ RRTZ 

≥ RRZ > WRTZ ≠ WRZ = BMA. 

 Temporally, a distinct seasonal gradient was evident in median TP concentrations across 

all sampling sites and sampling depths.  Median concentrations were observed to be greatest 

during spring months and lowest during fall months with decreasing concentrations observed 

throughout spring and summer months.  Median TP concentrations were significantly different 

between seasons (one-way ANOVA on ranked data, F = 8.62, p < 0.001) with three discernable 

seasonal groupings (spring ≠ summer ≥ fall ≠ winter, Tukey's MCT on ranked data). Variability 

across all sampling sites and depths was observed to be greatest during winter and spring 

months.    During spring and winter months, median TP concentrations were significantly greater 

at one meter above the bottom relative to median concentrations at one meter below the surface 

(one-way ANOVA on ranked data, F = 11.34, p < 0.001 and F = 9.06, p < 0.001, respectively).  

During summer months median TP concentrations were observed to be significantly greater at 

one meter above the bottom relative to median concentrations at one meter below the surface, 
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one meter above the chemocline, and one meter below the chemocline with two distinct groups 

identified (one-way ANOVA on ranked data F = 49.27, p < 0.001; Tukey's MCT on ranked data, 

Bottom ≠ Top ≥ M1 = M2).  During fall months, at the peak of stratification, median TP 

concentrations were significantly different between discrete sampling depths (one-way ANOVA 

on ranked data, F = 15.64, p < 0.001).  It was observed that median concentrations had 

significantly increased at one meter below the chemocline between summer and fall to 

concentrations equal to those observed at one meter above the bottom (Tukey's MCT on ranked 

data).  This was associated with slight decrease in median concentrations at one meter above the 

bottom.  During fall months discrete sampling depths were separated into three distinct groups, 

Bottom = M2 ≥ Top ≠ M1 (Tukey's MCT on ranked data) with concentrations lowest at one 

meter above the chemocline. 

 In the Red River arm and the MLZ there was no significant difference between seasons 

within individual reservoir zones.  In the Washita River arm there was a significant difference 

between seasons within both the WRTZ and WRZ (one-way ANOVA on ranked data, F = 3.16, 

p = 0.030 and F = 8.61, p < 0.001, respectively).  Tukey's MCT on ranked data did not clearly 

distinguish between seasons in the WRTZ (spring > summer > fall ≥ winter).  In the WRZ, 

Tukey's MCT on ranked data identified two groups, spring ≥ summer ≥ fall ≠ winter. 

 Total Phosphorus concentrations are commonly used as to assess the trophic state of a 

water body.  Based upon epilimnetic phosphorus loading and productivity relationships 

determined by Vollenwider (1976) the trophic status of a water body can be determined as 

follows: 
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   Ultra-oligotrophic    < 5 µg/l 
   Oligo-mesotrophic  5-10 µg/l 
   Meso-eutrophic           10-30 µg/l 
   Eutrophic          30-100 µg/l 
   Hyper-eutrophic           > 100 µg/l 

Using mean TP concentrations at one meter below the surface, across all sampling sites and 

dates, this trophic classification system would classify Lake Texoma as a eutrophic reservoir.  

Spatially, this trophic classification system would also result in each zone being classified as 

eutrophic.  Temporally, across all sampling sites mean epilimnetic TP concentrations would 

result in a trophic classification of eutrophic; however, during periods when primary productivity 

has been shown to decrease, primarily during the spring and winter months (Gibbs 1998), 

epilimnetic concentrations of TP are high enough to result in a trophic classification ranging 

from eutrophic to hyper-eutrophic. 

 An alternate trophic classification system using TP concentrations is that of the Carlson 

Trophic Station Index (TSI) proposed by Carlson (1977).  The unitless Carlson TSI score will 

generally range from < 40 to > 60 and is based upon a natural logarithmic transformation of TP 

concentrations.  The Carlson TSI is used to define trophic status as follows: 

   Oligotrophic  < 40 
   Mesotrophic           40-50 
   Eutrophic           50-60 
   Hyper-eutrophic > 60 

Epilimnetic Carlson TSI scores ranged from 37.3 to 78.2 with a mean score of 59.4 resulting in a 

trophic classification of eutrophic.  Spatially, mean Carlson TSI scores ranged from 54.2 in the 

MLZ to 63.8 in the WRZ.  Temporally, mean Carlson TSI scores ranged from 56.2 during winter 

months to 61.4 during spring months with spring and fall exhibiting the greatest degree of 

variability.   TSI scores ranged from 37 to greater than 70 during spring and fall months in the 

reservoir. 
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 More typically the trophic state of a reservoir can be classified using surface 

concentrations of total phosphorus and/or chlorophyll a measured during the summer months at 

the height of summer stratification and the peak of summer productivity in the main body of the 

reservoir.  Surface summer concentrations in the Main Lake Body (MLB) of Lake Texoma 

ranged from 20 µg/l to 80 µg/l (mean = 34 µg/l; median = 30 µg/l).  Surface, fall concentrations 

in the MLB of Lake Texoma ranged from 10 µg/l to 80 µg/l (mean = 31 µg/l; median = 20 µg/l).  

Mean concentrations present during periods of peak stratification and productivity would result 

in a eutrophic trophic classification being assigned to Lake Texoma using the classification 

system of Vollenwider (1976).  The Carlson TSI (1977) score for the MLB of Lake Texoma 

ranged from 47 to 67 (mean = 54; median = 53) during summer months and from 37 to 67 (mean 

= 51; median = 47) during fall months resulting in a trophic classification ranging from 

mesotrophic to hyper-eutrophic with an average trophic classification of eutrophic during periods 

of peak summer productivity. 

Ortho-Phosphorus 

 Ortho-P concentrations across all sampling sites, sampling depths, and sampling dates 

ranged from < 0.01 mg/l to 0.26 mg/l (mean = 0.04 mg/l; median = 0.03 mg/l).  At discrete 

sampling depths across all sampling sites and dates ortho-P concentrations ranged from < 0.01 

mg/l to 0.05 mg/l (mean = 0.02 mg/l; median = 0.02 mg/l) at one meter below the surface; < 0.01 

mg/l to 0.08 mg/l (mean = 0.02 mg/l; median = 0.02 mg/l) at one meter above the chemocline; < 

0.01 mg/l to 0.09 mg/l (mean = 0.03 mg/l; median = 0.03 mg/l) at one meter below the 

chemocline; < 0.01 mg/l to 0.26 mg/l (mean = 0.05 mg/l; median = 0.03 mg/l) at one meter 

above the bottom. 
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 Significant positive and negative correlations (Spearman rank correlation) were observed 

between ortho-P and several other parameters.  In general the strength of the association was 

weak to moderate with r < 0.5 for all positive correlations (0.106 < r < 0.475).  Parameters with a 

significant positive correlation included reservoir elevation, discharge and the Washita River 

gage near Dickson, OK, downwelling light intensity, turbidity, alkalinity, total suspended solids, 

total phosphorus, total Kjeldahl nitrogen, and nitrite + nitrate.  Parameters with a significant 

negative correlation included water temperature, pH, dissolved oxygen, Secchi depth, 

chlorophyll a, and sulfate.  The correlation coefficient for negatively correlated parameters 

ranged from -0.573 < r < -0.128. 

 Horizontally, across all sampling sites, sampling dates, and sampling depths, median 

ortho-P concentrations were found to differ significantly between sampling sites (one-way 

ANOVA on ranked data, F = 10.35, p < 0.001) and between reservoir zones (one-way ANOVA 

on ranked data, F = 11.98, p < 0.001).  Tukey's MCT on ranked data identified three distinct 

groups of reservoir zones with the greatest concentrations present in the MLZ and the lowest 

concentrations present in the BMA (MLZ ≥ WRZ = RRTZ ≥ WRTZ ≠ RRZ ≠ BMA).  The BMA 

exhibited the greatest variability and the lowest median ortho-P concentrations relative to other 

reservoir zones.  Vertically, across all sampling sites and sampling dates, median ortho-P 

concentrations were significantly different (one-way ANOVA on ranked data, F = 27.94, p < 

0.001).  In general, median ortho-phosphorus concentrations were lower in the epilimnion and 

greater in the hypolimnion (Tukey's mulitple comparisons test, Bottom ≥ M2 ≠ M1 ≥ Top). 

 Temporally, across all sampling sites and depths, no significant difference was found in 

median ortho-P concentrations between seasons.  In contrast, significant differences in median 

ortho-P concentrations between seasons were detected at individual sampling depths at one meter 
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below the surface, one meter below the chemocline, and one meter above the bottom (one-way 

ANOVA on ranked data, F = 16.94, p < 0.001, F= 6.59, p = 0.014, and F = 8.82, p < 0.001 

respectively).  Tukey's MCT on ranked data further indicated the presence of markedly different 

seasonal dynamics in epilimnetic and hypolimnetic ortho-P concentrations with epilimnetic 

concentrations greatest during winter months and lowest during summer months.  Hypolimnetic 

concentrations were greatest during summer months and lowest during winter months.  Tukey's 

MCT on ranked data resulted in the following grouping for each discrete sampling depth, Top, 

winter ≠ spring = summer ≠ fall; M2, fall ≠ summer; Bottom, summer ≥ fall ≥ spring ≥ winter. 

 When temporal variability was examined in the horizontal direction a significant 

difference in median ortho-P concentration was detected between zones during each season (one-

way ANOVA on ranked data with Tukey's MCT on ranked data, spring, F = 12.99, p < 0.001, 

BMA ≤ RRTZ ≤ RRZ = MLZ = WRTZ ≠ WRZ; summer, F = 9.77, p < 0.001, BMA ≤ RRZ = 

WRZ ≤ WRTZ ≤ RRTZ = MLZ; fall, F = 2.63, p = 0.026, BMA ≠ WRTZ = RRZ = WRZ = 

RRTZ = MLZ; winter, F = 12.63, p < 0.001, RRZ ≤ BMA < WRTZ = RRTZ < WRZ = MLZ).  

The most discernable seasonal difference in median ortho-P concentrations between zones was 

the flux that occurred in riverine and riverine-transitional regions of the reservoir.  It is also 

noteworthy that the BMA continuously represented the lowest ortho-P concentrations throughout 

the study period relative to the degree of variability observed in concentrations throughout the 

RRTZ. 

 

Nitrogen to Phosphorus (N:P) Ratios 

 The N:P ratio (TKN + NO2 + NO3 / TP), by weight, across all sampling sites, sampling 

depths, and sampling dates, ranged from 0.8 to 106 (mean = 16.2; median = 14.7).  Across all 
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sampling sites and sampling dates N:P ratios ranged from 0.4 to 106 (mean = 17.9; median = 

16.5) at one meter below the surface; 0.3 to 44.0 (mean = 16.2; median = 17.4) at one meter 

above the chemocline; 0.6 to 55.5 (mean = 18.2; median = 17.5) at one meter below the 

chemocline; 14.1 to 12.9 (mean = 14.1; median = 12.9) at one meter above the bottom sediments. 

Spatially, the N:P ratio was significantly different between zones (one-way ANOVA on 

ranked data, F = 5.12, p < 0.001).  The median N:P ratio was greatest in the MLZ (19.4) and 

lowest in the WRZ and RRZ (12.7 and 13.3, respectively) across all sampling sites and sampling 

dates within each zone.  There were also significant differences in the median N:P ratio between 

discrete sampling depths across all sampling sites and sampling dates (one-way ANOVA on 

ranked data, F = 12.91, p <0.001) with higher ratios observed at one meter below the surface, 

one meter above the chemocline and one meter below the chemocline and lower ratios observed 

at one meter above the bottom ( Top ≥ M2 ≥ M1 ≠ Bottom, Tukey's multiple comparison test on 

ranked data).  Within each zone N:P ratios between discrete sampling depths were significantly 

different (one-way ANOVA on ranked data) in the RRZ (F = 2.79, p = 0.065), RRTZ (F = 9.15, 

p < 0.001), and the MLZ (F = 14.86, p < 0.001).  No significant difference between discreet 

sampling depths was observed within the MLZ, WRTZ, and WRZ.  Within the RRTZ and MLZ, 

the median N:P ratio was greatest at one meter below the surface with lower concentrations 

present at one meter above and below the chemocline and at one meter above the bottom.  

Within the WRTZ, while no significant difference between discrete sampling depths was 

observed, a general trend of median N:P ratios decreasing with depths was observed. 

Temporally, the median N:P ratio was significantly different between seasons across all 

sampling sites, sampling dates, and sampling depths (one-way ANOVA on ranked data, F = 

29.26, p < 0.001) with higher ratios observed during winter months and lower ratios observed 
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during summer and fall months (winter ≠ spring ≠ fall > summer, Tukey's multiple comparison 

test on ranked data).  Examination of the N:P ratio at the intensive sampling stations (3 - RRZ, 9 

- RRTZ, 17 - MLZ, 22 - WRTZ, and 24 - WRZ) at one meter below the surface and one meter 

above the bottom, revealed that the N:P ratio is consistently greater in the epilimnion relative to 

the hypolimnion.  Median N:P ratios across all sampling sites and sampling depths were 

observed to be slightly greater than 20 during winter months (median = 22.5) which is generally 

indicative of phosphorus limitation.  During spring, summer and fall months the median N:P 

ratio was observed to be 20 > N:P > 10.  An approximate N:P of > 10 is generally considered 

indicative of nitrogen limitation indicating that, during periods of greater productivity, 

phosphorus limitation in the reservoir as a whole does not likely impact productivity rates.   

 

Calcium 

 Calcium concentrations across all sampling sites, sampling depths, and sampling dates, 

ranged from 69.3 mg/l to 236.0 mg/l (mean = 123.8 mg/l; median = 121.0 mg/l).  Across all 

sampling sites and dates calcium concentrations ranged from 76.0 mg/l to 173.0 mg/l (mean = 

118.3 mg/l; median = 117.0 mg/l) at one meter below the surface; 69.3 mg/l to 179.0 mg/l (mean 

= 122.3mg/l; median = 122.0 mg/l) at one meter above the chemocline; 92.7 mg/l to 183.0 mg/l 

(mean = 125.4 mg/l; median = 122.0 mg/l) at one meter below the chemocline; 76.4 mg/l to 

236.0 mg/l (mean = 129.4 mg/l; median = 126.0 mg/l) at one meter above the bottom sediments. 

 Calcium was significantly correlated (Spearman rank correlation) with several water 

quality parameters across all sampling dates, sampling depths, and sampling sites.  The 

parameters with the strongest association (i.e. significant positive and negative correlations were 

r > 0.5) with calcium included specific conductance (r = 0.752, p < 0.001), total hardness (r = 
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0.823, p < 0.001), total dissolved solids (r = 0.789, p < 0.001), chloride (r = 0.701, p < 0.001), 

sulfate (r = 0.762, p < 0.001), magnesium (r = 0.717, p < 0.001), sodium (r = 0.714, p < 0.001), 

and potassium (r = 0.630, p < 0.001).  Additional parameters with which calcium was 

significantly positively correlated where (0.183 < r < 0.292) included reservoir elevation, total 

Kjeldahl nitrogen, and chlorophyll a.  Parameters with which calcium was negatively correlated 

all exhibited a relatively weak association (-0.433 < r -0.123) and included water temperature, 

pH, dissolved oxygen, turbidity, total alkalinity, and nitrite + nitrate. 

 Horizontally, across all sampling sites, sampling depths, and sampling dates median 

calcium concentrations were significantly different between sampling sites (one way ANOVA on 

ranked data, F = 29.20, p < 0.001) and exhibited a readily apparent gradient of decreasing 

median concentrations from the RRZ through the MLZ and up the Washita River arm (Figure 

18).  Examination of the differences in median calcium concentrations between reservoir zones 

resulted in a significant difference being detected (one-way ANOVA on ranked data, F = 57.47, 

p < 0.001) and three distinct groups identified, WRZ = WRTZ ≠ MLZ = BMA ≠ RRTZ ≤ RRZ 

(Tukey's MCT on ranked data).  Vertically, across all sampling sites and dates median calcium 

concentrations were found to differ significantly between discrete sampling depths (one-way 

ANOVA on ranked data, F = 14.33, p < 0.001).  Although the vertical calcium gradient was not 

as readily apparent as that of the horizontal gradient, median concentrations at one meter below 

the surface where significantly less than median concentrations at one meter above the bottom 

(M2 ≥ M1 ≥ Bottom > Top, Tukey's MCT on ranked data). 

 Temporally, across all sampling sites and sampling depths, a minor seasonal trend was 

observed with median concentrations during spring months significantly lower than median 

concentrations during summer, fall, and winter months (one-way ANOVA on ranked data, F = 
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8.98, p < 0.001; Tukey's MCT on ranked data, winter ≥ fall = summer ≠ spring).  This same 

general trend was evident at one meter below the surface and one meter above the bottom (one-

way ANOVA on ranked data, F = 2.61, p = 0.051 and F = 9.15, p < 0.001, respectively); 

however, median concentrations at one meter above the bottom experienced a noticeable 

decrease during the fall months (spring ≤ fall < summer < winter) whereas, at one meter below 

the surface median concentrations were greater and relatively constant during the summer, fall, 

and winter months when compared to median concentrations during the spring months. 

 Between zone comparisons across seasons found that median calcium concentrations 

were significantly different between zones across all seasons (one-way ANOVA on ranked data, 

spring, F = 35.87, p < 0.001; summer, F = 31.99, p < 0.001; fall, F = 6.51, p < 0.001; winter, F = 

28.79, p < 0.001).  Throughout spring, summer and fall months the calcium concentrations are 

greater in the RRZ and lowest in the WRZ; however, during the winter months the concentration 

gradient appears to become somewhat discontinuous within the Washita River arm with median 

calcium concentrations in the WRZ comparable to those in the RRZ and RRTZ (RRZ ≥ RRTZ ≥ 

WRZ ≠ BMA = MLZ ≥ WRTZ, Tukey's MCT on ranked data). 

 

Magnesium 

 Magnesium concentrations across all sampling sites, depths, and dates ranged from 20.4 

mg/l to 68.4 mg/l with a mean and median concentration of 40.3 mg/l and 38.8 mg/l respectively.  

Across all sampling sites and dates magnesium concentrations ranged from 20.4 mg/l to 59.9 

mg/l (mean = 38.7 mg/l; median = 37.8 mg/l) at one meter below the surface; 30.6 mg/l to 52.4 

mg/l (mean = 41.3 mg/l; median = 41.4 mg/l) at one meter above the chemocline; 31.9 mg/l to 
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52.9 mg/l (mean = 41.4 mg/l; median = 39.9 mg/l) at one meter below the chemocline; 24.2 mg/l 

to 68.4 mg/l (mean = 41.4 mg/l; median = 39.2 mg/l) at one meter above the bottom sediments. 

 Significant positive correlations (Spearman rank correlation) were observed between 

magnesium and water temperature (r = 0.312, p < 0.001), specific conductance (r = 0.584, p < 

0.001), total hardness (r = 0.810, p < 0.001), total dissolved solids (r = 0.640, p < 0.001), 

chlorophyll a (r = 0.314, p < 0.001), chloride (r = 0.549, p < 0.001), sulfate (r = 0.744, p < 

0.001), nitrite (r = 0.172, p < 0.001), and calcium (r = 0.717, p < 0.001).  Significant negative 

correlations were observed between magnesium and lake elevation (r = -0.349, p < 0.001), 

discharge from the Red River (r = -0.341, p < 0.001), discharge from the Washita River (r = -

0.416, p < 0.001), dissolved oxygen (r = -0.231, p < 0.001), turbidity (r = -0.204, p < 0.001), 

nitrate (r = -0.352, p < 0.001), and nitrite + nitrate (r = -0.308, p < 0.001). 

 Spatially, median magnesium concentrations were found to differ significantly 

horizontally, between both sampling sites and reservoir zones (one-way ANOVA on ranked data:  

sites, F = 10.48, p < 0.001; zones, F = 18.78, p < 0.001), and vertically, between discrete 

sampling depth (one-way ANOVA on ranked data, F = 9.94, p < 0.001), across all sampling sites 

and dates.  Horizontally, magnesium exhibited a moderate gradient of decreasing concentration 

from the Red River arm through the MLZ and with a very slight increase up-reservoir through 

the Washita River arm (Figure 19).  Tukey's MCT on ranked data performed on sampling sites 

across all depths and dates isolated Station 7 (BMA) in a single group and identified only one 

additional station, Station 20 (WRTZ), as having similar median concentrations of magnesium.  

This is more readily apparent from the results obtained from the Tukey's analysis of reservoir 

zones across all depths and dates.  That analysis identified three general groups into which the 

reservoir zones were classified (RRZ = RRTZ ≠ MLZ = WRZ ≥ WRTZ > BMA).  Median 
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concentrations were lowest in the BMA and WRTZ and, when viewed absent the BMA, 

concentrations decreased throughout the Red River arm toward the dam as described above.   

At individual sampling depths, median magnesium concentrations were found to differ 

significantly between zones at all depths (one-way ANOVA on ranked data, 2.95 < F < 15.74, p 

< 0.01).  At all depths the horizontal gradient exhibited the same trend described above.  When 

differences in median magnesium concentrations between sampling sites at one meter below the 

surface and one meter above the bottom were examined significant differences were identified 

(one-way ANOVA on ranked data, F = 3.29, p < 0.001 and F = 8.21, p < 0.001, respectively).  

Tukey's MCT on ranked data identified Station 7 (BMA) and Station 20 (WRTZ) as having the 

lowest median concentrations. 

Temporally, across all sampling sites and sampling dates, a significant trend was 

exhibited by magnesium with median concentrations significantly lower during spring months 

relative to summer, fall, and winter months (one-way ANOVA on ranked data F = 46.77, p < 

0.001) with two distinct groups identified (fall > summer ≥ winter ≠ spring, Tukey's MCT on 

ranked data).  This same general trend was observed at one meter below the surface (one-way 

ANOVA on ranked data, F = 30.37, p < 0.001) and one meter above the bottom (one-way 

ANOVA on ranked data, F = 16.13, p < 0.001) with median concentrations at one meter above 

the bottom greater than median concentrations at one meter below the surface across all seasons.  

At both one meter below the surface and one meter above the bottom the greatest degree of 

variability was observed during winter months.  At one meter above the chemocline no 

significant difference in median magnesium concentration was observed and the only seasonal 

trend evident was a tendency towards greater variability during fall months.  At one meter below 

the chemocline, median magnesium concentrations were significantly different between seasons 
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during periods of stratification (one-way ANOVA on ranked data, F = 10.90, p = 0.002) with 

concentrations significantly greater during fall months relative to median magnesium 

concentrations present during summer months.  Again, as was observed at one meter above the 

chemocline, a general trend of greater variability associated with median concentrations during 

fall months. 

Between zone comparisons across seasons found that median magnesium concentrations 

were significantly different between zones across all seasons (one-way ANOVA on ranked data, 

spring F = 16.94, p < 0.001; summer F = 22.22, p < 0.001; fall F = 7.24, p < 0.001; winter F = 

31.35, p < 0.001) with no consistent pattern in median magnesium concentration between 

seasons.  During spring and summer months median magnesium concentrations were greatest in 

the RRZ.  During spring months Tukey's MCT on ranked data could not clearly distinguish 

between the zones but the zone with the lowest median magnesium concentrations, the BMA, 

was significantly different from both the RRZ and RRTZ.  During summer months median 

magnesium concentrations were again lowest in the BMA and Tukey's MCT on ranked data was 

able to identify three groups, RRZ ≠ RRTZ > MLZ ≤ WRZ ≥ WRTZ ≠ BMA.  During fall 

months the horizontal gradient was inverse of that generally observe during spring and summer 

months with median magnesium concentrations greatest in the MLZ and lowest in the WRZ, 

RRZ, and BMA.  During winter months the median magnesium concentrations were greatest in 

the RRZ, RRTZ, and WRZ and Tukey's MCT on ranked data identified three distinct groups, 

WRZ = RRZ = RRTZ ≠ MLZ = WRTZ ≠ BMA.  The lowest concentrations as well as the 

greatest variability during the winter months were observed in the BMA. 
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Sodium 

 Sodium concentrations across all sampling sites, sampling depths, and sampling dates 

ranged from 17.2 mg/l to 466.0 mg/l with a mean and median of 198.3 mg/l and 194.0 mg/l 

respectively.  Across all sampling sites and dates sodium concentrations ranged from 17.2 mg/l 

to 400.0 mg/l (mean = 181.1 mg/l; median = 180.0 mg/l) at one meter below the surface; 33.7 

mg/l to 368.0 mg/l (mean = 205.8 mg/l; median = 194.0 mg/l) at one meter above the 

chemocline; 102.0 mg/l to 320.0 mg/l (mean = 211.5 mg/l; median = 194.0 mg/l) at one meter 

below the chemocline; 32.2 mg/l to 466.0 mg/l (mean = 212.9 mg/l; median = 203.0 mg/l) at one 

meter above the chemocline. 

 Significant positive correlations (Spearman rank correlation) were observed between 

sodium and water temperature (r = 0.192, p < 0.001), specific conductance (r = 0.975, p < 0.001), 

total hardness (r = 0.810, p < 0.001), total dissolved solids (r = 0.640, p < 0.001), total Kjeldahl 

nitrogen (r = 0.265, p < 0.001), chlorophyll a (r = 0.307, p < 0.001), chloride (r = 0.988, p < 

0.001), sulfate (r = 0.684, p < 0.001), nitrite (r = 0.196, p < 0.001), calcium (r = 0.714, p < 

0.001), and magnesium (r = 0.550, p < 0.001).  Significant negative correlations were observed 

between sodium and reservoir elevation (r = -0.176, p < 0.001), discharge from the Washita 

River (r = -0214, p < 0.001), pH (r = -0.201, p < 0.001), dissolved oxygen (r = -0.245, p < 

0.001), turbidity (r = -0.129, p = 0.008), alkalinity (r = -0.533, p < 0.001), nitrate (r = -0.289, p < 

0.001), and nitrite+nitrate (r = -0.248, p < 0.001). 

 Spatially, median sodium concentrations were found to differ significantly both 

horizontally and vertically.  Horizontally, median sodium concentrations were significantly 

different between sampling stations and reservoir zones (one-way ANOVA on ranked data, F = 

209.89, p < 0.001 and F = 403.37, p < 0.001, respectively) across all sampling depths and 
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sampling dates.  Vertically median sodium concentrations between discrete sampling depths 

were significantly different (one-way ANOVA on ranked data, F = 8.08, p < 0.001), across all 

sampling sites and sampling dates.  Horizontally, sodium exhibited a distinctive gradient (Figure 

20) of decreasing concentrations from the Red River arm through the MLZ and continuing up the 

Washita River arm with concentrations in each reservoir zone statistically distinct (Tukey's MCT 

on ranked data, RRZ > RRTZ > BMA > MLZ > WRTZ > WRZ).  Vertically, while median 

concentrations were found to differ no more than 7% to 12% between individual sampling 

depths, median concentrations at one meter below the surface were significantly less than median 

concentrations at the other discrete sampling depths (Tukey's MCT on ranked data, M2 ≥ Bottom 

≥ M1 ≠ Top). 

 Temporally, across all sampling sites and sampling depths, median sodium 

concentrations were found to differ significantly between seasons (one-way ANOVA on ranked 

data, F = 20.28, p < 0.001) with median concentrations greatest during fall months and lowest 

during spring months.  Tukey's MCT on ranked data distinguished two statistically distinct 

seasonal groups, fall ≠ summer ≥ winter ≥ spring.  This same general trend was exhibited at one 

meter below the surface and at one meter above the bottom (one-way ANOVA on ranked data, F 

= 9.59, p < 0.001 and F = 8.00, p < 0.001, respectively) with median concentrations lowest 

during spring and greatest during fall at each discrete sampling depth.  During periods of 

stratification, median sodium concentrations were significantly different between seasons, 

summer and fall, at both one meter above and one meter below the chemocline (one-way 

ANOVA on ranked data, F = 6.44, p = 0.013 and F = 11.41, p = 0.001, respectively) with median 

concentrations at both discrete depths significantly greater during fall months and significantly 

lower during summer months (Tukey's MCT on ranked data). 
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 Between zone comparisons across seasons found that median sodium concentrations were 

significantly different between zones across all season (one-way ANOVA on ranked data, spring 

F = 222.90, p < 0.001, summer F = 231.97, p < 0.001, fall F = 90.41, p < 0.001, winter F = 

90.51, p < 0.001).  During spring, summer, and winter months, a fairly consistent pattern of 

median sodium concentration distribution was observed with median concentrations greatest in 

the Red River arm and lowest in the Washita River arm across all sampling depths.  During these 

seasons each of the reservoir zones was statistically distinct from the others with the exception of 

the BMA.  During spring and winter months Tukey's MCT on ranked data did not identify a 

significant difference in median sodium concentration between the BMA and MLZ (spring, RRZ 

> RRTZ > BMA = MLZ > WRTZ > WRZ and winter, RRZ > RRTZ > BMA ≥ MLZ > WRTZ > 

WRZ).  During summer months Tukey's MCT on ranked data did not identify a significant 

difference in median sodium concentration between the BMA and RRTZ (RRZ > RRTZ = BMA 

> MLZ > WRTZ > WRZ).  During fall months the median sodium gradient differed greatly from 

that of the other seasons.  Median sodium concentrations were greater in the Red River arm and 

lowest in the Washita River arm; however, there was no significant difference between the RRZ, 

BMA, RRTZ, and MLZ (RRZ = BMA = RRTZ ≥ MLZ ≠ WRTZ ≠ WRZ, Tukey's MCT on 

ranked data). 

 

Potassium 

 Potassium concentrations across all sampling sites, sampling depths, and sampling dates 

ranged from 2.3 mg/l to 10.8 mg/l with both a mean and median concentration of 6.3 mg/l.  

Across all sampling sites and sampling dates potassium concentrations ranged from 2.3 mg/l to 

9.9 mg/l (mean = 6.1 mg/l; median = 6.0 mg/l) at one meter below the surface; 4.5 mg/l to 8.5 
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mg/l (mean = 6.6 mg/l; median = 6.7 mg/l) at one meter above the chemocline; 5.4 mg/l to 8.2 

mg/l (mean = 6.5 mg/l; median = 6.5 mg/l) at one meter below the chemocline; 3.5 mg/l to 10.8 

mg/l (mean = 6.4 mg/l; median = 6.4 mg/l) at one meter above the bottom sediments. 

 Significant positive correlations (Spearman rank correlation) were observed between 

potassium and reservoir evaporation (r = 0.253, p < 0.001), water temperature (r = 0.449, p < 

0.001), specific conductance (r = 0.760, p < 0.001), hardness (r = 0.669, p < 0.001), total 

dissolved solids (r = 0.948, p < 0.001), total Kjeldahl nitrogen (r = 0.327, p < 0.001), chlorophyll 

a (r = 0.516, p < 0.001), chloride (r = 0.757, p < 0.001), sulfate (r = 0.715, p < 0.001), calcium (r 

= 0.630, p < 0.001), magnesium (r = 0.536, p < 0.001), and sodium (r = 0.785, p < 0.001).  

Significant negative correlations were observed between potassium and reservoir elevation (r = -

0.264, p < 0.001), discharge at the Red River gage near Gainesville, TX (r = -0.226, p < 0.001), 

discharge at the Washita River gage near Dickson, OK (r = -0.318, p < 0.001), pH (r = -0.156, p 

< 0.001), dissolved oxygen (r = -0.364, p < 0.001), alkalinity (r = -0.475, p < 0.001), nitrate (r = -

0.429, p < 0.001), and nitrite+nitrate (r = -0.380, p < 0.001). 

 Spatially, median potassium concentrations were significantly different both in the 

horizontal and vertical directions.  Horizontally, median potassium concentrations were 

significantly different between both sampling stations and reservoir zones  (one-way ANOVA on 

ranked data, F = 71.75, p < 0.001 and F = 139.62, p < 0.001, respectively).  Vertically, median 

potassium concentrations between discrete sampling depths were significantly different (one-

way ANOVA on ranked data, F = 8.33, p < 0.001) across all sampling sites and dates.  

Horizontally, potassium exhibited a distinctive gradient (Figure 21) of decreasing concentrations 

from the Red River arm through the MLZ and continuing up the Washita River arm with zonal 

concentrations separated into five statistically distinct groups (RRZ > RRTZ > BMA ≥ MLZ > 
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WRTZ > WRZ, Tukey's MCT on ranked data).  Vertically, median concentrations were found to 

differ from no more than 2.4% to 11.5% between discrete sampling depths but were significantly 

different (one-way ANOVA on ranked data, F = 8.33, p < 0.001) with median concentrations at 

one meter below the surface significantly less than median concentrations at one meter above the 

bottom and one meter above and below the chemocline (M1 ≥ M2 ≥ Bottom ≠ Top, Tukey's 

MCT on ranked data). 

 Temporally, across all sampling sites and sampling depths, median potassium 

concentrations were significantly different between seasons (one-way ANOVA on ranked data, F 

= 124.95, p < 0.001) with median concentrations greatest during the summer and fall months and 

lowest during the spring and winter months.  Tukey's MCT on ranked data identified two 

statistically distinct groups, fall = summer ≠ spring = winter.  This same trend was observed at 

one meter below the surface and one meter above the bottom (one-way ANOVA on ranked date, 

F = 57.10, p < 0.001 and 60.08, p < 0.001, respectively) with median concentrations significantly 

greater during summer and fall months relative to spring and winter months at each sampling 

depth.  Median potassium concentrations at one meter above and below the chemocline were not 

significantly different. 

 Median potassium concentrations were significantly different between zones across all 

seasons (one-way ANOVA on ranked data, spring, F = 76.87, p < 0.001; summer, F = 103.74, p 

< 0.001; fall, F = 86.02, p < 0.001; winter, F = 76.48, p < 0.001).  During all seasons a similar 

gradient was exhibited with concentrations greatest in the Red River arm, decreasing through the 

MLZ and continuing up through the Washita River arm.  During spring and winter months, 

Tukey's MCT on ranked data identified three statistically distinct groups in spring and four 

statistically distinct groups in winter with median concentrations in the BMA not significantly 
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different from median concentrations in the MLZ (spring, RRZ > RRTZ > BMA = MLZ > 

WRTZ = WRZ and winter, RRZ = RRTZ > BMA = MLZ > WRTZ > WRZ).  During summer 

and fall months, Tukey's MCT on ranked data identified five statistically distinct groups during 

each season.  During these months median potassium concentrations in the BMA was 

significantly greater than median concentrations in the MLZ but was not significantly different 

from median concentrations in the RRTZ, otherwise the pattern of decreasing gradient in the 

down-reservoir direction throughout the Red River arm and the up-reservoir direction throughout 

the Washita River arm was maintained (summer, RRZ = RRTZ ≥ BMA > MLZ > WRTZ > 

WRZ and fall, RRZ > RRTZ = BMA > MLZ > WRTZ > WRZ, Tukey's MCT on ranked data). 

 

Chloride 

 Chloride concentrations across all sampling sites, depths, and dates ranged from 24.1 

mg/l to 791 mg/l (mean = 305.12 mg/l; median = 293.0 mg/l).  Across all sampling sites and 

dates chloride concentrations ranged from 24.1 mg/l to 708.0 mg/l (mean = 275.4 mg/l; median = 

275.0 mg/l) at one meter below the surface; 52.8 mg/l to 604 mg/l (mean = 322.8 mg/l; median = 

290.0 mg/l) at one meter above the chemocline; 178.0 mg/l to 509.0 mg/l (mean = 333.1 mg/l; 

median = 311.0 mg/l) at one meter below the chemocline; 39.4 mg/l to 791.0 mg/l (mean = 326.4 

mg/l; median = 316.0 mg/l) at one meter above the bottom sediments. 

 Significant positive correlations (Spearman rank correlation), across all sampling sites, 

sampling depths, and sampling dates, where r > 0.5, were observed between chloride and specific 

conductance (r = 0.981, p < 0.001), total hardness (r = 0.757, p < 0.001), total dissolved solids (r 

= 0.954, p < 0.001), sulfate (r = 0.696, p < 0.001), calcium (r = 0.701, p < 0.001), magnesium (r 

= 0.549, p < 0.001), sodium (r = 0.988, p < 0.001), and potassium (r = 0.757, p < 0.001).  
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Chloride was also significantly positively correlated with chlorophyll a, total Kjeldahl nitrogen, 

Secchi depth, water temperature, monthly precipitation as measured at the dam, and monthly 

precipitation measured throughout the drainage basin where 0.104 < r < 0.253, p < 0.10.  Only 

one water quality parameter was significantly negatively correlated with chloride where r > -0.5, 

that correlation was with total alkalinity (r = -0.532, p < 0.001).  There were several parameters 

were there was a weaker correlation observed (r < -0.5).  Those parameters included reservoir 

elevation, discharge at the Red River gage near Gainesville, TX, discharge at the Washita River 

gage near Dickson, OK, pH, dissolved oxygen, turbidity, and nitrite + nitrate, where -0.293 < r < 

-0.113, p < 0.10. 

Spatially, median chloride concentrations were significantly different both in the 

horizontal and vertical directions.  Horizontally, median chloride concentrations were 

significantly different between both sampling stations and reservoir zones (one-way ANOVA on 

ranked data, F = 199.06, p < 0.001 and F = 381.67, p < 0.001, respectively) across all sampling 

depths and sampling dates.  Vertically, median chloride concentrations between discrete 

sampling depths were significantly different (one-way ANOVA on ranked data, F = 9.49, p < 

0.001) across all sampling sites and sampling dates.  Horizontally, chloride concentrations 

exhibited a readily identifiable gradient (Figure 22) similar to that described by Work and 

Gophen (1995) and Atkinson et al. (1996) of decreasing median concentrations from the Red 

River arm through the MLZ and continuing up the Washita River arm with zonal concentrations 

separated into six statistically distinct groups (RRZ > RRTZ > BMA > MLZ > WRTZ > WRZ, 

Tukey's MCT on ranked data).  Vertically, although median chloride concentrations were 

significantly different between individual sampling depths median concentrations were observed 

to differ from 1.6% to 14.9% between individual sampling depths with no readily apparent 
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gradient observed.  Statistically, median concentrations were significantly lower at one meter 

below the surface relative to median concentrations present at one meter above and below the 

chemocline and at one meter above the bottom (M2 ≥ M1 ≥ bottom ≠ Top, Tukey's MCT on 

ranked data). 

Temporally, across all sampling sites and sampling depths median chloride 

concentrations were significantly different between seasons (one-way ANOVA on ranked data, F 

= 20.04, p < 0.001) with the greatest median concentrations occurring during fall months and 

lowest median concentrations occurring during spring months (fall ≠ summer ≥ winter ≥ spring, 

Tukey's MCT on ranked data).  At discrete sampling depths, across all sampling sites, median 

chloride concentrations were lowest during spring months and greatest during fall months.  

Median concentrations at one meter above and below the chemocline were significantly different 

between seasons during periods of stratification with concentrations significantly greater during 

fall months at both depths (Tukey's MCT on ranked data).  At one meter above the bottom, 

median chloride concentrations between summer and fall months were approximately equal, 

whereas at one meter below the surface median chloride concentrations were greater during fall 

months relative to summer months but not significantly so (Top, fall ≥ summer ≥ winter ≥ spring 

and bottom, fall = summer ≥ winter ≥ spring, Tukey's MCT on ranked data). 

Median chloride concentrations were also significantly different zones across all seasons 

(one-way ANOVA on ranked data, spring, F = 237.57, p < 0.001; summer, F = 219.98, p < 

0.001; fall, F = 77.47, p < 0.001; winter, F = 97.14, p < 0.001).  During spring, summer, and 

winter months a similar gradient was observed with concentrations being greatest in the Red 

River arm and decreasing throughout the MLZ and up-reservoir through the Washita River arm 

with the BMA grouped individually, with the RRTZ, or with the MLZ, depending upon the 
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season (spring, RRZ ≠ RRTZ ≠ BMA ≥ MLZ ≠ WRTZ ≥ WRZ; summer, RRZ ≠ BMA = RRTZ 

≠ MLZ ≠ WRTZ ≠ WRZ; winter, RRZ ≥ RTTZ ≠BMA ≠ MLZ ≠ WRTZ ≠ WRZ, Tukey's MCT 

on ranked data).  During fall months median chloride concentrations were relatively similar 

throughout the Red River arm and MLZ with a substantial decrease throughout the Washita 

River arm (RRZ = RRTZ ≥ BMA = MLZ ≠ WRTZ ≠ WRZ, Tukey's MCT on ranked data). 

 

Sulfate 

Sulfate concentrations across all sampling sites, depths, and dates ranged from 263.0 mg/l 

to 452.0 mg/l (mean = 353.52 mg/l; median = 345.00 mg/l).  Across all sampling dates and sites 

concentrations ranged from 263.0 mg/l to 428.0 mg/l (mean = 335.15 mg/l; median = 314.0 

mg/l) at one meter below the surface; 330.0 mg/l to 444.0 mg/l (mean = 380.5mg/l; median = 

372.0 mg/l) at one meter above the chemocline; 329.0 mg/l to 449.0 mg/l (mean = 385.7 mg/l; 

median = 368.0 mg/l) at one meter below the chemocline; 263.0 mg/l to 452.0 mg/l (mean = 

347.5 mg/l; median = 331.0 mg/l) at one meter above the bottom sediments. 

Significant positive correlations (Spearman rank correlation), across all sampling sites, 

sampling depths, and sampling dates, were r > 0.5, were observed between sulfate and water 

temperature (r = 0.545, p < 0.001), specific conductivity (r = 0.737, p < 0.001), total hardness (r 

= 0.837, p < 0.001), total dissolved solids (r = 0.842, p < 0.001), chlorophyll a  (r = 0.529, p < 

0.001), chloride (r = 0.696, p < 0.001), calcium (r = 0.762, p < 0.001), magnesium (r = 0.744, p < 

0.001), sodium (r = 0.648, p < 0.001), and potassium (r = 0.715, p < 0.001).  Sulfate was also 

significantly positively correlated with total Kjeldahl nitrogen, Secchi depth, and rate of 

evaporation at Denison Dam where 0.154 < r < 0.470, p < 0.10.  There were no parameters with 

which sulfate was significantly negatively correlated where the correlation coefficient was 



 45

greater than -0.5.  Parameters with which there was a significant, but weak, negative correlation 

with sulfate included reservoir elevation, discharge at the Red River gage near Gainesville, TX, 

discharge at the Washita River gage near Dickson, OK, precipitation within the drainage basin, 

pH, dissolved oxygen, turbidity, total alkalinity, nitrite + nitrate, and ortho-phosphorus where -

0.432 < r < -0.128, p < 0.10. 

Spatially, median sulfate concentrations were significantly different in both the horizontal 

and vertical directions.  Horizontally, median sulfate concentrations were significantly different 

between both sampling stations and reservoir zones (one-way ANOVA on ranked data, F = 

28.30, p < 0.001 and F = 55.99, p < 0.001, respectively) across all sampling depths and sampling 

dates.  Vertically, median sulfate concentrations were significantly different between discrete 

sampling depths (one-way ANOVA on ranked data, F = 15.70, p < 0.001) across all sampling 

sites and sampling dates.  Horizontally, sufate concentrations exhibited a readily identifiable 

gradient similar to that described by Atkinson et al. (1996) of decreasing sulfate concentrations 

throughout the Red River arm through the MLZ and up-reservoir throughout the Washita River 

arm (Figure 23) with zonal concentrations separated into three statistically distinct groups (RRZ 

≥ RRTZ ≠ MLZ ≥ BMA ≥ WRTZ ≥ WRZ, Tukey's MCT on ranked data).  Vertically, median 

sulfate concentrations were observed to differ from 1.8% to 12.6% between individual sampling 

depths with median concentrations significantly greater above and below the chemocline relative 

to concentrations at one meter below the surface and one meter above the bottom and no 

significant difference was observed between concentrations at one meter above and below the 

chemocline (M2 = M1 ≠ Bottom ≠ Top, Tukey's MCT on ranked data). 

Temporally, across all sampling sites and sampling depths, median sulfate concentrations 

were significantly different between seasons (one-way ANOVA on ranked data, F = 84.78, p 
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<0.001) with median concentrations significantly greater during summer months and lowest 

during spring and winter months (summer ≠ fall ≠ winter ≥ spring, Tukey's MCT on ranked 

data).  At individual sampling depths, across all sites, median sulfate concentrations were 

significantly different at one meter below the surface and one meter above the bottom (one-way 

ANOVA on ranked data, F = 40.58, p < 0.001 and F = 33.76, p < 0.001, respectively) with no 

significance difference between seasons at one meter above and below the chemocline during 

periods of stratification.  The seasonal trend at one meter below the surface and one meter above 

the bottom was similar to that observed across all sampling sites and sampling depths (Top, 

summer ≠ fall ≠ winter = spring and Bottom, summer ≠ fall = winter ≠ spring, Tukey's MCT on 

ranked data). 

Median sulfate concentrations were significantly different between zones across all 

seasons (one-way ANOVA one ranked data, spring, F = 54.70, p < 0.001; summer, F = 62.13, p 

< 0.001; fall, F = 4.04, p = 0.002; winter, F = 20.91, p < 0.001).  In general, the same horizontal 

gradient in median sulfate concentration was observed across all season.  During spring and 

summer months the horizontal gradient was more readily identifiable throughout the Red River 

arm relative to the gradient observed during fall months and, as was the case with potassium and 

chloride, the grouping of the BMA was seasonally dependent (spring, RRZ ≠ RRTZ ≠ MLZ ≥ 

WRTZ = BMA ≥ WRZ; summer, RRZ ≠ RRTZ ≥ BMA ≥ MLZ ≠ WRTZ = WRZ; fall, MLZ ≥ 

RRTZ = RRZ ≥ BMA ≥ WRTZ ≥ WRZ; winter, RRZ ≥ RRTZ ≠ WRZ ≥ BMA = MLZ ≥ 

WRTZ, Tukey's MCT on ranked data).  During winter months, as seen above, the greatest 

concentrations were observed to occur in the MLZ with the lowest concentrations observed in 

the WRTZ. 
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Total Dissolved Solids 

Across all sampling sites, sampling depths, and sampling dates total dissolved solids 

(TDS) ranged from 508.0 mg/l to 2452.0 mg/l (mean = 1165.2 mg/l; median = 1136.5 mg/l).  

Across all sampling sites and dates TDS concentrations ranged from 508.0 mg/l to 1930.0 mg/l 

(mean = 1087.2 mg/l; median = 1087.0 mg/l) at one meter below the surface; 720.0 mg/l to 

1800.0 mg/l (mean = 1225.1 mg/l; median = 1156.0 mg/l) at one meter above the chemocline; 

948.0 mg/l to 1723.0 mg/l (mean = 1241.2 mg/l; median = 1189.0 mg/l) at one meter below the 

chemocline; 520.0 mg/l to 2452.0 mg/l (mean = 1217.8 mg/l; median = 1170.0 mg/l) at one 

meter above the bottom. 

 TDS was significantly correlated (Spearman rank correlation) with several water quality 

parameters across all sampling sites, sampling depths, and sampling dates.  The parameters with 

the strongest positive correlation (r > 0.5) included specific conductance (r = 0.968, p < 0.001), 

total hardness (r = 0.809, p < 0.001), chloride (r = 0.954, p < 0.001), sulfate (r = 0.842, p < 

0.001), calcium (r = 0.789, p < 0.001), magnesium (r = 0.640, p < 0.001), sodium (r = 0.948, p < 

0.001), and potassium (r = 0.803, p < 0.001).  Parameters with a significant positive correlation 

but with which the association was somewhat weaker (r < 0.5) included chlorophyll a, total 

Kjeldahl nitrogen, Secchi depth, water temperature, monthly evaporation, and monthly 

precipitation at the dam where 0.103 < r < 0.396 and p < 0.10.  TDS did not exhibit a strong 

significant negative correlation (r < -0.5) with the water quality parameters sampled during this 

study.  TDS was significantly negatively correlated with several parameters where the coefficient 

of correlation was -0.418 < r < 0.159 and p < 0.10.  Those parameters included reservoir 

elevation, discharge at the Red River gage near Gainesville, TX, discharge at the Washita River 

gage near Dickson, OK, pH, dissolved oxygen, turbidity, total alkalinity, and nitrite + nitrate. 
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 Spatially, median TDS concentrations were significantly different between sampling 

stations and sampling zones (one-way ANOVA on ranked data, F = 124.70, p < 0.001 and F = 

242.57, p < 0.001, respectively) across all sampling dates and depths with concentrations 

between each reservoir zone statistically distinct, RRZ ≠ RRTZ ≠ BMA ≠ MLZ≠ WRTZ ≠ WRZ 

(Tukey's MCT on ranked data) and a well defined gradient was observed with concentrations 

decreasing from the Red River arm, through the MLZ, and continuing up-reservoir throughout 

the Washita River arm (Figure 24).  Vertically, median TDS concentrations were significantly 

different between discrete sampling depths (one-way ANOVA on ranked data, F = 13.83, p < 

0.001).   At one meter below the surface median concentrations were significantly less relative to 

all other discrete sampling depths (M2 ≥ M1 ≥ Bottom ≠ Top, Tukey's MCT on ranked data) 

with median concentrations significantly greater at one meter above and below the chemocline 

and at one meter above the bottom relative to median concentrations at one meter below the 

surface. 

 Temporally, across all sampling sites and sampling depths, median TDS concentrations 

were significantly different between seasons (one-way ANOVA on ranked data, F = 30.38, p < 

0.001) with median greater median concentrations observed during summer and fall months 

relative to spring and winter months (summer = fall ≠ winter ≥ spring, Tukey's MCT on ranked 

data).  At discrete sampling depths there was a significant difference in median TDS 

concentration between seasons at one meter below the surface, at one meter below the 

chemocline, and at one meter above the bottom (one-way ANOVA on ranked data, Top, F = 

12.61, p < 0.001; M2, F = 9.03, p = 0.004; bottom, F = 14.48, p < 0.001).  At one meter below 

the surface, median TDS concentrations were observed to be greatest during summer and fall 

months and lowest during winter and spring months with no significant difference in median 
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concentration between spring and winter months or summer and fall months (summer = fall ≠ 

winter = spring, Tukey's MCT on ranked data).  At one meter above the bottom there was more 

of a seasonal gradient observed with median concentrations greatest during summer months with 

a gradual decrease throughout fall, winter, and spring (summer ≥ fall ≥ winter ≥ spring, Tukey's 

MCT on ranked data).  During periods of stratification, concentrations at one meter below the 

chemocline were significantly greater during the fall months relative to the summer months 

(Tukey's MCT on ranked data). 

 Median TDS concentrations were also significantly different between zones across all 

seasons (one-way ANOVA on ranked data, spring, F = 130.82, p < 0.001; summer, F = 197.77, p 

< 0.001; fall, F = 30.78, p < 0.001; winter, F = 52.25, p < 0.001) with horizontal gradients across 

seasons similar to those observed for median potassium, chloride, and sulfate concentrations.  

During spring, summer, and winter months median concentrations were greatest in the Red River 

arm decreasing through the MLZ and up-reservoir throughout the Washita River arm.  Again, as 

was the case for potassium, chloride, and sulfate, the BMA did not consistently group with the 

zones of the Red River arm across all seasons.  During spring and winter months, median TDS 

concentrations in the BMA grouped primarily with the MLZ (spring, RRZ ≠ RRTZ ≠ BMA = 

MLZ ≠ WRTZ ≠ WRZ and winter, RRZ ≥ RRTZ ≠ BMA ≥ MLZ ≠ WRTZ ≥ WRZ, Tukey's 

MCT on ranked data).  During summer months a distinct horizontal gradient was still evident in 

median TDS concentrations and concentrations in the BMA were more readily grouped with the 

RRTZ (RRZ ≠ RRTZ ≥ BMA ≠ MLZ ≠ WRTZ ≠ WRZ, Tukey's MCT on ranked data).  During 

fall months, there was no observable median TDS concentration gradient observed throughout 

the Red River arm and MLZ with no statistical difference between the RRZ, RRTZ, BMA, and 

MLZ; however, a concentration gradient was observed throughout the Washita River arm 
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decreasing in the up-reservoir direction (RRZ = RRTZ ≥ MLZ ≥ BMA ≠ WRTZ ≠ WRZ, 

Tukey's MCT on ranked data). 

Biological Parameters 

Chlorophyll a 

Across all sampling sites and sampling dates chlorophyll a values at one meter below the 

surface ranged from 2.1 µg/l to 71.0 µg/l (mean = 17.9 µg/l; median =15.8 µg/l).  Chlorophyll a 

was significantly correlated (r > 0.5) across all sampling sites and sampling depths with several 

parameters.  Water quality parameters with which chlorophyll a was significantly positively 

correlated (0.516 < r < 0.633, p < 0.1) included reservoir evaporation, water temperature, TKN, 

sulfate, and potassium.  Parameters with which chlorophyll a exhibited a weaker positive 

correlation included pH, specific conductance, total hardness, TDS, chloride, calcium, 

magnesium, and sodium (0.241 < r < 0.433).  Parameters with which chlorophyll a was 

significantly negatively correlated included NO2 + NO3 (r = -0.648, p < 0.001) and ortho-

phosphorus (r = -0.573, p < 0.001).  Parameters with which chlorophyll a exhibited a weaker 

negative correlation included discharge at the Red River gage near Gainesville, TX, discharge at 

the Washita River gage near Dickson, OK, monthly precipitation throughout the drainage basin, 

dissolved oxygen, Secchi depth, and total alkalinity (-0.312 < r < -0.136). 

Spatially, median chlorophyll a concentrations were significantly different both between 

sampling stations and reservoir zones (one-way ANOVA on ranked data, F = 8.82, p < 0.001 and 

F = 15.95, p < 0.001, respectively).  Across all sampling dates, the greatest median 

concentrations where observed in the BMA and RRZ and the lowest median concentrations were 

observed in the MLZ.  Tukey's MCT on ranked data identified three distinct groups, BMA = 

RRZ ≠ RRTZ = WRTZ = WRZ ≠ MLZ. 
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Temporally, median chlorophyll a concentrations, across all sampling sites were 

significantly different between seasons (one-way ANOVA on ranked data, F = 237.79, p < 

0.001).  Median concentrations were generally greatest during summer with peak chlorophyll a 

concentration occurring in August and September and the lowest concentrations occurring in 

March.  Three distinct seasonal groups were identified, summer ≠ fall ≠ spring = winter (Tukey's 

MCT on ranked data).  Seasonal trends within each zone were observed to deviate from the 

general pattern described above.  Median chlorophyll a concentrations were significantly 

different between seasons within each reservoir zone (one-way ANOVA on ranked data, RRZ, F 

= 12.47, p < 0.001; BMA, F = 35.74, p < 0.001; RRTZ, F = 120.75, p < 0.001; MLZ, F = 72.33, 

p < 0.001; WRTZ, F = 60.19, p < 0.001; WRZ, F = 112.98, p < 0.001).   

Within the RRZ median chlorophyll a concentrations were greatest during fall months 

and lowest during summer months with no clear distinction identified between season (fall ≥ 

summer ≥ winter = spring, Tukey's MCT on ranked data) with peak concentrations present in 

August, September, and November.  The lowest concentrations were observed in March.  Within 

the BMA median chlorophyll a concentrations were greatest during summer and fall months and 

lowest during spring months (summer = fall ≠ winter > spring, Tukey's MCT on ranked data).  

Peak chlorophyll a concentrations were observed in July, August, and November and the lowest 

concentrations were observed in May.  Within the RRTZ median chlorophyll a concentrations 

were greatest during fall and summer months and lowest during spring and winter months 

(summer = fall ≠ winter = spring, Tukey's MCT on ranked data).  Peak concentrations were 

observed in August with the lowest concentrations observed in March.  Within the MLZ median 

chlorophyll a concentrations were greatest during summer months and lowest during winter 

months (summer ≠ fall ≠ spring ≥ winter, Tukey's MCT on ranked data).  Peak concentrations 
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were observed in July with the lowest concentrations observed in April.  Within the WRTZ 

median chlorophyll a concentrations were greatest during summer months and lowest during 

winter months (summer ≠ fall ≠ spring ≥ winter, Tukey's MCT on ranked data).  Peak 

concentrations were observed in September and the lowest concentrations were observed in 

April.  Within the WRZ median chlorophyll a concentrations were greatest during summer 

months and lowest during spring and winter months (summer ≠ fall ≠ spring = winter, Tukey's 

MCT on ranked data).  Peak concentrations were observed in July and the lowest concentrations 

observed in April. 

Chlorophyll a is oftentimes used for trophic state classification of surface waters in much 

the same manor as total phosphorus.  The two most common classification methodologies 

include the trophic classification system proposed by Reckhow and Chapra (1983) and the 

trophic state index proposed by Carlson (1977).  The trophic classification system of Reckhow 

and Chapra (1983) uses mean epilimnetic chlorophyll a concentrations to define trophic state as: 

Oligotrophic    < 4 µg/l 
Mesotrophic  4-10 µg/l 
Eutrophic           10-25 µg/l 
Hyper-eutrophic > 25 µg/l 

 
The trophic state index proposed by Carlson (1977) uses a natural log transformation of 

epilimnetic chlorophyll a concentrations to define trophic state as: 

   Oligotrophic  < 40 
   Mesotrophic           40-50 
   Eutrophic           50-60 
   Hyper-eutrophic > 70 

 Based upon the trophic classification system of Reckhow and Chapra (1983) the mean 

chlorophyll a concentration across all sampling sites and dates would result in a trophic 

classification of eutrophic and mean chlorophyll a concentrations for each zone also result in a 
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trophic classification of eutrophic across all sampling dates.  Seasonally, mean chlorophyll a 

concentrations ranged from 8.5 µg/l during the winter months to 25.8 µg/l during the summer 

months resulting in a trophic classification ranging from mesotrophic to eutrophic.   

Across all sampling sites and dates the Carlson Trophic Station Index (TSI) for 

chlorophyll a ranged from 37.8 to 57.6 with a mean and median TSI score of 56.3 and 57.6, 

respectively.  Spatially across all sampling dates the mean Carlson TSI score ranged from 53.0 in 

the MLZ to 60.7 in the BMA.  Temporally, mean Carlson TSI scores ranged from 50.1 during 

spring months to 61.6 during summer months.  The greatest degree of variability in Carlson TSI 

scores was observed during spring and summer months with mean TSI scores ranging from 37.8 

to 65.2 during spring and from 43.9 to 72.4 during summer resulting in trophic classifications 

ranging from slightly mesotrophic to hyper-eutrophic.  Mean Carlson TSI scores result in a 

trophic classification slightly greater than that of the Reckhow and Chapra (1983) system 

ranging from eutrophic to slightly hyper-eutrophic; however, dependent upon the time of year 

sampling occurs, single date TSI scores could result in trophic classifications ranging from 

oligotrophic to eutrophic. 

More typically the trophic classification of a reservoir is often-times based on surface 

concentrations chlorophyll a obtained during periods of summer stratification and/or peak 

productivity from the near dam portion of the reservoir, identified in this study as the Main Lake 

Body (MLB).  In Lake Texoma the period of greatest productivity generally occurs between late 

May - early June and September with the highest chlorophyll a concentrations present in August, 

as discussed above.  Within the MLB, chlorophyll a concentrations ranged from 2.1 µg/l to 50.2 

µg/l  (mean = 12.9 µg/l; median = 10.7 µg/l) across all sampling dates.  Seasonally, chlorophyll a 

concentrations were observed to exhibit a considerable degree of variability with the lowest 



 54

median concentrations observed during the winter months and the highest median concentrations 

observed during the summer months.  The greatest chlorophyll a concentrations in the MLB 

were observed on 2 June 1997 (Figure 25).  Surface summer concentrations of chlorophyll a in 

the MLB ranged from 7.2 µg/l to 50.2 µg/l (mean = 20.9 µg/l; median = 16.8 µg/l).  Surface fall 

concentrations of chlorophyll a ranged from 5.1 µg/l to 24.8 µg/l (mean = 12.9 µg/l; median = 

11.3 µg/l). 

Using the trophic classification system of Reckhow and Chapra (1983) the mean 

chlorophyll a concentration within the MLB would result in a trohic classification of eutrophic 

during both the summer and fall months.  Alternatively, when summer and fall chlorophyll a 

values were transformed for assessment via the Carlson TSI (1977), TSI scores were observed to 

ranged from 48.7 to 66.5 (mean = 57.3; median = 56.5) during summer months and from 45.5 to 

60.1 (mean = 52.7; median = 52.8) during fall months within the MLB resulting in a trophic 

classification of eutrophic based upon the average Carlson TSI score during both the summer and 

fall months. 

Discussion 

 The results of the descriptive statistics presented here differ somewhat from those 

reported by Atkinson et al. (1999) due to the exclusion of the random sampling stations that were 

incorporated into the overall study design.  In its original formulation, this study included an 

additional random sampling station in each of the five reservoir zones (RRZ, RRTZ, MLZ, 

WRTZ, and WRZ) (Atkinson et al., 1996).  Atkinson et al. (1999) noted that inclusion of 

random sampling stations located outside the thalweg of the old river channels could be useful if 

a weighting factor for data collected from the thalweg was necessary.  The conclusions of 

Atkinson et al. (1999) were that there were no consistent differences in physical and chemical 
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properties between the fixed and random stations within each reservoir zone.  While the physical 

restrictions placed on random stations (i.e. station depth) resulted in the exclusion of much of the 

littoral area of the reservoir, exploratory data analysis indicated that inclusion of the random 

sampling station into this analysis somewhat hindered the within and between zone analyses 

relative to spatiotemporal variability.  This was particularly true of the riverine zones where the 

horizontal gradient exhibited by several parameters was most readily apparent. 

Historical studies (Pettitt, 1976; Stanford et al., 1977; Stanford and Zimmerman, 1978; 

Perry et al., 1979) of the physical and chemical properties of Lake Texoma indicate there can be 

a great deal of intra- and inter-annual variability exhibited by a number of chemical parameters. 

Additionally, physical and chemical characteristics of inflows into Lake Texoma can influence 

both the mixing dynamics and chemical characteristics of various arms of the reservoir.  

Examples of this are best illustrated by the spatiotemporal variability exhibited by chloride and 

total dissolved solids (TDS).  Throughout this study the MLZ of the reservoir exhibited a median 

chloride concentration of 281 mg/l and a median TDS concentration of 1097 mg/l.  However, in 

August and September 1996 median chloride concentrations were 50.1% and 70.1% and median 

TDS concentrations were 28.1% and 22.2% greater respectively relative to the overall median 

concentrations exhibited in the MLZ, approximating concentrations more characteristic of the 

RRZ and not the MLZ. 

During this same period median chloride and TDS concentrations in the RRZ were 59.0% 

and 25.7% greater respectively, relative to the median concentration throughout this study, in 

August 1996 following 5.9 cm of precipitation in the drainage basin prior to the August 1996 

sampling event (1 August through 21 August).  Conversely, in September 1996 median chloride 

and TDS concentrations in the RRZ were 43.2% and 35.7% lower respectively, relative to the 
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median concentration throughout this study for the RRZ zone following an additional 11.5 cm of 

precipitation within the drainage basin (23 August through 18 September).  This marked increase 

in inflows (Figure 7, Chapter II) resulted in the apparent transport of the entire volume of the 

RRZ into the MLZ with little or no mixing or dilution.  The result of this was the temporary 

establishment of a reverse horizontal gradient with chloride and TDS concentrations greatest in 

the BMA, RRTZ, MLZ, and WRTZ and lowest in the RRZ and WRZ.  In November 1996 and 

throughout the rest of the study period the reservoir exhibited a more characteristic horizontal 

gradient with median concentrations greatest in the RRZ and RRTZ and decreasing down-

reservoir into the MLZ. 

Two other events resulting in similar amounts of basin-wide precipitation recorded in 

August 1996 and concurrent with sampling events were recorded April 1997 and again in May 

1997; however, during these periods reservoir elevation was, in general, decreasing while during 

the August and September 1996 events reservoir elevation was generally increasing.  These 

observations reveal that discharge from the reservoir, under certain hydrologic conditions, is an 

important factor affecting chemical characteristics and zonation within Lake Texoma. 

Calcium, magnesium, chloride, and sulfate exhibited additional evidence of inflow 

dependent mixing patters within the reservoir.  In the case of calcium, magnesium, and sulfate, 

median concentrations in the BMA were more similar to median concentrations throughout the 

MLZ and the Washita River arm than median concentrations present in the adjacent RRZ and 

RRTZ.  The one exception being median chloride concentrations, which was present in 

concentrations more similar to those of the RRTZ and significantly greater than median 

concentrations present in the Washita River arm.  While somewhat mixed, the results presented 

here indicate that under the majority of hydrologic conditions within the reservoir the BMA does 
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not exert a significant influence on the chemical composition of the RRTZ supporting the post 

priori classification of the BMA as a separate zone of the reservoir. 

Additionally, each of these parameters exhibited a moderate significant positive 

correlation with chlorophyll a and TKN and many exhibited a moderate significant inverse 

correlation with turbidity.  Higher concentrations of these parameters were associated with 

periods of decreased inflows during summer and fall months with lower concentrations present 

throughout the reservoir during periods of increased inflows during the spring and are related to 

the inverse relationship between loading and concentration.  Decreases in turbidity were 

generally associated with periods of decreased inflow as well, allowing for greater light 

penetration into the water column and was generally accompanied by an increase in primary 

productivity.  Physical factors, in addition to inflow, such as wind induced mixing and sediment 

resuspension can also greatly influence turbidity, photic depth, and nutrient availability.  The 

relationship between these parameters indicates that, while there are a number of factors that can 

affect turbidity and nutrient availability, nitrogen loading from the watershed can influence 

primary productivity within the reservoir to some degree.  This influence being most readily 

apparent following periods of increased inflow (i.e. increased loading) into the reservoir with 

higher nitrogen concentrations available to the primary producers for some time following high 

inflow events. 

In general, an N:P ratio greater than 10 - 20 is indicative of phosphorous limitation, 

whereas an N:P ratio less than 10 - 13 is indicative of nitrogen limitation (Smith, 1979; Cooke et 

al., 1986; Horne and Goldman, 1994).  N:P results presented here indicate that Lake Texoma 

trends towards phosphorus limitation with seasonally brief periods of nitrogen limitation.  While 

the algal assemblage present in Lake Texoma during this study was predominantly comprised of 
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cyanobacteria (82.9% or all algae enumerated) with 58.6% of all algae enumerated comprised of 

the single genus Microcystis (Cyanophyta:Chroococcales) (Waller et al., 2001), the seasonally 

brief periods of nitrogen limitation do not offer a competitive advantage during those periods due 

to the absence of heterocysts in those species comprising the dominant groups of cyanobacteria. 

  While it is difficult to identify nutrient limitation based upon the composition of the 

algal assemblage alone, the dominance of the algal assemblage in Lake Texoma by a single 

genus (Microsystis) possessing heterocysts lends considerable weight to the hypothesis that the 

reservoir is, at times, nitrogen limited.  Although cyanobacteria do not necessarily require the 

presence of heterocysts to fix atmospheric nitrogen, those that possess heterocysts are one of 

only two groups of cyanobacteria able to fix nitrogen under aerobic conditions, the later being 

comprised of unicellular species while the former, Microcystis included, is mostly comprised 

cells loosely bound in gelatinous, irregular colonies of the order Chroococcales (Lee, 1980). 

The significantly higher median concentrations of total phosphorus at one meter above 

the bottom relative to concentrations at one meter below the surface indicates that autochthonous 

loading of soluble phosphorus from the sediments is likely to account for a substantial proportion 

of the phosphorus loading into the reservoir during periods of stratification.  Furthermore, the 

statistically similar N:P ratios at one meter below the surface and one meter above the bottom 

indicate the lake is generally well mixed with only seasonally limited vertical mixing of the 

water column with total phosphorus concentrations present at 1 meter above the bottom likely 

associated with sediment resuspention.  Seasonally limited vertical mixing is concurrent with 

periods of intense hypolimnetic anoxia (hypolimnetic DO < 1.0 mg/l), typically present during 

late summer and early fall.  Total phosphorus concentrations in the epilimnion are significantly 

less than hypolimnetic total phosphorus concentrations during periods of hypolimnetic anoxia 
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and coincide with periods of peak chlorophyll a concentrations in the late summer and early fall.   

Furthermore, in the MLZ where the median N:P ratio clearly indicated phosphorus limitation, 

median chlorophyll a values were consistently lower relative to the riverine arms.  Within the 

riverine arms the median N:P ratio indicated only moderate phosphorus limitation and 

chlorophyll a values were consistently greater.  However, absent here is to what degree do 

allochthonous phosphorus loadings influence N:P ratios in the riverine arms of the reservoir. 

Even in the absence of loading estimates of nitrogen and phosphorus from the watershed 

it is evident that allochthonous loadings influence both nutrient dynamics and primary 

productivity within the reservoir.  Total Kjeldahl nitrogen and total phosphorus were both 

significantly positively correlated with chlorophyll a concentrations while ortho-phosphorus was 

negatively correlated with chlorophyll a concentrations.  Not surprisingly, all three nutrient 

parameters exhibited a significant positive correlation with turbidity with an associated 

significant inverse correlation with Secchi depth.  Although both Secchi depth and turbidity 

exhibited a significant positive correlation with total suspended solids (TSS) chlorophyll a was 

not significantly correlated with TSS.  The significant, although moderate, inverse correlation 

between total phosphorus and TSS indicates that not all phosphorus is bound to sediment and is 

likely available for utilization by the algal assemblage.  However, without loading estimates 

from the watershed it is not possible here to determine to what extent this relationship is 

hydrologically driven but does provide superficial evidence that biotic turbidity could comprise a 

small but quantifiable proportion of TSS, at least seasonally. 

To what extent reductions in TDS loadings and concentrations, resulting from chloride 

control efforts in the upper Red River basin, could impact turbidity and primary productivity at 

Lake Texoma have long been an area of interest.  With the exception of the WRTZ the multiple 
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regressions presented in Table 3 do not include any biological parameters and are based solely 

on physicochemical parameters.   Additionally, each regression model includes TDS as a 

predictor of turbidity and where TDS was not included in the model individual constituents of 

TDS were included in the model (e.g., sulfate and chloride in the RRTZ).  Gade et al. (1992) 

extrapolated settling rates based upon various TDS concentrations from the available literature 

and predicted a moderate increase in turbidity at Lake Texoma following full implementation of 

the Red River Chloride Control Project.  More recently Schroeder and Toro (1996) evaluated 

settling rates at Lake Texoma under various TDS concentrations using water collected near 

Station 8 (Figure 1) in the RRTZ.  Schroeder and Toro (1996) also concluded that Lake Texoma 

could experience slightly longer periods of increased turbidity immediately following turbidity 

inducing events after full implementation of the Red River Chloride Control Project. 

Finally, the trophic classification of Lake Texoma generally ranges from mesotrophic to 

hyper-eutrophic based upon epilimnetic concentrations of total phosphorus and chlorophyll a 

depending upon the methodology used to calculate the trophic state:  Vollenwider (1976), 

Reckhow and Chapra (1983), or Carlson (1977).  While no single method results in a more 

accurate trophic classification the methods of Reckhow and Chapra (1983) and Carlson (1977), 

using raw and transformed values of epilimnetic concentrations of chlorophyll a respectively, 

would appear to be more appropriately applied here.  Trophic classifications based upon raw or 

transformed values of epilimnetic concentrations of total phosphorus, such as those suggested by 

Vollenwider (1976) and Carlson (1977), appear to result in higher trophic classifications.  This is 

especially true of the trophic classification system proposed by Vollenwider (1976) where 

trophic classifications ranged from eutrophic to hyper-eutrophic on a lake-wide basis relative to 

the mesotrophic to eutrophic classifications based upon Reckhow and Chapra (1983) and Carlson 
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(1977).  Within the MLB, the Vollenwider (1976) method resulted in an average trophic 

classification of eutrophic ranging from mesotrophic to eutrophic in the summer and fall months.  

It is suggested here that the well defined turbidity and TSS gradients present in Lake Texoma 

contribute substantially to the overall higher trophic classifications resulting from the application 

of the Vollenwider (1976) trophic classification scheme due to ability of phosphorus to be 

transported well into the reservoir tightly bound to organic colloids.  Furthermore, the lower 

Vollenwider (1976) trophic classifications of the MLB relative to other reservoir zones based 

upon epilimnetic concentrations of total phosphorus mirror zonal trends in turbidity, chlorophyll 

a, and N:P ratios indicating that total phosphorus bound to colloidal solids can bias the 

Vollenwider trophic classification scheme in Lake Texoma.   

At present, the only portion of the Red River Chloride Control Project scheduled to be 

fully implemented include those chloride source areas within the Wichita River basin (Area VII, 

Area VIII, and Area X) and Estilline Springs (Area V) at Estilline, Texas (USACE, 2002b).  

More recent evaluations of impacts at Lake Texoma conducted by the U.S. Army Corps of 

Engineers, Tulsa District, indicate that TDS reductions at Lake Texoma would be no greater than 

7.5% below existing TDS concentrations and any turbidity increases associated with the decrease 

in TDS would range from 0.05 NTU to 0.15 NTU over a 10-day settling period based upon 

settling rates derived by Schroeder and Toro (1996) (USACE, 2002b).  It is important to note the 

relationship between turbidity and Secchi depth present in Figure 6 through Figure 12.  Secchi 

depth measurements can vary markedly between analysts and can be influenced by wave action, 

lack of shade, surface reflection of light, and TSS concentration.  For instance, at the median 

turbidity value for this study (5.8 NTU) Secchi depth can be expected to range from 0.7 m to 1.6 

m 90% of the time (Figure 13).  In the RRZ at a turbidity value of 8.0 NTU the Secchi depth 
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would be expected to range from 0.65 m to 1.0 m 90% of the time (Figure 7), while in the MLZ 

the Secchi depth would be expected to range from < 0.5 m to > 3.45 m 90% of the time at the 

median turbidity value of 3.7 NTU (Figure 10).  In the WRZ at the median turbidity value of 

13.1 NTU Secchi depth would be expected to range from 0.43 m to 0.65 m 90% of the time 

(Figure 12).  Given the broad range of turbidity values that can be expected to occur at any given 

Secchi depth, it is highly unlikely that slight to moderate decrease in TDS could negatively affect 

primary productivity in Lake Texoma beyond those that short-term environmental disturbances 

currently exert under existing conditions. 

One caveat is important to note here, the potential exists for a gross underestimation of 

the phytoplankton community composition and the epilimnetic chlorophyll a concentration, and 

thus trophic state, due to the constraints of the sampling design employed during this study.  

Whereas studies designed to specifically address phytoplankton (chlorophyll) and nutrient 

dynamics generally employ depth integrated samples allowing for a more complete analysis of 

the entire epilimnion, epilimnetic samples of phytoplankton and chlorophyll a were obtained at 

only one depth (1 meter below the surface) resulting in the potential underestimation of 

chlorophyll a and phytoplankton community composition in those portions of the reservoir 

where the euphotic zone was greater than two to three meters in depth.   
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Table 1.  Station number and location (decimal degrees) of sampling stations from August 1996 
through September 1997.  Zones are identified as Red River Zone (RRZ), Red River Transition 
Zone (RRTZ), Main Lake Zone (MLZ), Washita River Transition Zone (WRTZ), and Washita 
River Zone (WRZ). 
 

Station No. Zone Longitude Latitude 
1 RRZ -96.767 33.825 
3 RRZ -96.834 33.874 
7 RRTZ -96.806 33.824 
8 RRTZ -96.797 33.841 
9 RRTZ -96.705 33.871 
17 MLZ -96.595 33.821 
19 MLZ -96.587 33.892 
20 WRTZ -96.583 33.963 
22 WRTZ -96.654 34.029 
24 WRZ -96.540 34.082 
25 WRZ -96.556 33.931 

 
 
Table 2.  Water quality parameters and analytical method. 
 
Parameter Units Analytical Method 
Alkalinity mg/l as CaCO3 EPA 310.1 
Total Dissolved Solids mg/l EPA 160.1 
Total Suspended Solids mg/l EPA 160.2 
Total Phosphorous mg/l EPA 365.4 
Total Nitrogen mg/l EPA 351.1 
Hardness mg/l as CaCO3 EPA 130.2 
Chloride mg/l EPA 325.3 
Sulfate mg/l EPA 375.4 
Nitrite mg/l EPA 354.1 
Nitrate mg/l EPA 353.3 
Ortho Phosphate mg/l EPA 365.1 
Calcium mg/l EPA 215.1 
Magnesium mg/l EPA 242.1 
Sodium mg/l EPA 273.1 
Potassium mg/l EPA 258.1 
Turbidity NTU EPA 180.1 
Chlorophyll a mg/m3 APHA 10200H 
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Table 3.  Regression equations for estimates of turbidity (NTU) across the entire lake (all sites) and within individual reservoir zones. 
 
Location Equation MSE R2 p 
Whole Lake turbidity = - 80 + 0.477elevation (m) + 0.270montly precipitation 

(dam) - 0.432monthly precipitation (basin) - 0.505montly 
evaporation - 4.05Secchi - 0.00232TDS + 0.979TSS 
 

6.8 0.955 < 0.1 

RRZ turbidity = 16.6 - 0.021monthly precipitation (basin) - 9.01Secchi - 
0.00586TDS + 0.855TSS + 12.8TP + 0.29TKN 
 

4.51 0.985 < 0.1 

BMA turbidity = 17.7 + 0.894montly precipitation (basin) - 0.0177TDS 
+ 1.20TSS 
 

2.93 0.964 < 0.1 

RRTZ turbidity = - 9.14 + 0.900TSS + 110TP + 0.0317Chloride - 
0.0390Sulfate + 10.2NO2+NO3 + 0.975monthly evaporation 
 

2.35 0.893 < 0.1 

MLZ turbidity = 1145 - 5.94elevation (m) + 2.49monthly precipitation 
(basin) - 0.316TSS - 0.0251TDS - 41.3TP + 0.717montly 
precipitation (dam) 
 

0.198 0.973 0.301

WRTZ turbidity = 16.7 - 0.322monthly precipitation (basin) - 4.92Secchi - 
0.00263TDS + 0.415TSS - 0.0374Chl a - 0.654monthly 
evaporation 
 

0.825 0.924 < 0.1 

WRZ turbidity = 11.9 - 0.049monthly precipitation (basin) - 
0.664monthly evaporation + 1.04TSS - 0.00892TDS 

12.1 0.963 < 0.1 
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Table 4.  Descriptive statistics for Secchi depth (m), by zone, across all sampling dates from 
August 1996 through September 1997. 
 
Zone Min Max Mean Median SD 
RRZ 0.15 1.25 0.61 0.55 0.305 
BMA 0.20 1.05 0.64 0.65 0.227 
RRTZ 0.45 1.85 1.05 1.00 0.356 
MLZ 0.65 3.45 1.60 1.55 0.482 
WRTZ 0.55 1.45 0.96 1.05 0.244 
WRZ 0.15 1.25 0.54 0.45 0.288 
 
 
 
 
 
 
 
Table 5.  Descriptive statistics for Secchi depth (m), by season, for each reservoir zone. 
 
 Zone RRZ BMA RRTZ MLZ WRTZ WRZ 
Spring Min 0.15 0.35 0.45 1.35 0.75 0.15
 Max 0.95 1.05 1.8 3.45 1.25 0.75
 Mean 0.47 0.65 0.83 1.86 0.94 0.36
 Med 0.43 0.6 0.73 1.75 0.93 0.35
 SD 0.251 0.286 0.418 0.613 0.186 0.167
Summer Min 0.3 0.5 0.9 0.7 0.7 0.3
 Max 1.25 0.85 1.85 1.95 1.4 1.25
 Mean 0.72 0.7 1.24 1.44 1.03 0.66
 Med 0.6 0.75 1.3 1.45 1.05 0.65
 SD 0.338 0.151 0.33 0.366 0.217 0.273
Fall Min 0.2 0.2 0.88 0.9 0.55 0.25
 Max 0.9 0.65 1.1 1.75 1.15 0.65
 Mean 0.53 0.48 0.99 1.41 0.85 0.43
 Med 0.45 0.55 1 1.45 0.88 0.44
 SD 0.249 0.201 0.058 0.276 0.244 0.131
Winter Min 0.75 0.75 1.15 1.8 0.65 0.85
 Max 0.98 0.88 1.35 2.15 1.45 1.25
 Mean 0.85 0.82 1.23 1.98 1.05 1.08
 Med 0.82 0.83 1.2 1.98 1.05 1.08
 SD 0.114 0.066 0.098 0.192 0.438 0.178
 



 66

Table 6.  Correlation coefficient (r) between chloride and Secchi depth, turbidity, and TSS, 
across all sampling dates from August 1996 through 1997, for each station (* = no significant 
correlation, α = 0.10). 
 
Station Secchi vs Chloride Turbidity vs Chloride TSS vs Chloride

 r r r 
1 0.553 -0.563 -0.533 
3 0.416 -0.493 * 
7 * -0.635 * 
8 * -0.487 -0.484 
9 * * * 
17 * * * 
19 * * -0.821 
20 * * * 
22 * -0.561 -0.492 
24 * -0.548 * 
25 * -0.484 * 

 
 
Table 7.  Correlation coefficient (r) between sulfate and Secchi depth, turbidity, and TSS, across 
all sampling dates from August 1996 through 1997, for each station (* = no significant 
correlation, α = 0.10). 
 
Station Secchi vs Sulfate Turbidity vs Sulfate TSS vs Sulfate

 r r r 
1 0.410 * * 
3 * -0.551 * 
7 * -0.678 * 
8 * -0.615 * 
9 0.527 -0.668 * 
17 * * * 
19 * * * 
20 0.441 -0.412 * 
22 * -0.608 * 
24 0.442 -0.659 * 
25 0.595 -0.718 * 
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Table 8.  Correlation coefficient (r) between TDS and Secchi depth, turbidity, and TSS, across 
all sampling dates from August 1996 through 1997, for each station (* = no significant 
correlation, α = 0.10). 
 
Station Secchi vs TDS Turbidity vs TDS TSS vs TDS

 r r r 
1 0.504 -0.524 -0.493 
3 * -0.483 * 
7 * -0.660 * 
8 0.442 -0.633 -0.430 
9 * * * 
17 * * * 
19 * * -0.766 
20 * * * 
22 * -0.643 * 
24 * -0.680 * 
25 0.427 -0.585 * 

 
 
Table 9.  Light attenuation coefficients (m-1) and Birgean percent absorption (% Abs) at 1 meter 
at intensive sampling stations on each sampling date. 
 
 Sampling Station 

 Station 3 Station 9 Station 17 Station 22 Station 24 
Sampling 

Trip 
η" % 

Abs 
η" % 

Abs
η" % 

Abs 
η" % 

Abs 
η" % 

Abs 
Aug - 96 1.03 88 0.83 57 0.67 51 1.05 68 1.21 68 
Sep - 96 1.69 85 1.22 93 0.90 82 1.23 82 1.94 83 
Nov - 96 1.96 83 1.00 67 0.86 48 1.90 96 2.66 96 
Jan - 97 1.15 41 0.82 79 0.75 75 1.08 91 1.11 78 
Mar - 97 3.73 87 2.20 89 0.62 29 1.45 84 1.72 97 
Apr -97 1.68 90 1.19 92 0.74 85 1.14 71 1.79 95 
May -97a 2.62 96 1.08 46 0.84 77 1.26 85 3.58 99 
May - 97b 1.19 72 0.90 60 0.54 43 1.32 70 1.64 59 
Jun - 97a 1.68 88 0.96 77 1.21 84 1.78 89 2.62 94 
Jun - 97b 1.23 79 1.28 91 0.90 79 1.44 86 2.27 95 
Jul - 97 1.00 80 0.82 79 0.75 66 0.95 48 1.35 76 
Aug - 97 1.29 89 1.01 78 0.82 85 0.80 62 1.16 77 
Sep - 97 1.85 88 1.37 79 1.17 83 1.92 91 1.53 80 
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Figure 1.  Fixed sampling locations in Lake Texoma, Oklahoma and Texas, August 1996 through September 1997. 
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Figure 2.  Box and whisker plot interpretation. 
 
 
 
 
 

Q3 + 1.5 (Q3 - Q1) 

Q1 - 1.5 (Q3 - Q1) 

third quartile (Q3) 

first quartile (Q1) 

mean 

median 

* outlier 



 70

Figure 3.  Daily reservoir elevation (m) and precipitation (cm) at the USACE Denison Dam gage 
(DNST2) from 1 August 1996 through 31 September 1997 (triangles represent sampling events). 
 

Figure 4.  Daily reservoir elevation (m) at the USACE Denison Dam gage (DNST2) and daily 
precipitation (cm) throughout the drainage basin from 1 August 1996 through 31 September 
1997. 
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Figure 5.  Turbidity (NTU) variability, by station, at one meter below the surface, August 1996 
through September 1997. 
 

 
Figure 6.  Secchi depth (m) variability, by station, across all sampling stations August 1996 
through September 1997. 
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 Figure 7.  Secchi depth v. turbidity in the Red River Zone of Lake Texoma, August 1996 
through September 1997.  The prediction interval provides estimates of the range of possible 
turbidity levels likely to occur 90% of the time at a given Secchi depth. 

 
Figure 8.  Secchi depth v. turbidity in the Big Mineral Arm of Lake Texoma, August 1996 
through September 1997.  The prediction interval provides estimates of the range of possible 
turbidity levels likely to occur 90% of the time at a given Secchi depth. 
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Figure 9.  Secchi depth v. turbidity in the Red River Transition Zone of Lake Texoma, August 
1996 through September 1997.  The prediction interval provides estimates of the range of 
possible turbidity levels likely to occur 90% of the time at a given Secchi depth. 

 
Figure 10.  Secchi depth v. turbidity in the Main Lake Zone of Lake Texoma, August 1996 
through September 1997.  The prediction interval provides estimates of the range of possible 
turbidity levels likely to occur 90% of the time at a given Secchi depth. 
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Figure 11.  Secchi depth v. turbidity in the Washita River Transition Zone of Lake Texoma, 
August 1996 through September 1997.  The prediction interval provides estimates of the range of 
possible turbidity levels likely to occur 90% of the time at a given Secchi depth. 
 

 
Figure 12.  Secchi depth v. turbidity in the Washita River Zone of Lake Texoma, August 1996 
through September 1997.  The prediction interval provides estimates of the range of possible 
turbidity levels likely to occur 90% of the time at a given Secchi depth. 
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Figure 13.  Secchi depth v. turbidity in Lake Texoma, August 1996 through September 1997.  
The prediction interval provides estimates of the range of possible turbidity levels likely to occur 
90% of the time at a given Secchi depth. 

Figure 14.  Total suspended solids (mg/l) variability, by station, at one meter below the surface, 
August 1996 through September 1997. 
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Figure 15.  Total Kjeldahl nitrogen (mg/l) variability, by zone, across all sampling sites and 
depths, August 1996 through July 1997. 

Figure 16.  Nitrite + nitrate (mg/l) variability at each sampling station across all sampling depths 
and dates, August 1996 through September 1997. 
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Figure 17.  Total phosphorus (mg/l) variability across all sampling sites and dates at one meter 
below the surface, August 1996 through September 1997. 

Figure 18.  Total calcium (mg/l) variability, by station, across all sampling dates and depths, 
August 1996 through September 1997. 
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Figure 19. Total magnesium (mg/l) variability, by station, across all sampling dates and depths, 
August 1996 through September 1997. 

Figure 20.  Sodium (mg/l) variability, by station, across all sampling dates and depths, August 
1996 through September 1997. 
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Figure 21.  Potassium (mg/l) variablity, by station, across all sampling dates and depths, August 
1996 through September 1997. 
 

Figure 22.  Chloride (mg/l) variability, by station, across all sampling dates and depths, August 
1996 through September 1997. 
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Figure 23.  Sulfate (mg/l) variability, by station, across all sampling dates and depths, August 
1996 through September 1997. 

Figure 24.  Total dissolved solids (mg/l) variability, by station, across all sampling dates and 
depths, August 1996 through September 1997. 
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Figure 25.  Chlorophyll a (µg/l) variability within the Main Lake Body (MLB) on each sampling 
date at one meter below the surface, August 1996 through September 1997. 
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CHAPTER II 

FACTORS INFLUENCING PHYSICOCHEMICAL STRATIFICATION AND AREAL 

HYPOLIMNETIC OXYGEN DEFICIT, LAKE TEXOMA, OKLAHOMA AND TEXAS 

Introduction 

The processes associated with the development of physical-chemical stratification in 

natural lakes is both well understood and well documented (Hutchinson 1957; Wetzel 1983).  

Conversely, the processes associated with the development of physical-chemical stratification in 

reservoirs are generally less well understood (Cole and Hannan 1990).  In their discussion of 

dissolved oxygen dynamics within reservoir systems, Cole and Hannan (1990) identified 

temperature, flow, and morphology as the primary factors affecting the distribution of dissolved 

oxygen in reservoir systems, indicating that hypolimnetic oxygen concentrations are easily 

influenced by reservoir discharge in bottom release reservoirs, like Lake Texoma, during periods 

of high discharge.  As discharge increases, the volume of the hypolimnion being discharged is 

replaced by warmer water from above, resulting in higher hypolimnetic temperatures.  Reservoir 

inflows can also dramatically impact stratification stability within reservoirs.  Whereas natural 

lakes can have water residence times in the range of years to decades, water residence times in 

reservoir systems generally range from days to months.  Furthermore, in systems where inflows 

tend to have a large sediment load capacity, density differences between inflows and receiving 

waters can result in a variety of flow patterns, i.e. overflows, interflows, and underflows, which 

can further influence hypolimnetic oxygen concentrations.  Compounding the difficulty in the 

understanding of reservoir dissolved oxygen dynamics is the unique nature of reservoirs 

themselves.  In general, reservoir basins are highly dendritic, narrow, and elongated, exhibit 

irregular flow regimes and water level fluctuations, and the majority of inflows are via high order 
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streams with large sediment-load carrying capacities resulting in extensive penetrations of 

dissolved and particulate loads well into the transition and lacustrine zones of the reservoir 

(Wetzel 1990). 

Oxygenation of the upper stratum of the epilimnion, the euphotic zone, is generally 

considered to occur through photosynthetic production and wind action.  As oxygen and organic 

matter, primarily in the form of phytoplankton, are produced in the euphotic zone during periods 

of increased primary production, the rate of organic loading from epilimnetic waters into 

hypolimnetic waters increases.  As the net loading of organic matter from surface waters into 

deeper waters increases, rates of oxygen consumption within the hypolimnion increase.  This 

increase in oxygen consumption is primarily the result of metabolic decomposition of organic 

matter (Charlton 1980; Green 1996) ultimately resulting in hypolimnetic oxygen deficit. 

One tool used to assess the degree of primary productivity as well as the trophic status of 

lakes and reservoirs is the areal hypolimnetic oxygen deficit (AHOD).  In general, surface waters 

are considered to be oligotrophic if oxygen deficits are less than 0.017 mg DO/cm2/day and 

eutrophic if oxygen deficits are greater than 0.033 mg DO/cm2/day (Hutchinson 1957).  

Stratification intensity and stability can greatly influence the degree of oxygen consumption 

within the hypolimnion.  In river dominated reservoirs, like Lake Texoma, the magnitude and 

duration of inflows from year to year can greatly influence both hypolimnetic temperatures and 

dissolved oxygen concentrations with higher temperatures and lower dissolved oxygen 

concentrations associated with periods of low inflows and reservoir discharges (Green 1996).   

Because the intensity and stability of stratification can vary considerably from season to 

season, an alternate approach to quantifying temporal changes in AHOD rates is the relative 

areal hypolimnetic oxygen deficit (RAHOD) (Charlton 1980; Lind and Davalos-Lind 1993).  
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The use of the RAHOD allows for the inclusion of thickness and temperature of the hypolimnion 

in calculating oxygen depletion rates where AHOD is standardized to a constant temperature and 

depth (Charlton 1980, Lind and Davalos-Lind 1994, Green 1996).  One factor likely affecting the 

hypolimnetic oxygen deficit of Lake Texoma is its stratification behavior.  Like many shallow 

reservoirs within the Tulsa District, Lake Texoma does not exhibit thermal stratification to any 

great degree and therefore requires special consideration when calibrating and testing 

hypolimnetic oxygen deficit models such as the U.S. Army Engineer Waterways Experiment 

Station (WES) hypolimnetic oxygen deficit model PROFILE (Walker 1996). 

Hubbs et al. (1976) and Matthews and Hill (1988) have characterized summer 

stratification patterns in various portions of Lake Texoma.  Hubbs et al. (1976) concluded that in 

June and July of 1974, the Red River (riverine and riverine transition) portion of Lake Texoma 

stratified primarily due to higher concentrations of total dissolved solids in the hypolimnion 

resulting in a halocline below which hypolimnetic anoxia was found to occur.  Matthews and 

Hill (1988), in their summer 1982 and 1983 survey of the lacustrine portion of Lake Texoma 

noted similar patters of stratification, however they attributed stratification stability principally to 

differences in thermal induced water density differences across the epilimnion-hypolimnion 

boundary layer or chemocline.  Matthews and Hill (1988) characterized changes in the water 

chemistry profile across the epilimnion-hypolimnion boundary by a decrease in dissolved 

oxygen (below 2 mg/L), an increase in specific conductance, a decrease in pH, and a decrease in 

hypolimnetic temperature (10 to 40 C) with increasing depth. 

Underflows with a high degree of sediment load have been observed to reach the main 

body (near dam portion) of Lake Mead (Grover and Howard 1938).  The presence of a halocline 

(Hubbs et al. 1976) or a chemocline (Matthews and Hill 1988) rather than a thermocline is a 
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likely indication that allochthonous loadings, through the transport of organic matter associated 

with higher density inflows directly into the meta- and hypolimnion from inter-and under-flow, 

could greatly contribute to the summer hypolimnetic oxygen deficit in Lake Texoma.  Vertical 

gradients of specific conductance in Lake Texoma indicate that convective and meteorological 

mixing of receiving waters with inflows occurs readily only in the shallower riverine portions of 

Lake Texoma  (Mendieta and Skinner 1966; Hubbs et al. 1976; Maiello 1980; Matthews and Hill 

1988; Atkinson et al. 1999).  The lack of convective and meteorological mixing in the lacustrine 

portions of the reservoir would indicate that the organic carbon associated with inflows is 

entrained in the hypolimnion further increasing the rate hypolimnetic oxygen consumption. 

Methods and Materials 

Surveys of physical-chemical profiles were conducted in Lake Texoma from August 

1996 through September 1997 at 11 fixed sampling stations (Figure 1). Surveys were conducted 

once each month in January, March, April, July, August, September, and November and twice 

each month in May and June.  The Red River Zone (RRZ), Red River Transition Zone (RRTZ), 

Main Lake Zone (MLZ), Washita River Transition Zone (WRTZ), and Washita River Zone 

(WRZ) each contained two fixed sampling stations located within the thalweg of the old river 

channel.  The Big Mineral Arm (BMA) contained only a single fixed sampling station located in 

the thalweg of the old river channel. 

Sampling stations were located each month with a Trimble Navigation GeoExplorer 

Global Positioning System (GPS) from known coordinates (Table 1).  A Hydrolab® (H20) 

multiprobe was used to measure dissolved oxygen (mg/L), temperature (oC), pH (standard units), 

and specific conductance (µS/cm) at 2 meter intervals beginning 1 meter below the surface and 

ending 1 meter above the bottom every 5 seconds for 2 minutes (n = 26) at each depth.  Water 
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samples were pumped from depth using a Teel (Model 1P580E) water pump via a 1 inch O.D., 

3/4 inch I.D. steam hose.  Water was passed through a Hydrolab® flow cell at a rate of 1 liter per 

minute.  Additional replicate water samples were taken (n = 3) for a variety of water quality 

parameters (Table 2) at one meter below the surface (Top), one meter above the chemocline 

(M1), one meter below the chemocline (M2), and one meter above the bottom (Bottom). 

Methods used here to examine the stability attributes of the epilimnion-hypolimnion 

boundary are based on those described in Matthews and Hill (1988) utilizing tables in Welch 

(1952) and Rutner (1959).  Differences in water density across the epilimnion-hypolimnion 

boundary were calculated based upon thermal differences alone (assuming pure water at sample 

temperature) and then adjusted to include that portion of the density attributable to the 

temperature + salinity.  The degree, or strength, of stratification was determined by calculating 

the densimetric Froude number as described in Orlob (1983) and Tchobanoglous and Schroeder 

(1985): 

    NDF  = 
gd

U

oρ
ρ∆

 

where 

NDF = densimetric Froude number, unitless 
 U = average flow-through velocity Q/bd, m/s 
 Q = flow rate, m3/s 
 b = average width, m 
 d = average depth, m 
 ∆ρ = change in mass density over depth, kg/m3 
 ρo = reference density, kg/m3 
 g = gravitational constant, 9.81 m/s2 
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Values for average width were generated for each zone of the reservoir with ArcView GIS 

(ArcView 2000).  Calculations of the average-flow through velocity of each reservoir segment 

were based upon the average monthly discharge from Lake Texoma measured at the Denison 

Dam from June through September 1997, and calculations of the densimetric Froude number 

(NDF) for individual stations across the reservoir were made assuming the average flow-through 

velocity to be equal throughout the reservoir.  While it is understood that the average flow-

through velocity decreases throughout the riverine and riverine transition zones further 

quantification of flow within each reservoir zone would not result in densimetric Froude values 

substantially different from those presented here. 

The areal hypolimnetic oxygen deficit (AHOD) was calculated using the U.S. Army 

Engineer Waterways Experiment Station (WES) hypolimnetic oxygen deficit model PROFILE 

(Walker, 1996).  Vertical profiles consisting of dissolved oxygen (DO, mg/l) and water 

temperature (oC) were subset to include only those profiles collected between March 1997 and 

September 1997 which permitted the calculation of hypolimnetic and metalimnetic oxygen 

deficits between two dates during which prolonged hypolimnetic anoxia was experienced.  As a 

result, only those sampling stations that experienced a continuous and prolonged decline in 

hypolimnetic oxygen concentrations where included in the AHOD calculations.  Those sampling 

stations included Stations 8, 9, 17, 22, and 24 (Figure 1) throughout the riverine transition and 

lacustrine portions of the reservoir.  Walker (1996) indicated that reservoirs not exhibiting a 

thermal gradient of at least 4 oC merit special consideration.  Therefore, because Lake Texoma 

does not exhibit thermal stratification to any degree, in the classical sense, the metalimnion and 

hypolimnion were defined based upon DO concentrations.  The surface of the metalimnion was 

defined to be the point at which DO falls below 4 mg/l.   The surface of the hypolimnion was 
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defined to be the point at which DO falls below 2 mg/l as described by Matthews and Hill 

(1988).  

For temporal comparisons of the AHOD in Lake Texoma, water temperature and DO 

data from Meador et al. (1990) collected in the MLZ near the location of Stations 17 and 19 

stations sampled in this study were analyzed using PROFILE (Figure 1).  Additional temperature 

and DO data from Stanford and Zimmerman (1978) collected at the same locations as stations 

sampled in this study were also analyzed using PROFILE (Walker 1996).  Once AHOD's had 

been calculated, the relative areal hypolimnetic oxygen deficit was calculated to compensate for 

inter-annual differences in hydraulic residence time and stratification intensity and stability.  

Relative areal hypolimnetic oxygen deficit (RAHOD) calculations were based on methods 

described in Charlton (1980) and Lind and Davalos-Lind (1993): 

 

))Z50/((Z x 2
AHOD  RAHOD

barbar
bar 4)/10]-[(T +

=  

 

 

where 
 
 
AHOD = areal hypolimnetic oxygen deficit calculated by PROFILE 
Zbar = mean seasonal hypolimnetic thickness (m) 
Tbar = mean seasonal volume weighted hypolimnetic temperature (oC) 
 

Model output from PROFILE allows the user to use only AHOD calculations from the 

hypolimnion only or to combine the results of the AHOD calculations for both the hypolimnion 

and metalimnion.  Due to the nature of dissolved oxygen dynamics and stratification patterns 
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exhibited in Lake Texoma and the lack of a clearly identifiable metalimnion the results presented 

here include the combined AHOD for both the hypolimnion and metalimnion.  It is important to 

note that while the rate of AHOD increased using this additive approach, the temporal trends 

observed in the AHOD between 1977 and 1997 remained the same. 

Spearman rank correlation analysis (α = 0.1) was performed using SAS version 6.0 (SAS 

1999).  One-way analysis of variance (ANOVA; α = 0.1) was performed on rank data using 

Minitab 13 (Minitab, Inc. 2000).  If the ANOVA identified a significant difference between 

median concentrations of water quality parameters a Tukey's multiple comparison test (MCT) 

was performed on ranked data.  Water quality parameters were tested for normality using the 

Shapiro-Wilks normality test.  All water quality parameters were determined to not exhibit a 

normal distribution at α = 0.05. 

Results 

 The period of summer stratification in Lake Texoma generally begins in early June and 

persists through September (Matthews and Hill 1988).  When sampling began in August 1996 

stratification was already well established in the RRTZ, MLZ, WRTZ, and WRZ.  The depth of 

the chemocline was 16, 12, 10, and 10 meters for the RRTZ, MLZ, WRTZ, WRZ respectively.  

In September 1996 stratification intensity was beginning to weaken in the MLZ and WRTZ and 

stratification had dissipated in the RRTZ and WRZ and although not stratified in August 1996, 

the down reservoir portion of the RRZ (Station 3) exhibited weak stratification with the 

chemocline situated near the bottom at a depth of 12 meters. 

In 1997, stratification was first observed in the RRTZ (Station 9), MLZ (Station 19), and 

WRTZ (Station 22) between 1 June and 4 June with the depth of the chemocline situated at or 

very near the bottom.  By the later part of June (24 June - 26 June) the horizontal extent of the 



 93

anoxic zone had expanded to include the WRZ (station 24) and the up-reservoir portion of the 

RRTZ  (Station 8).  Additionally, the chemocline had migrated vertically from near bottom to 

between a depth of 10 (RRTZ and WRTZ) and 14 (MLZ) meters.  At the onset of stratification, 

the hypolimnion was initially restricted to the old river channel.  As the chemocline migrated 

vertically, the hypolimnion was observed to move laterally out of the river channels and into the 

shallower portions of the inundated river basins and was similar to observations reported by 

Hubbs et al. (1976) and followed general trends reported for hypolimnetic oxygen depletion in 

reservoirs by Cole and Hannan (1990).  This was observed only in the riverine transition and 

lacustrine portions of the reservoir.  As stratification stability increased throughout June and 

July, examination of the density difference across the chemocline indicated that at the onset of 

stratification, stability of the chemocline was principally the result of salinity induced differences 

rather than thermal differences in water density across the epilimnion-hypolimnion boundary 

layer (Table 3).  However, as stratification in the riverine transition and lacustrine zones (RRTZ, 

MLZ, and WRTZ) intensified, thermal and salinity differences across the epilimnion-

hypolimnion boundary layer appeared to contribute equally to stratification stability as indicated 

by similar differences in density differences attributable to water temperature alone and water 

temperature and salinity combined (Table 3).  The degree of stratification, based upon the 

densimetric Froude number (NDF) revealed that Lake Texoma is a strongly stratified reservoir 

throughout the period of stratification with NDF << 1/π.    NDF  values for weakly stratified 

reservoirs and lakes generally range from 0.1<NDF<1, and fully mixed systems have NDF > 1.  

NDF values for Lake Texoma from June 1997 through September 1997 were much less than 1 

and ranged from 0.0026 to 0.0275. 
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Depth-time isopleths of water temperature and DO (Figures 2 through 6) show that in the 

riverine portions of the reservoir (Station 3 and 24) there is only a moderate decrease in water 

temperature with depth during periods of hypolimnetic anoxia.  During the period of peak 

stratification, the greatest temperature gradient in the riverine portions of the reservoir occurs in 

the epilimnion with no gradient evident below the epilimnion-hypolimnion boundary.  In the 

riverine transition and lacustrine portions of the reservoir (Stations 9, 17, and 22), there is a more 

defined gradient in water temperature.  At the peak of stratification, temperatures between the 

surface and the bottom in the MLZ varied as much as 4o to 9o C (Figures 3) and a somewhat well 

defined, although slight, temperature gradient was evident throughout the hypolimnion. 

Examination of the correlation between select physicochemical parameters and dissolved 

oxygen (Table 4) indicate that no single parameter appears to be significantly correlated with 

dissolved oxygen (DO) dynamics in either the epilimnion or hypolimnion during periods of 

stratification.  Within the epilimnion, pH, and inflows from the Red and Washita Rivers 

exhibited the strongest correlations with DO.  In the hypolimnion, pH, conductivity, TSS, and 

temperature exhibited the strongest correlations with DO.  Among the various parameters the 

general trend is towards an increasing strength of the correlation with depth.  However, for any 

one parameter there is no specific trend between that parameter and DO evident.  For example, 

the correlation between TDS and DO is either not significant, or if significant, not very strong, 

whereas the correlation between conductivity, which is oftentimes used as a surrogate measure 

for TDS, is relatively strong, particularly in the hypolimnion.  Furthermore, the constituents of 

the TDS (namely chloride, sulfate, calcium, magnesium, sodium, and potassium) reveal that 

individually many of these parameters posses a stronger correlation with DO concentrations in 
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the water column relative to TDS, particularly at the epilimnion-hypolimnion boundary layer at 

one meter below the chemocline. 

 Differences in the inflow and hydraulic residence time between the current study and 

Matthews and Hill (1988) could possibly account for the discrepancies observed in water 

densities attributable to salinity and temperature gradients across the chemocline between the 

1982-1983 studies and this study.  Flow regimes for historical and current study periods indicate 

that from year to year inflows from the Red and Washita Rivers along with hydraulic residence 

time of the reservoir are highly variable (Table 5).  For example, discharge at the Red River 

gaging station (Figure 7) and at the Washita River gaging station (Figure 8) varied greatly 

between the 1982-1983 and 1996-1997 study periods.  Average annual discharge at the Red 

River gaging station was 4.89 x 10 9 m3 (3.98 x 106 ac-ft) in 1982, 2.97 x 109 m3 (2.41 x 106 ac-

ft) in 1983, 2.52 x 109 m3 (2.04 x 106 ac-ft) in 1996, and 4.80 x 109 m3 (3.89 x 106 ac-ft) in 1997.  

Average annual discharge at the Washita River gaging station was 2.11 x 109 m3 (1.71 x 106 ac-

ft) in 1982, 1.66 x 109 m3 (1.35 x 106 ac-ft) in 1983, 2.11 x 109 m3 (1.71 x 106 ac-ft) in 1996, and 

2.76 x 109 m3 (2.24 x 106 ac-ft) in 1997.  In addition, the period of highest summer inflows from 

the Red River in 1982 occurred in June and July.  In contrast, peak summer inflows in 1996 

occurred in September.  In both 1983 and 1997 peak summer inflows from the Red River 

occurred in June, however discharge in 1997 was 61.7 % greater than discharge in 1983.  

Hydrographs for the Washita River gaging station show similar inflow patterns for the period of 

summer stratification in 1982-1983 and 1996-1997 with discharge at the gaging station 65.9 % 

greater in 1997 than discharge in 1983. 

 AHOD rates calculated throughout the RRTZ, MLZ, WRTZ, and WRZ between March 

1997 and September 1997 ranged from 0.021 mg/cm2/day <AHOD < 0.055 mg/cm2/day.  An 
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observable AHOD gradient was evident throughout the riverine transitional and lacustrine zones 

with a lower AHOD in the RRTZ, increasing throughout MLZ and greatest in the Washita River 

arm.  AHOD rates calculated from data collected at the same locations between March 1977 and 

September 1977 (Stanford and Zimmerman 1978) ranged from 0.034 mg/cm2/day < AHOD < 

0.055 mg/cm2/day.  In contrast, results generated using 1977 data did not exhibit a longitudinal 

gradient and AHOD values were from 5% to 52% lower in the RRTZ and MLZ and from 5% 

lower to 49% greater in the WRTZ in 1997 relative to 1977.  At Stations 17 and 19, AHOD rates 

were 33% to 105% greater in 1997 relative to 1989 (Table 6).  The RAHOD, which is the AHOD 

normalized to a standard hypolimnetic temperature and depth, exhibited trends similar to those 

observed in AHOD's for each sampling period.  The RAHOD is the more appropriate HOD rate 

here due to its ability to compensate for inter-annual variability in hypolimnetic water 

temperature and stratification intensity. 

 One final comparison between data from historic studies (Stanford and Zimmerman 

1978; Meador et al. 1990) and the current study was made using specific conductance.  Because 

of the strong chloride gradient exhibited by Lake Texoma (Work and Gophen 1995; Atkinson et 

al. 1999; Atkinson and Mabe 2001), specific conductance was chosen as a surrogate parameter to 

evaluate the potential influence for allochthonous loading of organic matter relative to HOD 

rates in Lake Texoma.  Specific conductance values from one meter below the surface and one 

meter above the bottom for the MLZ were subset and examined for temporal difference between 

studies.  One-way ANOVA on ranked data identified significant differences in between median 

specific conductance values at one meter below the surface and one meter above the bottom in 

1989 and 1997 (F = 16.66, p < 0.001 and F = 14.44, p < 0.001 respectively) with concentrations 

significantly greater at one meter above the bottom.  No significant difference between median 
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specific conductance values at one meter below the surface and one meter above the bottom was 

observed in 1977.   

Temporally, at one meter below the surface median specific conductance values were 

significantly different between the three study periods (1977, 1989, and 1997; F = 54.90, p < 

0.001) with median concentrations in 1977 and 1997 significantly greater than those present in 

1989.  No significant difference in median specific conductance values was observed between 

the 1977 and 1997 data.  At one meter above the bottom, median specific conductance values 

were again found to be significantly different between the three study periods (F = 49.88, p < 

0.001) with median values in 1989 again significantly less that median values in 1977 and 1999.  

Although not significant, median specific conductance values in 1997 were somewhat greater 

relative to 1977 median values.  Specific conductance values at one meter below the surface and 

one meter above the bottom in the MLZ (Stations 17 and 19, 1977 and 1997 and Stations 1 and 

3, 1989; Figure 1) across the various study periods examined here are presented in Figure 8. 

Discussion 

 The nature and complexity of chemical processes within Lake Texoma are influenced by 

a number of factors.  The highly dendritic nature of Lake Texoma and degree of inter-annual 

variability of inflows from the Red and Washita Rivers have a direct influence on total loadings 

into the reservoir.  Unlike many mainstem reservoirs, Lake Texoma receives inflows from two 

major river basins, each with distinct water quality characteristics.  Their influence, due to flow 

and loadings, on stratification dynamics and HOD in Lake Texoma can be highly varied.  For 

instance, concentrations of TDS have been shown to impact rates of sedimentation in Lake 

Texoma (Schroder and Toro 1996).  Schroder and Toro (1996) collected water from the RRTZ of 

Lake Texoma to determine settling rates of suspended solids in Lake Texoma under various TDS 
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concentrations.  The results of their study indicated an inverse relationship between settling rates 

and TDS concentration in Lake Texoma. 

 It is suggested here that perhaps the factor with the greatest influence on dissolved 

oxygen dynamics and patterns of stratification in Lake Texoma is that of inflow and hydraulic 

residence time.  The degree to which stratification is influenced by chemical and thermal 

gradients has been previously addressed for riverine and lacustrine areas of Lake Texoma 

(Hubbs et al. 1976; Matthews and Hill 1988).  One component not present in the analyses of 

Hubbs et al. (1976) and limited to only the periods of study by Matthews and Hill (1988) was to 

what extent longer-term hydrodynamic processes influenced stratification patterns and 

hypolimnetic oxygen depletion.  Average yearly discharge from Lake Texoma through Denison 

dam was 54% greater in 1997 relative to discharge in 1974 and 1983 (Table 5).  Conversely, 

hydraulic residence time of the reservoir in 1997 was 35% shorter relative to 1974 and 1983.  

Hydraulic residence times between 1983 and 1974 were nearly equal with the hydraulic 

residence time in 1983 only 0.8% (2 days) greater than that in 1974.   

Examination of stratification patterns within the context of hydraulic residence time 

indicates that the hydrologic inter-annual variability can greatly influence which 

physicochemical variables contribute most to stratification processes in Lake Texoma.   For 

instance, the extent to which density differences across the epilimnion-hypolimnion boundary 

(boundary layer) in the riverine and riverine transition zones of the Red River arm of the lake are 

attributable to salinity resulting in a halocline, as was the suggestion of Hubbs et al. (1976), is 

somewhat mixed.  Stratification stability at Station 3 (RRZ) throughout the period of 

stratification was influenced more by density differences across the boundary layer by both 

temperature and salinity in 1997 (Table 3).  However, at Stations 8 and 9 (RRTZ) the density 
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difference due to that of temperature alone and the density difference due to that of temperature 

and salinity in concert varies throughout the period of stratification with salinity differences 

across the boundary layer contributing more to stratification stability both at the onset and 

breakup of stratification.  At the peak of stratification, density differences in temperature and 

temperature + salinity across the boundary layer contributed equally to stratification stability.   

This same mixed pattern was exhibited in the WRTZ and WRZ.  At the onset of 

stratification, differences in salinity at the onset and breakup of stratification contributed 

somewhat more to stratification stability than temperature (Table 3).  While it is clear that the 

Washita River contributes substantially less than the Red River to the total annual inflows into 

Lake Texoma it is apparent that even moderate increases in inflow can affect stratification 

stability.  For example, moderate increases in inflow between July 1997 and August 1997 in the 

Washita River arm impacted temperature and salinity concentrations enough to lessen the density 

difference in salinity across the boundary layer (Table 3). 

Within the MLZ, in contrast to the results presented by Matthews and Hill (1988), 

temperature and salinity differences contributed equally to density differences across the 

boundary layer throughout the period of stratification in 1997.  The observations reported here 

do not detract from the results reported in prior studies.  The conclusions presented by Hubbs et 

al. (1976) and Matthews and Hill (1988) are appropriate when placed in the hydrologic context 

under which those data were collected.  Furthermore, the caution of Matthews and Hill (1988) 

that a chemical gradient is neither the causative nor maintaining factor of reservoir stratification 

applies here as well.  However, the influence of chemical and thermal gradients across the 

boundary layer on stratification stability can be inferred based on density differences calculated 

here and by Matthews and Hill (1988).   
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Of somewhat greater interest here is the role of reservoir hydrodynamics in dissolved 

oxygen dynamics and its relation to stratification stability.  To that end, the rates of areal 

hypolimnetic oxygen deficit (AHOD), and relative hypolimnetic oxygen deficit (RAHOD) for 

temporal comparisons, were calculated for stations which underwent prolonged periods of 

hypolimnetic anoxia in 1977 (RRTZ, MLZ, WRTZ, and WRZ; Stanford and Zimmerman 1977), 

1989 (MLZ only; Meador et al. 1990), and 1997 (RRTZ, MLZ, WRTZ, and WRZ; current 

study).  Across the various studies RAHOD rates varied considerably with greater HOD's in 

1977 and 1997 and lower HOD's in 1989 resulting in trophic state classifications across the 

various study periods ranging from oligotrophic to mesotrophic (Table 6; Hutchinson 1957).  

The degree of variability associated with RAHOD rates between the studies would indicate that 

cultural eutrophication is not a concern in Lake Texoma at this time.  The degree to which 

inflows penetrate the receiving waters can directly influence HOD's relative to their capacity to 

carry allochthonous loadings of organic carbon into the reservoir.  Based upon differences in 

specific conductivity between the various study periods in the MLZ it would appear that in 1977 

and 1997 inflows were able to penetrate well into the reservoir (Figure 9). 

Average yearly discharge and hydraulic residence time between 1977 and 1997 were 

observed to exhibit a considerable degree of inter-annual variability (Table 5).  The degree of 

inter-annual variability was even greater when monthly discharge data between 1 March and 30 

September, the time when stratification is to be expected in Lake Texoma, of each study period 

included in this analysis (1977, 1989, and 1997) were examined.   In 1977 the hydraulic 

residence time of the reservoir between 1 March and 30 September was 415 days.  In 1989 the 

hydraulic residence time of the reservoir between 1 March and 30 September was 215 days, 

nearly half that for the same period in 1977.  In 1997 the hydraulic residence time between 1 
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March and 30 September was 405 days.  The difference in hydraulic residence time during these 

periods is further evidenced by the significantly lower (α = 0.05) specific conductivity in 1989 

relative to 1977 and 1997 (Figure 9) indicating that during periods of increased discharge 

allochthonous and autochthonous organic matter deposited in the hypolimnion is discharged at a 

rate such that the HOD in Lake Texoma is lessened.  Of particular interest is the substantial 

decline in RAHOD throughout the RRTZ and MLZ between 1977 and 1997 (Table 6).  

Hydraulic residence time between these two study periods was approximately equal (415 days 

and 405 days in 1977 and 1997 respectively) indicating that other variables are responsible for 

the difference.   

Causative factors likely responsible for the increase in RAHOD in the WRZ include a 

less substantial penetration of the Washita River delta into the Washita River arm resulting from 

the sediment trapping ability of the Cumberland Dike, as well as the greater median 

concentrations of total phosphorus relative to the other reservoir zones (see Chapter 1, Figure 

16).  While, the indications of phosphorus limitation in Lake Texoma reported by Gibbs (1998) 

and Doyle and Baugher (2002) are not disputed here, the median N:P ratio for the WRZ is 12.7, 

indicating that the WRZ is more likely to be nitrogen limited with the most probable source of 

phosphorus loading in the Washita River arm being the Tishomingo National Wildlife Refuge 

located on the Cumberland pool.  Given that phosphorus is generally considered to be the 

limiting nutrient, relative to biological activity, in surface waters (Wetzel, 1983) it has the 

potential to greatly influence hypolimnetic oxygen deficits through greater rates of algal 

productivity and subsequent senescence, resulting in greater rates of autochthonous hypolimnetic 

deposition of organic detrital materials. 
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  Two causative factors likely responsible for the observed decline in RAHOD in the Red 

River arm include (1) penetration of the Red River delta into the RRTZ between 1977 and 1997, 

and (2) decreases in TDS loadings into Lake Texoma from the Red River due to chloride control 

efforts in the upper Red River Basin.   

Hubbs et al. (1976) reported the Red River delta to be situated near Hauani Creek and the 

depth of their station at the mouth of Hauani Creek to be 5 meters.  During station selection for 

the current study (August 1996 through September 1997) it was found that the portion of the Red 

River arm above a line bisecting Slickum Slough, near Briar Creek, TX, and Briar Creek access 

point, on Briar Creek, OK, was virtually inaccessible.  The maximum depth in the old river 

channel at the mouth of Hauani Creek was determined to be no greater than 0.6 meters in August 

1996.  The inaccessibility of the reservoir above that bisecting line indicates that the delta had 

penetrated at least three river miles into the RRZ between 1974 and 1997.  The penetration of the 

river delta further into the RRZ increases the likelihood that sediment resuspension in the RRZ 

and subsequent sediment transport into the RRTZ have negatively impacted autochthonous 

loadings of organic matter into the hypolimnion, due to light limitation, thus decreasing the 

AHOD throughout the RRTZ and MLZ. 

Additionally, TDS loadings into Lake Texoma are expected to be reduced, in total, by 

8.9% (362 tons/day) as a result of current and proposed chloride control activities in the upper 

Red River Basin (USACE 2002a).  Chloride control activities in the upper Red River Basin have, 

to date, resulted in a 7% reduction in chloride loading into Lake Texoma (240 tons per day) from 

Estelline Springs, TX (Area V) since 1964 and a 5% reduction in chloride loading into Lake 

Texoma (165 tons per day) from the South Fork Wichita River since 1987 (USACE 2002b).  

Concentration duration calculations (USACE 2001) estimate that current TDS concentrations in 
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Lake Texoma equal or exceed 995 mg/l 50% of the time and equal or exceed 474 mg/l 99% of 

the time.  The sedimentation rate constant (first order decay rate constant) determined by 

Schroder and Toro (1996) using water collected from near surface depths northwest of Mill 

Creek Resort (approximately 1.5 river miles upstream of Station 8, RRTZ) from an initial 

turbidity of 8 NTU is used here.  The mean and median turbidity between August 1996 and 

September 1997 in the RRTZ was 5.9 NTU and 5.0 NTU respectively and turbidity ranged from 

2.5 NTU to 17.5 NTU.  Schroder and Toro (1996) determined the sedimentation rate for a TDS 

concentration of 995 mg/l to be 0.01585 (1/hour).  Full implementation of chloride control 

efforts in the upper Red River Basin are expected to result in TDS concentrations in Lake 

Texoma to equal or exceed 921 mg/l 50% of the time (USACE 2001).  If chloride control efforts 

in the upper Red River Basin are fully implemented the settling rate of suspended solids in the 

RRTZ would potentially decrease by 1.7% fifty percent of the time. 

Increases in turbidity associated with decreased sedimentation rates resulting from 

chloride control efforts in the upper Red River Basin are slight and are expected to range from 

0.05 NTU to 0.15 NTU over a 10 day settling period (USACE 2002a).  However, the degree to 

which any decrease in sedimentation rate would interfere with the generalized pattern of 

hypolimnetic DO depletion in reservoirs described by Cole and Hannan (1990) is uncertain.  One 

component missing from the studies utilized in this analysis is that of total organic carbon 

(TOC).  Organic carbon comprises from 0.1% to 2.1% of the sediments in Lake Texoma with 

approximately 26% of the organic carbon in sediments deposited as a result of allochthonous 

inputs from the Red and Washita Rivers (Hyne 1978).  Autochthonous processes, i.e. 

phytoplankton bloom and senescence, are likely responsible for the remaining proportion (as 

much as 74%) of organic carbon in Lake Texoma sediments. 
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It is important to note here that Lake Texoma is strongly dominated by river inflows and 

hydraulic residence time.  While flushing rates were not found to significantly influence mean 

hypolimnetic thickness and temperature in natural lakes (Lind 1987), the inter-annual variability 

in hydraulic residence time in reservoirs was found to be a substantial factor influencing 

hypolimnetic oxygen depletion in reservoirs within the White River basin of southern Missouri 

and northern Arkansas (Green 1996).  Therefore, both delta penetration into the reservoir and 

decreased settling rates resulting from chloride control efforts have the potential to impact 

AHOD rates in Lake Texoma over time.  These two factors have the potential to increase the 

movement of organic mater out of the sediments through combined actions related to the 

potential for increased sediment resuspension in delta areas and decreased sedimentation rates.  

As a result, organic matter could be transported further into the reservoir and thus be more 

readily available for export from the reservoir through bottom releases.  In Lake Texoma, delta 

penetration and an increase in sediment resuspension associated with that penetration appears to 

be the most probable cause of decreased RAHOD rates in the RRTZ and MLZ, resulting in 

greater quantities of organic matter exported out of the reservoir. 
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Table 1.  Station number and location (decimal degrees) of sampling stations from August 1996 
through September 1997.  Zones are identified as Red River Zone (RRZ), Red River Transition 
Zone (RRTZ), Main Lake Zone (MLZ), Washita River Transition Zone (WRTZ), and Washita 
River Zone (WRZ). 
 

Station No. Zone Longitude Latitude 
1 RRZ -96.767 33.825 
3 RRZ -96.834 33.874 
7 RRTZ -96.806 33.824 
8 RRTZ -96.797 33.841 
9 RRTZ -96.705 33.871 
17 MLZ -96.595 33.821 
19 MLZ -96.587 33.892 
20 WRTZ -96.583 33.963 
22 WRTZ -96.654 34.029 
24 WRZ -96.540 34.082 
25 WRZ -96.556 33.931 
 

 
Table 2.  Water quality parameters and analytical method. 
 
Parameter Units Analytical Method 
Alkalinity mg/l as CaCO3 EPA 310.1 
Total Dissolved Solids mg/l EPA 160.1 
Total Suspended Solids mg/l EPA 160.2 
Total Phosphorous mg/l EPA 365.4 
Total Nitrogen mg/l EPA 351.1 
Hardness mg/l as CaCO3 EPA 130.2 
Chloride mg/l EPA 325.3 
Sulfate mg/l EPA 375.4 
Nitrite mg/l EPA 354.1 
Nitrate mg/l EPA 353.3 
Ortho Phosphate mg/l EPA 365.1 
Calcium mg/l EPA 215.1 
Magnesium mg/l EPA 242.1 
Sodium mg/l EPA 273.1 
Potassium mg/l EPA 258.1 
Turbidity NTU EPA 180.1 
Chlorophyll a mg/m3 APHA 10200H 
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Table 3.  Month, station, total depth of station (meters), depth of sample (meters), temperature 
(oC), pH (standard units), conductivity (µS/cm), dissolved oxygen (mg/L), difference in water 
density across the chemocline due to temperature only (assuming pure water), and difference in 
water density across the chemocline adjusted for temperature + salinity. 
 

 
 
 
 

Date 

 
 
 
 

Station 

 
 

Station 
Depth 

(m) 

 
 

Sample 
Depth 

(m) 

 
 
 

Temp 
o C 

  
 
 

pH 
SU 

 
  
 

Cond 
uS/cm

 
 
 

DO 
mg/L

 
 

Temp 
Density 

Difference

 
Temp + 
Salinity 
Density 

Difference 
6-97 A 9 20.4 15 22 7.37 2280 2.76 0.00000 0.00004 

   17 22 7.27 2300 1.59   
 19 25.3 21 19 7.28 1622 2.46 0.00000 0.00003 
   23 19 7.21 1658 1.78   
 22 20.7 17 19 7.38 1423 2.53 0.00000 0.00001 
   19 19 7.31 1441 1.71   
          

6-97 B 8 17.4 15 24 7.28 2280 2.00 0.00000 0.00000 
   16 24 7.27 2280 1.89   
 9 19.8 9 27 7.87 1730 4.04 0.00027 0.00045 
   11 26 7.49 1911 1.60   
 17 25.9 13 26 7.35 1550 3.16 0.00051 0.00052 
   15 24 7.13 1560 1.00   
 19 23.0 13 25 7.61 1563 2.80 0.00025 0.00026 
   15 24 7.50 1580 1.72   
 22 18.3 15 22 7.48 1481 1.62 0.00022 0.00020 
   17 21 7.49 1443 1.48   
 24 11.9 9 27 7.86 928 3.99 0.00053 0.00056 
   11 25 7.57 1087 1.89   
          

7-97 3 13.1 11 29 7.71 2560 2.40 0.00000 0.00023 
   12 29 7.60 2638 1.33   
 7 8.8 7 28 7.61 2100 2.09 0.00000 0.00000 
   8 28 7.57 2100 1.65   
 8 17.1 13 29 7.73 2445 2.03 0.00029 0.00028 
   14 28 7.61 2440 1.16   
 9 19.2 13 28 7.73 2247 2.38 0.00000 0.00021 
   15 28 7.59 2350 1.26   
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 Table 3 (continued).  Month, station, total depth of station (meters), depth of sample (meters), 
temperature (oC), pH (standard units), conductivity (µS/cm), dissolved oxygen (mg/L), 
difference in water density across the chemocline due to temperature only (assuming pure water), 
and difference in water density across the chemocline adjusted for temperature + salinity. 
 

 
 
 
 

Date 

 
 
 
 

Station 

 
 

Station 
Depth 

(m) 

 
 

Sample 
Depth 

(m) 

 
 
 

Temp 
o C 

  
 
 

pH 
SU 

 
  
 

Cond 
uS/cm

 
 
 

DO 
mg/L

 
 

Temp 
Density 

Difference

 
Temp + 
Salinity 
Density 

Difference 
7-97 17 25.3 11 28 7.74 1467 2.69 0.00028 0.00029 

   13 27 7.51 1491 1.04   
 19 24.1 11 27 7.65 1500 2.45 0.00000 0.00001 
   13 27 7.47 1510 0.86   
 20 15.8 11 28 7.56 1417 2.14 0.00055 0.00061 
   13 26 7.41 1530 0.61   
 22 16.5 13 28 7.74 1151 2.42 0.00081 0.00087 
   15 25 7.45 1336 0.34   
          

8-97 8 16.8 14 28 7.62 2003 2.39 0.00000 0.00003 
   15 28 7.41 2029 0.14   
 9 17.7 11 28 7.73 1940 3.42 0.00000 0.00003 
   13 28 7.42 1911 0.99   
 17 24.7 13 27 7.49 1670 2.04 0.00000 0.00001 
   14 27 7.44 1681 1.43   
 19 19.2 16 28 7.61 1670 2.81 0.00000 0.00001 
   17 28 7.39 1680 0.78   
 22 18.9 10 28 7.77 1486 3.01 0.00028 0.00029 
   12 27 7.45 1511 0.65   
          

9-97 17 25.0 21 26 7.80 1700 4.25 0.00000 0.00002 
   23 26 7.50 1720 0.24   
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Table 4.  Spearman rank correlations between select physical-chemical parameters and dissolved 
oxygen at one meter below the surface (Top), one meter above the chemocline (M-1), one meter 
below the chemocline (M-2), and one meter above the bottom (Bottom) during the period of 
summer stratification (June 1997 - September 1997) in Lake Texoma (α = 0.10). 
 
 Top M-1 M-2 Bottom 

Parameter r p r p r p r p 
pH 0.61 0.0001 0.76 0.0001  * 0.86 0.0001 
Washita River 0.30 0.0072  * 0.37 0.0718  * 
Red River 0.37 0.0009  *  *  * 
Temperature -0.15 0.0001 0.24 0.0001 -0.48 0.0001 0.40 0.0001 
Conductivity -0.17 0.0001 -0.08 0.0216 0.23 0.0001 0.86 0.0001 
TDS -0.16 0.0094  *  * 0.11 0.0917 
TSS -0.19 0.0033  *  * 0.38 0.0001 
Chloride -0.14 0.0297  * 0.26 0.0333  * 
Sulfate -0.13 0.0432  *  * 0.2 0.0019 
Calcium  *  * 0.21 0.0832 0.11 0.0954 
Magnesium  * 0.22 0.0336 0.32 0.0067 0.19 0.0026 
Sodium -0.14 0.0265  * 0.29 0.0159  * 
Potassium -0.13 0.536  *  * 0.11 0.0830 
* not significant at α = 0.10 
 
 
 
Table 5.  Average yearly discharge (*) from the Denison Dam (USGS Gaging Station 07331600) 
and hydraulic retention time of Lake Texoma during which studies of DO dynamics within Lake 
Texoma were performed. 
 

 
Time Period 

Average Yearly Discharge 
m3 (ac-ft) 

Retention Time 
(Days) 

1960-1989* 4.27 x 109 (3.46 x 106) 255 
1974a 4.63 x 109 (3.75 x 106) 235 
1977b 3.43 x 109 (2.78 x 106) 339 
1982c 6.99 x 109 (5.67 x 106) 155 
1983c 4.60 x 109 (3.73 x 106) 237 
1989d 3.08 x 10 9 (2.50 x 106) 377 
1997e 7.13 x 109 (5.78 x 106) 153 

a  Hubbs et al. (1976) 
b  Stanford and Zimmerman (1978) 
c  Matthews and Hill (1988) 
d  Meador et al. (1990) 
e  Current Study 
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Table 6.  Rates of areal hypolimnetic oxygen depletion (AHOD) and relative areal hypolimnetic 
oxygen depletion over time in various portions of Lake Texoma between 1977 and 1997 (AHOD 
and RAHOD given as mg O2/cm2/day). 
 

AHOD RAHOD Sampling 
Station 1977 1989 1997 1977 1989 1997 

8 0.044  0.021 0.048  0.019 
9 0.048  0.030 0.050  0.029 
17 0.048 0.017 0.035 0.050 0.016 0.036 
19 0.034 0.018 0.024 0.034 0.018 0.025 
22 0.038  0.036 0.038  0.039 
24 0.037  0.055 0.042  0.072 
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Figure 1.  Sampling station locations between August 1996 and September 1997 (dots) and 
between February 1989 and November 1989 (triangles) in Lake Texoma, Oklahoma and Texas.
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Figure 2.  Depth-time isopleths of (A) dissolved oxygen (mg/L), (B) percentage oxygen 
saturation, and (C) water temperature (oC) for station 3, August 1996 through September 1997. 
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Figure 3.  Depth-time isopleths of (A) dissolved oxygen (mg/L), (B) percentage oxygen 
saturation, and (C) water temperature (oC) for station 9, August 1996 through September 1997. 
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Figure 4.  Depth-time isopleths of (A) dissolved oxygen (mg/L), (B) percentage oxygen 
saturation, and (C) water temperature (oC) for station 17, August 1996 through September 1997. 
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Figure 5.  Depth-time isopleths of (A) dissolved oxygen (mg/L), (B) percentage oxygen 
saturation, and (C) water temperature (oC) for station 22, August 1996 through September 1997. 
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Figure 6.  Depth-time isopleths of (A) dissolved oxygen (mg/L), (B) percentage oxygen 
saturation, and (C) water temperature (oC) for station 24, August 1996 through September 1997. 
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Figure 7.  Discharge (cfs-1) at the USGS Red River gaging station (07316000) at I – 35 near Gainesville, TX for 1982-1983 and 1996-
1997.
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Figure 8.  Discharge (cfs-1) at the USGS Washita River gaging station (07331000) at U.S. - 177 near Dickson, OK for 1982-1983 and 
1996-1997.
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Figure 9.  Median specific conductance (uS/cm) values at one meter below the surface (Top) and 
one meter above the bottom (Bottom) at or near Stations 17 and 19 in the Main Lake Zone 
(MLZ) in Lake Texoma in 1977, 1989, and 1997 (* indicates statistically significant difference). 
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CHAPTER III 

INFLUENCE OF SPATIOTEMPORAL VARIABILITY IN SELECT PHYSICOCHEMICAL 

WATER QUALITY PARAMTERS ON PHYTOPLANKTON POPULATION DYNAMICS IN 

LAKE TEXOMA, OKLAHOMA AND TEXAS, AUGUST 1996 - SEPTEMBER 1997 

Introduction 

 Few studies have been published related to phytoplankton population dynamics in Lake 

Texoma.  Those studies that have been published have been primarily limited to the western 

portion of the reservoir in the Red River arm and no published study has attempted to examine 

annual phytoplankton dynamics in the reservoir as a whole.  The earliest published 

phytoplankton survey was conducted in June and July 1949 and June 1950 through May 1951 in 

littoral areas throughout the Red River and Washita River arms of the reservoir (Sublette, 1955).  

Sublette (1955) identified 24 taxa within 5 divisions (Chlorophyta, Bacillariophyta, Pyrrophyta, 

Cryptophyta, and Cyanophyta) from samples collected in November 1949 and July 1950 using a 

64 µm mesh plankton net.  The assemblage present in these samples was dominated primarily by 

the Bacillariophyta (diatoms), Cyanophyta (blue-greens), and the Chlorophyta (green algae) with 

Melosira granulata (Bacillariophyta:Centrales) and Polycystis (Microcystis) aeruginosa 

(Cyanophyta:Chroococcales) identified as key organisms present in the assemblage (Sublette, 

1955). 

 Baglin (1972) conducted phytoplankton surveys in three areas of the reservoir between 

23 June 1970 and 20 July 1970.  In this study 30 taxa within 5 divisions (Chlorophyta, 

Bacillariophyta, Pyrrhophyta, Cyanophyta, and Euglenophyta) were identified from 20 samples 

collected on five dates using a 10 µm mesh plankton net.  In an unpublished survey of 

phytoplankton by Cole (1966; cited in McKinley and Schlichting, 1997) 43 taxa within 6 
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divisions (Cyanophyta, Euglenophyta, Chlorophyta, Chrysophyta, Bacillariophyta, and 

Pyrrophyta) were identified within the Buncome Creek arm of Lake Texoma. 

 McKinley and Schlichting (1997) collected phytoplankton samples at 7 sampling sites 

located from Hanaui Creek to Mill Creek within the Red River Arm of the reservoir identifying 

145 taxa within 6 [7] divisions (Cyanophyta, Euglenophyta, Chlorophyta [Charophyta], 

Chrysophyta, Bacillariophyta, and Pyrrophyta) from samples collected during June and July, 

1970, 1972, and 1974.  As part of the United States Environmental Protection Agency (USEPA) 

National Eutrophication Survey, Morris et al. (1979) identified 48 taxa within 6 divisions 

(Cyanophyta, Euglenophyta, Chlorophyta, Bacillariophyta, Pyrrophyta, and Cryptophyta) from 

depth integrated composited whole water samples collected from thalweg sampling locations on 

four separate dates in 1974. 

To date, the only study that has attempted to address the temporal variability in diversity 

and abundance measurements has been Morris et al. (1974) and no attempt has been made to 

examine the longer-term changes in the phytoplankton assemblage present in Lake Texoma.  

This study was initiated in August 1996 as part of a planned five-year intensive water quality 

study designed to provide the U.S. Army Corps of Engineers with a baseline of physical, 

chemical, and biological data for Lake Texoma.  The primary purpose of this study component 

was to provide a biological database capable for use in assessing the potential environmental 

impacts to the phytoplankton assemblage in Lake Texoma resulting from  chloride control efforts 

in the upper Red River basin.  An initial analysis of spatiotemporal phytoplankton abundance can 

be found in Waller et al. (2001). 

Methods and Materials 
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 Replicate 250 ml whole water phytoplankton samples (n = 3 and n = 10 at routine and 

intensive sampling stations respectively) were collected in Lake Texoma from a depth of one 

meter at 11 fixed sampling sites between August 1996 and September 1997 (Figure 1).  Surveys 

were conducted once each month in January, March, April, July, August, September, and 

November and twice each month in May and June.  The Red River Zone (RRZ; Station 1 -  

routine, Station 3 - intensive), Red River Transition Zone (RRTZ; Station 8 - routine, Station 9 - 

intensive), Main Lake Zone (MLZ; Station 17 - intensive, Station 19 - routine), Washita River 

Transition Zone (WRTZ; Station 20 - routine, Station 22 - intensive), and Washita River Zone 

(WRZ; Station 24 - intensive, Station 25 - routine) each contained two fixed sampling stations 

located within the thalweg of the old river channel with the exception of the RRTZ which 

contained an additional routine sampling station in the Big Mineral arm (Station 7).  While 

phytoplankton collections were made at all sampling stations only the intensive sampling 

stations, identified above, were included for analysis in this study due to limited funding.  The 

remaining phytoplankton collections made at the routine and random sampling stations have 

been archived for long-term storage and analysis at a later time, funding permiting. 

Water samples were pumped from depth using a Teel (Model 1P580E) water pump via a 

1-inch O.D., 3/4-inch I.D. weighted steam hose lowered to each discrete sampling depth.  Water 

was passed through a Hydrolab® flow cell at a rate of 1 liter per minute.  Additional replicate 

water samples were taken (n = 3) for a variety of water quality parameters (Table 1) at one meter 

below the surface (Top), one meter above the chemocline (M1), one meter below the chemocline 

(M2), and one meter above the bottom (Bottom).  Phytoplankton samples were preserved 

following collection with acidified Lugol's solution and water samples for chemical analysis 

were stored in ice chests and covered with ice. 
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As described in Waller et al. (2001), samples preserved for algal identification and 

enumeration were shaken and poured into a combined plate chamber.  The sample was allowed 

to settle for a minimum of four hours per centimeter depth, and the settled sub-samples were 

enumerated.  An inverted microscope was used for algae counts by measuring the length of a 

strip containing 250-400 organisms.  Taxonomic groups were enumerated and densities reported 

as organisms per milliliter.  Phytoplankton samples were processed and taxa identified by 

Aquatic Taxonomy Specialists, Inc., Malinta, Ohio. 

 Statistical analyses were conducted using MINITAB 13 (Minitab, Inc. 2000).  For 

hypothesis testing, differences between stations, zones, and sampling trips were considered 

statistically significant at α = 0.10 in an attempt to better account for ecological rather than 

statistical trends.  Analyses were first performed to determine if data deviated significantly from 

that of a normal distribution using the Anderson-Darling normality test.  Once a normal or 

lognormal distribution was determined, analyses were performed to determine differences 

between sampling sites and reservoir zones both spatially and temporally using tests appropriate 

for the distribution.  Generally, differences among sampling sites and events were determined 

using one-way analysis of variance (ANOVA) on ranked data.  When differences among the 

medians were detected, Tukey's multiple comparison test was utilized to determine which 

medians were different. 

 Diversity, evenness, and richness analyses were conducted using the Multi-Variate 

Statistical Package (MVSP) 3.13b (Kovach Computing Services, 2002).  The log base 10 

Shannon diversity index was used for use in comparing diversity trends observed here with 

diversity trends reported for the zooplankton assemblage reported by Franks (2000) during the 

study period, August 1996 through September 1997.  Additionally, MVSP 3.13b was used to 
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conduct similarity and cluster analyses.  The Bray-Curtis similarity index was selected to assess 

spatial and temporal similarities between stations, reservoir zones, and sampling trips.  The 

clustering method used was the unweighted pair group average method (UPGMA) with each 

cluster assumed to have an equal weight.  The distance between the unweighted clusters was 

calculated using the centroid of each cluster. 

 The analysis of spatial and temporal variance components of the phytoplankton 

assemblage and physicochemical parameters present during the study period followed that 

described by Lewis (1978) in his analysis of the zooplankton assemblage of Lanao Lake, 

Mindanao Island, between February and July 1971.  The spatial and temporal variance was 

calculated using a two-way general linear model (α = 0.01) making it possible to partition the 

total sum of squares (Total SS) into it's constituent parts of zone sum of squares, sampling trip 

sum of squares, interaction sum of squares, and error sum of squares.  From the mean squares for 

each component of the general linear model, variance ratios were then computed such that fixed 

and ephemeral spatial variability could be assessed against temporal variability. 

Results 

Taxa Enumeration and Assemblage Compostion 

 The phytoplankton assemblage in Lake Texoma between August 1996 and September 

1997 was represented by 173 taxa (exclusive of general groups) within 66 genera, 6 divisions 

and 15 orders.  Depending upon the taxonomic level under evaluation, general groups of 

unidentified organisms included individuals identified as coccoid chlorophyta, coccoid 

chrysophyta, coccoid cyanophyta, coccoid nannoplankton, as well as the more general 

classification of microflagellate.  Of the 66 genera identified in samples from Lake Texoma 

collected between August 1996 and September 1997, 28.7% (19/66) belonged to the division 
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Bacillariophyta (diatoms), 39.4% (26/66) belonged to the division Chlorophyta (green algae), 

4.5% (3/66) belonged to the division Chrysophyta (yellow-green algae), 3.0% (2/66) belonged to 

the division Cryptophyta (cryptomonads), 13.6% (9/66) belonged to the division Cyanophyta 

(blue-green algae), 6.0% (4/66) belonged to the division Euglenophyta (euglenoids), and 4.5% 

(3/66) belonged to the division Pyrrophyta (dinoflagelates).  A list of the phytoplankton taxa 

identified during this study is provided in Table 2. 

 Using a simple summary based approach of the total count of organisms, the 

phytoplankton assemblage in Lake Texoma between August 1996 and September 1997 was 

clearly dominated by the Cyanophyta into which 82.1% of all organisms identified were 

classified.  The Chlorophyta, into which 7.0% of all organisms identified were classified, was the 

second most abundant division with microflagellates, Cryptophyta, and Bacillaryophyta 

comprised of 4.5%, 2.8%, and 2.8% of the organisms identified respectively.  The Chrysophyta, 

Euglenophyta, and Pyrrophyta each were comprised of less than 1% of the organisms identified 

throughout this study. 

 Across all sampling sites and sampling dates (n = 650) the average number of organisms 

per milliliter (org/ml) ranged from 8,259 org/ml in March 1997 to 175,030 org/ml in August 

1997 (Figure 2) with higher phytoplankton densities present during the late summer and early 

fall.  Lower phytoplankton densities where present during the winter, spring and early summer.   

Again using a simple summary based approach, the average number of organisms per ml 

across all sampling dates (n = 130 for each zone) at individual sampling sites was examined.  

Within the RRZ (Station 3) the average number of organisms per ml ranged from 5,626 org/ml in 

May 1997 to 436,093 org/ml in September 1997.  Within the RRTZ (Station 9) the average 

number of organisms per ml ranged from 4,617 org/ml in late May 1997 to 339,017 org/ml in 
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late June 1997.  Within the MLB (Station 17) the average number of organisms per ml ranged 

from 1,353 org/ml in late May 1997 to 327,888 org/ml in late June 1997.  Within the WRTZ 

(Station 22) the average number of organisms per ml ranged from 4,850 org/ml in March 1997 to 

475,750 org/ml in September 1997.  Within the WRZ (Station 24) the average number of 

organisms per ml ranged from 4,595 org/ml in April 1997 to 377,402 org/ml in July 1997.   

Within each reservoir zone, across all sampling dates, the greatest mean phytoplankton 

densities tended to coincide with periods of peak stratification intensity.   The general trend 

present throughout this study was similar within each of the reservoir zones with mean 

phytoplankton densities increasing throughout the summer and early fall, decreasing throughout 

the late fall and winter and lowest throughout the spring and early summer (Figure 3).  Mean 

phytoplankton densities within each reservoir zone (n = 130) were greatest in the RRZ (Station 

3) and lowest in the MLZ (station 17) (Table 3).  Within each reservoir zone the phytoplankton 

assemblage was dominated by the Cyanophyta which comprised greater than 80% all taxa 

identified across all sampling sites with assemblage composition at the division level consistent 

between zones (Table 4). 

 Spatially, phytoplankton densities were significantly different across all sampling sites 

and sampling dates (one-way ANOVA on ranked count data, F = 4.12, p = 0.03) with reservoir 

zones separated into two loosely associated groups with median phytoplankton densities 

significantly greater in the RRZ relative to the WRZ and MLB.  There was no significant 

difference in median phytoplankton densities identified between the RRTZ, WRTZ, WRZ, and 

MLB however, median densities, as shown below, were greater in the river arms relative to the 

MLB (Tukey's MCT, α=0.1): 
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 Temporally, phytoplankton densities were significantly different between sampling trips 

(one-way ANOVA on ranked count data, F = 221.19, p < 0.01) with population densities 

significantly greater in the fall and winter relative to densities present during the spring and 

summer following the same pattern presented in Figure 3.  Tukey's MCT identified the following 

four seasonal groupings from greatest density to lowest density:   August 1996 = June 1997b = 

July 1997 = August 1997 = September 1997 ≠ September 1996 ≠ November 1996 = June 1997a 

≠ January 1997 = March 1997 = April 1997 = May 1997a = May 1997b. 

 

Similarity and Diversity 

 Franks (2000) reported that mean Shannon species diversity and mean Shannon species 

evenness of the zooplankton assemblage present in Lake Texoma between August 1996 and 

September 1997 exhibited a trend of greater mean diversity and evenness values present in the 

RRZ and WRZ relative to other reservoir zones.  In contrast, the phytoplankton assemblage 

between August 1996 and September 1997 exhibited similar values of mean Shannon diversity 

and evenness across all reservoir zones.  Mean Shannon diversity values ranged from 0.808 in 

the MLB (Station 17) to 0.850 in the RRTZ (Station 9) while mean Shannon evenness values 

ranged from 0.440 in the WRZ (Station 24) to 0.471 in the RRTZ (Station 9).  Mean Shannon 

diversity values differed by no more than 5.2 % between zones and mean Shannon evenness 

values differed by no more than 7.0 % between zones across all sampling dates.  Mean species 

richness, or the number of different species present, ranged from an average of 64 species 

present in the RRTZ (Station 9) to an average of 70 species present in the WRZ (Station 24) with 

mean species richness differing by no more than 1.7 % between reservoir zones. 
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 Temporally, whole-lake mean Shannon diversity values ranged from 0.417 in late June 

1997 to 1.229 in early May 1997.  Whole-lake mean Shannon evenness values ranged from 

0.235 in late June 1997 to 0.703 in early May 1997.  Whole-lake richness values ranged from 46 

genera present in March 1997 to 61 genera present in September 1996.  At individual sampling 

stations the temporal variability exhibited by Shannon diversity, Shannon evenness, and taxa 

richness exhibited similar patterns, with Shannon diversity and evenness generally greater during 

the spring and summer and lower during the late summer and fall.  Conversely, taxa richness 

exhibited an inverse trend relative to Shannon diversity and evenness with a greater number of 

genera present during the late summer and early fall with a lower number of genera present 

during the spring and summer (Figure 4 through Figure 8).  Interestingly, taxa richness and 

Shannon diversity where generally greater at sampling stations located throughout the RRZ, 

RRTZ, and MLB in August 1997 relative to August 1996.  This trend was not observed to be 

readily apparent in the Washita River arm of the reservoir.  As discussed in Chapter II, the 

retention time of the reservoir in 1997 was 153 days while the retention time of the reservoir in 

1996 was greater than twice that at 377 days (Table 5, Chapter II) providing limited evidence of 

autochthonous loading of limiting nutrients from the sediments influencing algal densities 

present within various portions of Lake Texoma. 

 The Bray-Curtis similarity index was used to assess zonal similarity at the taxonomic 

level of genus across all sampling dates and on each sampling date.  Across all sampling dates 

two cohorts were readily identifiable with the MLB and RRTZ (Station 17 and Station 9 

respectively) grouped together in one cohort and the RRZ, WRTZ, and WRZ (Station 3, Station 

22, and Station 24 respectively) grouped together in the second cohort (Figure 9) with the algal 

assemblage composition differing by 17.3 % between the two.  Within the second cohort, the 
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riverine zones (RRZ and WRZ) exhibited algal assemblages most similar to each other (90.5 % 

similarity) relative to the assemblage present in the WRTZ which was 88.6 % similar to the RRZ 

and WRZ.  In the RRTZ and the MLB the algal assemblage present within each zone was 90.4 % 

similar. 

 Temporally, the Bray-Curtis similarity index identified two large cohorts generally 

separated into summer, fall, and early winter (Node 1, Figure 10), and late winter and spring 

(Node 3, Figure 10) with a 71.5 % similarity exhibited between the two cohorts.  On individual 

sampling dates the Bray - Curtis analysis indicated very little change in the similarity of the algal 

assemblage composition during the winter months (November 1996 and January 1997) with the 

assemblage present in the WRZ and WRTZ differing in composition by as little as 15.7 % and as 

much as 21.3 %.  While the winter composition of the algal assemblage exhibited a lesser degree 

of similarity, the algal assemblage present in the RRZ, RRTZ, and MLB, relative to that of the 

WRZ and WRTZ, exhibited a consistent grouping with the percent of similarity within the RRZ-

RRTZ-MLB cohort ranging from 58.5 % to 60.7 %. 

 General similarity patterns were somewhat less consistent throughout the spring with the 

RRZ (Station 3) least similar to the other reservoir zones by as little as 28.3 % and as much as 

64.3 % during the early spring.  During the late spring, May exhibited the greatest degree in 

changing assemblage similarities between the reservoir zones with the assemblage similarity in 

the RRTZ showing the greatest shift, more similar to the WRTZ in early May 1997 and the MLB 

in late May 1997.  By late spring the general pattern in assemblage similarity observed between 

reservoir zones more closely resembled the zonal trend exhibited by total dissolved solids and it's 

individual constituents (sodium, chloride, calcium, and potassium) with the assemblage present 

in the riverine zones more similar than to that of the more lacustrine zones (RRTZ and MLB). 
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 Although limited, the multiple year samples available from the August and September 

1996 and 1997 sampling events provide for a somewhat more thorough comparison of the 

temporal patterns exhibited by the algal assemblage.  In September 1996 and 1997 assemblage 

similarities exhibited similar patterns during each sampling event.  The only major difference 

being that in September 1996 the assemblages present in the RRZ and WRZ differed in 

similarity by only 11.8 %, whereas in September 1997 the assemblage present in the RRZ was 

more similar to that of the WRTZ with only a 13.9 % difference in assemblage composition 

(Figure 11).  In contrast, the similarity of the algal assemblages between zones in August 1996 

and August 1997 differed markedly (Figure 12).  In August 1996 zonal assemblages were 

identified to consist of two general groups with one consisting of the zones comprising the Red 

River arm (RRZ, RRTZ, MLB) and the second group consisting of the zones comprising the 

Washita River arm (WRZ and WRTZ).   However, in August 1997 the assemblages present in 

the riverine and riverine transition zones (RRZ, RRTZ, WRZ, and WRTZ) were more similar 

than with that present in the MLB with a Bray-Curtis similarity of only 54.1 % between the MLB 

and the node comprised of the remaining reservoir zones.  Additionally, in August 1997 Bray-

Curtis distances ranged from 0.129 to 0.188 between the RRZ, RRTZ, WRTZ, and WRZ, 

whereas the Bray-Curtis distance between the MLZ and all other reservoir zones ranged from 

0.441 to 0.510. 

 

Spatiotemporal Assemblage Variance 

Of the 173 taxa identified throughout this study, 12 species and/or general groups (e.g. 

Microflagellates 3 - 10 µm) were found to comprise greater than 1.0% of the phytoplankton 

assemblage present between August 1996 and September 1997.  The 6 algal divisions and a 
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seventh general group identified as microflagellates and the 12 species and/or general groups 

were used in this analysis to assess monthly variance in the phytoplankton assembled due to 

fixed spatial differences and ephemeral spatial differences in relation to water quality 

parameters.  The results of this analysis differ somewhat to a similar analysis presented by 

Franks (2000) due to several factors including:  1) phytoplankton count data were available from 

only one sampling station within each reservoir zone and not two, 2) physicochemical data used 

in this analysis were taken only from the stations for which phytoplankton count data existed, 

and 3) the zonal analysis presented here can be substituted for an analysis of fixed spatial and 

ephemeral spatial variance across sampling stations due to the fact that only one station within 

each reservoir zone had both physicochemical and phytoplankton count data available. 

The zone, month, and zone-month interaction factors used to assess variance components 

were statistically significant for all physicochemical parameters (General Linear Model, p 

<0.01).  At the taxonomic level of division the Pyrrophyta was the only division with which 

there was no statistical significance gained at the zonal level of analysis (General Linear Model, 

F = 0.2, p = 0.939).  At the taxonomic level of species, no statistical significance was gained for 

Chroococcus minutus at the zonal level of analysis (General Linear Model, F = 0.96, p = 0.432) 

and for Microcystis eruginosa no statistical significance was gained for both the zonal and zone-

month interaction factors (General Linear Model, F = 1.39, p = 0.243 and F = 1.60, p = 0.028 

respectively). 

Table 5 provides a summary of the variance components (expressed as a percentage) and 

the variance ratios for the physicochemical parameters used in this analysis.  Table 6 provides a 

summary of the variance components and the variance ratios for the biological parameters used 

in this analysis.  The variance associated with the zonal term is used to assess the horizontal or 
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spatial variance across the reservoir.  Larger zonal variances generally tend to indicate 

morphometric factors (e.g. hydraulic residence time, bathymetry) relative to the ability of that 

zone (station) to support phytoplankton independent of temporal influences.  Temporal variation 

in physicochemical and biological parameters is described by the month factor and is used to 

assess seasonal variance relative to the reservoirs ability to support the phytoplankton 

assemblage independent of spatial influences.  The zone-month interaction factor is used to 

assess the variance in the physicochemical and biological parameters and the ability of the 

reservoir to support phytoplankton through both space and time and is thus considered ephemeral 

in nature. 

For many of the physicochemical parameters the month component of variance, 

representing the ephemeral horizontal variation (interaction - time variance ratio), was greater 

than the zonal component of variance.  Physicochemical parameters for which the horizontal 

fixed variation (zone - month variance ratio) was greater than the ephemeral horizontal variation 

included chloride, specific conductance, turbidity, sodium, total suspended solids, total dissolved 

solids, Secchi depth, and alkalinity.  These parameters all exhibited a greater percentage of the 

variance attributed to month and zone variances and were observed to vary considerably both 

spatially and seasonally within and between zones however all exhibited a well defined 

horizontal gradient throughout this and historical studies (Chapter I). 

Figure 13 represents graphically the spatial variation versus temporal variation.  Those 

parameters with greater fixed variance ratios are associated with greater values along the X-axis, 

whereas parameters exhibiting lower fixed variance ratios are associated with lower values along 

the X-axis.  For example in Table 5 chloride is identified with a numerical code as parameter 5 

with a fixed variance ratio of 5.76 and an temporal variance ratio of 0.73 (a result of the well 
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defined concentration gradient associated with chloride concentration).  Those parameters with 

greater ephemeral variance ratios are associated with values greater than 1.00 along the Y-axis.  

For example in Table 5 calcium is identified with a numerical code as parameter 11 with a fixed 

variance ratio of 0.41 and an ephemeral variance ratio of 1.14.  This result idicates that while 

calcium does exhibit a moderate horizontal gradient throughout the reservoir (Chapter I) and 

exhibits greater spatial and less temporal variance the greater ephemeral variance ratio for 

calcium concentration is indicative of morphometric factors exhibiting a greater influence 

relative to parameters such as chloride (5, Figure 13) and sodium (6, Figure 13).  The variance 

attributable to error was generally small (< 3 %) for all physicochemical parameters with the 

exception of total phosphorus (23.85 %).  This same approach is used when interpreting fixed 

and ephemeral variance ratios exhibited by phytoplankton divisions and genera in Table 6 and 

Figure 13.  For all the biological parameters included in this analysis the ephemeral horizontal 

variation was greater than the fixed horizontal variance component and the ephemeral variance 

ratio was generally more than twice that of the spatial variance ratio (Table 6). 

Discussion 

In general, the seasonal pattern in phytoplankton abundance follows a predictable pattern 

of bloom and senescence.  In temperate lakes, that pattern usually consists of spring and fall 

blooms with each bloom followed by summer and winter declines in abundance (Hutchinson, 

1967; Goldman and Horne, 1983).   Standing crop count data from Lake Texoma collected 

between August 1996 and September 1997 indicates that the phytoplankton assemblage present 

during the study period exhibited a similar trend in seasonal variability (Figure 2 and Figure 3).  

Throughout the study period, the variability observed in the Shannon diversity, Shannon 
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evenness, and richness indices was equitable across all stations with no one station showing a 

greater seasonal variability than any other. 

Based upon the general characteristics of common major algal associations (Wetzel, 

1983; Hutchinson, 1967) the phytoplankton assemblage present in Lake Texoma would be 

consistent with that of a eutrophic reservoir, in keeping with the tropic indices calculated in 

Chapter I.  According to the Wetzel (1983) classification, the algal assemblage characteristic of a 

eutrophic temperate water body is generally dominated by blue-green algae, especially 

representatives of the genus Microcystis.  Between August 1996 and September 1997 the 

Cyanophyta comprised 82. 1 % of the phytoplankton assemblage based upon total count data 

with one species, Mycrocystis incerta, comprising 57.0 % of the phytoplankton assemblage.  

Additional blue-green algae species known to contribute to taste-and-odor complaints from 

municipal water customers are also present in Lake Texoma, including Anabaena flos-aquae, 

Merismopedia tenuissima, and Microcystis sp., however densities of these species were low and 

in most cases comprised less than 1 % of the assemblage with the exception of Microcystis. 

Trophic status determination was an important component of this study based upon 

concerns of decreased primary productivity associated with chloride control efforts in the upper 

Red River basin.  Based upon total phosphorus and chlorophyll a values and common trophic 

state indices, Lake Texoma can be classified as eutrophic.  Based upon Wetzel's (1983) general 

characteristics common major algal association in relation to lake fertility, Lake Texoma can be 

classified as eutrophic based upon the dominant algal groups (i.e., blue-green algae, green algae, 

diatoms) and water quality characteristics (i.e., alkaline with nutrient enrichment) resulting in a 

trophic classification of eutrophic when all components (physicochemical, biological) are 

considered together. 
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Assemblage similarity between stations appears to follow a somewhat seasonal trend, 

although to what extent is unclear due to the relatively short length of this study.  LaBaugh 

(1995) noted that changes in the composition of the phytoplankton assemblage can be related to 

the inter- and intra-annual variability in physical factors such as hydraulic residence time, Secchi 

depth, rainfall, and turbidity.  Direct evidence of the relationship between inter- and intra-annual 

variability and its influence on the phytoplankton assemblage present in Lake Texoma is 

somewhat limited.  For the most part, Bray-Curtis similarity analysis indicates that the 

phytoplankton assemblage present throughout the reservoir can be categorized into two major 

clusters with assemblage composition more similar between reservoir zones when those zones 

are contained within the same arm of the reservoir within the more lacustrine portions of the 

reservoir, namely the RRTZ and MLB. 

 The general clustering of zones with similar algal compositions observed here would tend 

to indicate the potential for a slight assemblage composition gradient within Lake Texoma.  

While that is the case during the late spring and summer, the biological gradient can at times be 

greatly altered by increases in flow into the reservoir as well as by increases in discharge rates 

and wind.  The two distinct similarity diagrams (Figure 12) observed in August 1996 and August 

1997 is just one example of the extent to which intra-annual variability in just one parameter, in 

this case inflow, can alter the horizontal distribution of not only biological parameters, but 

physicochemical parameters as well (as discussed in Chapter II).  Additionally, peaks in 

phytoplankton densities as well as overall reservoir productivity tends to coincide with periods of 

peak stratification, the degree of which can differ greatly from year to year, indicating that 

autochthonous loading of soluble phosphorus is an important component of the nutrient cycle 

within Lake Texoma given its phosphorus limited status (Gibbs, 1998). 
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These are just two examples in which inter- and intra-annual variability in physical 

factors can influence, to one degree or another, the dynamics and composition of the 

phytoplankton assemblage present at any given point in space and time.  In an attempt to better 

understand the dynamics of the phytoplankton assemblage through space and time the variance 

ratios for fixed spatial and ephemeral spatial variability exhibited by the phytoplankton 

assemblage were examined side by side with that of the physicochemical parameters. 

At the division level and the species/general group level of classification the ephemeral 

spatial variability exceeded the fixed spatial variability.  When this occurs it is generally an 

indication that physical factors which vary through time (e.g. inflow, discharge, water 

turbulence) and which can affect the patchiness of the phytoplankton assemblage exerted a 

greater influence on algal assemblage composition than did fixed spatial variability associated 

with spatial patchiness resulting from horizontal gradients (e.g. chemical gradients such as those 

exhibited by the dissolved solids).  In contrast, the variance analysis of the physicochemical 

parameters indicated that horizontal fixed spatial variance was greater than ephemeral spatial 

variance for a number of parameters, especially those that typically exhibit readily observable 

horizontal gradients such as those described by Thornton (1990) (e.g. chloride, sodium, TSS, 

Secchi) and are attenuated rapidly beyond the plunge point in the riverine portion(s) of the 

reservoir. 

The general hypothesis forward by Lewis (1978) stating that reservoirs in which the 

physicochemical parameters exhibit a fixed spatial gradient should also support a plankton 

assemblage which exhibits a fixed spatial gradient is not support here, however this hypothesis 

was supported by a similar analysis of the zooplankton assemblage present during the study 

period several (Franks, 2000) indicating that the phytoplankton assemblage present in Lake 
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Texoma is much more dynamic than that of the zooplankton assemblage.  Several factors could 

be responsible for the differences between the two analyses:  1)  zooplankton have limited 

mobility whereas phytoplankton movements are strictly dependent upon wind and water currents 

which are ephemeral in nature, 2) the only stations for which algal densities were enumerated 

included those stations observed to experience periods of stratification, 3) all stations included in 

this analysis were all mainstem stations located in the thalweg of the old river channel and were 

generally lacustrine in nature with no limnetic component available.
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Table 1.  Water quality parameters and analytical method. 

Parameter Units Analytical Method 
Alkalinity mg/l as CaCO3 EPA 310.1 
Total Dissolved Solids mg/l EPA 160.1 
Total Suspended Solids mg/l EPA 160.2 
Total Phosphorous mg/l EPA 365.4 
Total Nitrogen mg/l EPA 351.1 
Hardness mg/l as CaCO3 EPA 130.2 
Chloride mg/l EPA 325.3 
Sulfate mg/l EPA 375.4 
Nitrite mg/l EPA 354.1 
Nitrate mg/l EPA 353.3 
Ortho Phosphate mg/l EPA 365.1 
Calcium mg/l EPA 215.1 
Magnesium mg/l EPA 242.1 
Sodium mg/l EPA 273.1 
Potassium mg/l EPA 258.1 
Turbidity NTU EPA 180.1 
Chlorophyll a mg/m3 APHA 10200H 
 
 
Table 2.  Phytoplankton taxa and enumeration of the phytoplankton assemblage present in Lake 
Texoma between August 1996 and September 1997. 
 
Divison Order Species Grand Total
Bacillariophyta Centrales Actinocyclus normanii 6,844
  Aulacoseira distans 4,694
  Aulacoseira granulata 5,394
  Cyclotella atomus 143,167
  Cyclotella meneghiniana 375,060
  Cyclotella ocellata 4,125
  Cyclotella pseudostillegera 10,869
  Cyclotella spp. 881
  Cyclotella stelligera 513
  Melrosira varians 112
  Skeletonema patamos 59,132
  Stephanodiscus hantzschii 29,292
  Stephanodiscus medius 147,501
  Stephanodiscus niagarae 31
  Stephanodiscus sp. 167
  Stephanodiscus sp.1 813
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Table 2 continued.  Phytoplankton taxa and enumeration of the phytoplankton assemblage 
present in Lake Texoma between August 1996 and September 1997. 
 
Divison Order Species Grand Total
 Centrales Thalassiosira pseudonana 313,357
  Thalassiosira weissflogii 10,322
 Pennales Achnanthes hauckiana 290
  Achnanthes minutissima 474
  Amphora ovalis var. affinis 1,059
  Asterionella formosa 258
  Caloneis ventricosa 10

  Diploneis puella 148,224
  Fragilaria construens 631
  Gomphonema olivaceum 28
  Gomphonema parvulum 82
  Navicula capitata 910
  Navicula citrus 758
  Navicula cryptocephala 12
  Navicula decussis 1,380
  Navicula decussis 10
  Navicula descusis 8
  Navicula medioconvexa 5,400
  Navicula menisculus 242
  Navicula plcentula 62
  Navicula rhyncocephala var. germanii 2,854
  Navicula seminuloides 7,989
  Navicula teneroides 376
  Navicula tripunctata v. schizonemoides 92
  Nitzschia agnita 9,933
  Nitzschia amphibia 100
  Nitzschia apiculata 13
  Nitzschia dissipata 39
  Nitzschia flexiodes 74
  Nitzschia fonticola 13,751
  Nitzschia frustulum 10
  Nitzschia frustulum v. perminuta 604
  Nitzschia fruticosa 37,790
  Nitzschia holesetica 1,635
  Nitzschia holistica 560
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Table 2 continued.  Phytoplankton taxa and enumeration of the phytoplankton assemblage 
present in Lake Texoma between August 1996 and September 1997. 
 
Divison Order Species Grand Total
 Pennales Nitzschia hungarica 33
  Nitzschia intermedia 1,316
  Nitzschia lacuum 11,370
  Nitzschia levidensis var. victoriae 407
  Nitzschia nana 121
  Nitzschia palea 5,652
  Nitzschia palea-debilis 1,518
  Nitzschia recta 8
  Nitzschia reversa 686
  Nitzschia siliqua 1,726
  Nitzschia sp.1 5,412
  Nitzschia subacicularis A153 28,052
  Nitzschia supralitorea 3,892
  Nitzschia thermalis 332
  Nitzschia truticosa 5
  Pleurosigma salinarium 196
  Surirella angusta 44
  Surirella minuta 8
  Surirella ovalis 8
  Synedra delicatissima 30,213
  Synedra nana 889
  Synedra tenera 12,251
  Synedra ulna 134
  Coccoid nannoplankton 28,268
  Coccoid nannoplankton 2-3um 21,848
Chlorophyta Chlorococcales Dictyosphaerium pulchellum 113,303

  Franceia armata 703
  Franceia ovalis 460
 Tetrasporales Elakatothrix viridis 5,132
  Elakotothrix gelatinosa 353

  Keratococcus rhaphidioides 1,683
  Sphaerocystis schroeteri 55,163
 Chlorococcales Actinastrum aciculare 8,205
  Actinastrum hantzschii 1,015
  Actinastrum var.1 42
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Table 2 continued.  Phytoplankton taxa and enumeration of the phytoplankton assemblage 
present in Lake Texoma between August 1996 and September 1997. 
 
Divison Order Species Grand Total
 Chlorococcales Ankistrodesmus falcatus 1,303
  Ankistrodesmus falcatus var. 1 139,021
  Ankistrodesmus spiralis 247,935
  Coelastrum microporum 144,182
  Coelastrum minutum 945
  Coelastrum sphaericum 63,265
  Crucigenia crucifera 10,542
  Crucigenia fenestrata 1,140
  Crucigenia quadrata 66,811
  Crucigenia rectangularis 15,690
  Crucigenia tetrapedia 90,430
  Lagerheimia ciliata 23
  Lagerheimia citriformis 71
  Lagerheimia genevensis 673
  Lagerheimia longiseta 23
  Lagerheimia quadriseta 107
  Lagerheimia subsalsa 856
  Nephrocytium agardhianum 893
  Oocystis parva 2,429
  Oocystis pusilla 465,135
  Oocystis solitaria  A25 3,126
  Pediastrum duplex 16,004
  Pediastrum simplex 4,966
  Pediastrum tetras 204
  Scenedesmus accicularis 18
  scenedesmus acicularis 338
  Scenedesmus acuminatus 16,107
  Scenedesmus brevispina 6,568
  Scenedesmus dimorphus 22,626
  Scenedesmus ecornis 284,344
  Scenedesmus erosa 933
  Scenedesmus intermedius 52,426
  Scenedesmus linearis 46,525
  Scenedesmus opoliensis 6,678
  Scenedesmus quadrata 903
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Table 2 continued.  Phytoplankton taxa and enumeration of the phytoplankton assemblage 
present in Lake Texoma between August 1996 and September 1997. 
 
Divison Order Species Grand Total
 Chlorococcales Scenedesmus quadricauda 63,918
  Scenedesmus spinosis 956
  Schroderia setigera 3,588
  Schroderia sp.1 1,012
  Schroderia sp1 38
  Selenastrum minutum 197,471
  Tetraedron minimum 68,842
  Tetraedron regulare 21
  Tetraedron triangulare 1,130
  Tetrastrum staurogeniaeforme 18,491
  Treubaria schmidlei 3,539
  Treubaria setigera 880
 Desmidiales Closterium aciculare 696
  Closterium acutum 7,314
  Closterium gracile 55
  Closterium sp.1 144
  Closterium venus 52
  Cosmarium angulosum 5,080
  Cosmarium subcrenatum 19
  Staurastrum chaetoceras 102
  Staurastrum gracile 59
 Oedogoniales Oedognium spp. 73
  Oedogonium spp. 96
 Volvocales Carteria spp. 172,742
  Chlamydomonas spp. 470
  Cholorogonium spp. 4,952
  Chloroflagellates <5um 9,357
  Chloroflagellates >10um 6,650
  Chloroflagellates 3-10um 141,375
  Chloroflagellates 6-10um 112
  Coccoid Chlorophyta <5um 862,377
  Coccoid Chlorophyta 5-10um 90,296
  Filamentous chlorophyta #1 2,141
  Filamentous chlorophyta #2 9
Chrysophyta Chrysomonadales Dinobryon bavaricum 124
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Table 2 continued.  Phytoplankton taxa and enumeration of the phytoplankton assemblage 
present in Lake Texoma between August 1996 and September 1997. 
 
Divison Order Species Grand Total 

 Heterococcales Centritractis sp.1 146,402
  Pseudotetraedron neglectum 27,643
  Coccoid Chrysophyta <5um 95,193
  Coccoid Chrysophyta 5-10um 2,598
  Coccoid Chrysophyta 5um 6,808
Cryptophyta Cryptomonadales Cryptomonas curvata 1,040
  Cryptomonas erosa 454,458
  Cryptomonas marisonii 1,944
  Rhodomonas minuta 1,007,196
  Rhodomonas sp. 797
Cyanophyta Hormogonales Phormidium frigidum 463
  Phormidium tenue 3,117,538
 Chroococcales Aphanothece nidulans 38,835
  Chroococcus minimus 436,980
  Chroococcus minutus 731,154
  Merismopedia minima 3,050,398
  Merismopedia tenuissima 43,713
  Microcystis  eruginosa 511,842
  Microcystis incerta 29,529,811
  Microcystis incerta sm.col. 1,738
  Raphidiopsis indica 1,257,930
  Raphidiopsis sp.1 787,214
 Hormogonales Anabaena flos-aquae 51,539
  Anabaena wisconsinense 112,656
  Anabaenopsis circularis 33,038
  Lyngbya limnetica 1,785,851
  Oscillatoria limnectica 33,191
  Oscillatoria prolifica 422,622
  Oscillatoria rubescens 1,649
  Oscillatoria tenuis 32,673
  Coccoid Cyanophyta <5um 584,063
Euglenophyta Euglenales Euglena spp. 25,552
  Euglena subehrenbergii 26
  Phacus caudatus 570
  Phacus cf. orbicularis 307
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Table 2 continued.  Phytoplankton taxa and enumeration of the phytoplankton assemblage 
present in Lake Texoma between August 1996 and September 1997. 
 
Divison Order Species Grand Total
 Euglenales Phacus cf. tortus 5
  Phacus nordstedtii 136
  Phacus rudicula 360
  Phacus skujai 17
  Strombomonopsis cf. acuminata 237
  Trachelomonas volvocina 806
Pyrrhophyta Ceratiales Ceratium brachyceros 5,793
  Ceratium hirundinella 621
 Peridinales Gymnodium ordinatum 6,345
  Perdiniopsis balticum 8,800
  Peridinium inconspicuum 23
  Peridinium umbonatum 18,861
  Peridinium willei A86 148
Microflagellates  Microflagellates 3-10um 2,318,645
 
Table 3.  Phytoplankton densities (org/l) within each reservoir zone across all sampling dates. 
 
Station (Zone) Mean Median S.D. Minimum Maximum n 

3 (RRZ) 95479 55760 93714 5626 436093 130 
9 (RRTZ) 74503 54172 73497 4617 339017 130 
17 (MLZ) 65065 51804 69895 1353 372888 130 

22 (WRTZ) 87978 68217 89278 4850 475750 130 
24 (WRZ) 75812 34965 90209 4595 377402 130 

 
Table 4.  Percent contribution of each division to the phytoplankton assemblage within each zone 
in Lake Texoma across all sampling dates, August 1996 through September 1997. 
 
Division RRZ RRTZ MLB WRTZ WRZ 
Bacillariophyta 3.76 2.43 1.79 2.17 3.60 
Chlorophyta 7.45 6.47 5.04 7.42 8.33 
Chrysophyta 0.96 0.82 0.47 0.40 0.44 
Cryptophyta 2.79 2.03 3.96 2.36 3.23 
Cyanophyta 81.13 82.07 82.24 83.65 81.39 
Euglenophyta 0.10 0.05 0.01 0.04 0.06 
Microflagellates 3.75 6.01 6.41 3.88 2.88 
Pyrrophyta 0.06 0.11 0.08 0.07 0.07 
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Table 5.  Component variance and component variance ratios for physicochemical parameters, 
Lake Texoma, August 1996 through September 1997. 
 
  Percent of variance accounted for Ratios 
Parameter Code Month Zone Interaction Error Fixed Ephemeral
Chlorophyll a nv 6.50 63.24 28.29 1.97 0.10 0.45 
Calcium 11 15.75 38.26 43.75 2.24 0.41 1.14 
Chloride 7 76.72 13.32 9.76 0.20 5.76 0.73 
Sp. Conductance 5 69.96 15.29 14.74 0.01 4.58 0.96 
Dissolved Oxygen 17 2.93 68.06 28.95 0.06 0.04 0.43 
Turbidity 1 46.56 26.54 26.54 0.35 1.75 1.00 
Magnesium 14 1.31 47.92 74.92 2.84 0.03 1.00 
Nitrite-Nitrate 18 7.23 79.55 13.19 0.03 0.09 0.17 
Sodium 6 77.48 14.23 8.08 0.20 5.44 0.57 
pH 12 6.86 50.86 42.25 0.03 0.13 0.83 
Water 
Temperature 

nv 0.39 97.59 2.00 0.02 0.00 0.02 

Orthophosphate 16 6.64 58.58 26.12 8.66 0.11 0.45 
Sulfate 15 14.05 55.79 30.03 0.13 0.25 0.54 
Total Kjeldal 
Nitrogen 

13 4.25 45.86 45.86 4.03 0.09 1.00 

Total Phosphorus 9 21.81 30.37 23.98 23.85 0.72 0.79 
Total Suspended 
Solids 

3 54.92 21.81 21.81 1.46 2.52 1.00 

Total Dissolved 
Solids 

4 58.95 20.35 20.40 0.30 2.90 1.00 

Secchi Depth 2 54.67 26.13 18.71 0.49 2.09 0.72 
Potassium 10 37.96 55.31 6.50 0.22 0.69 0.12 
Alkalinity 8 41.51 42.51 15.11 0.87 0.98 0.36 
nv = variance components not visible in Figure 13. 
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Table 6.  Components of variance and component variance ratios at the for each division and 
each species/general group comprising more than 1 % of the phytoplankton assemblage, Lake 
Texoma, August 1996 through September 1997. 
 
  Percent of variance accounted for Ratios 
Parameter % 

Comp. 
Month Zone Interact

ion 
Error Fixed Ephemeral

        
Bacillariphyta  18.58 26.93 43.74 10.75 0.69 1.62 
Chlorophyta  11.92 54.72 26.90 6.46 0.22 0.49 
Chrysophyta  11.32 34.76 31.18 22.73 0.33 0.90 
Cryptophyta  13.62 33.04 41.47 11.86 0.41 1.26 
Cyanophyta  2.64 83.27 9.30 4.79 0.03 0.11 
Euglenophyta  9.39 33.92 27.67 29.02 0.28 0.82 
Pyrrophyta  0.16 59.88 18.04 21.92 0.00 0.30 
Microflagellates  1.25 59.63 31.89 7.23 0.02 0.53 
        
Microcystis incerta 57.0 78.37 2.23 10.61 8.80 0.03 0.14 
Phormidium tenue 6.0 85.70 1.09 8.54 4.67 0.01 0.10 
Merismopedia minima 5.9 71.88 2.81 13.39 11.92 0.04 0.19 
Microflagellates 3-10 µm 4.5 54.28 1.13 37.69 6.91 0.02 0.69 
Lyngby limnetica 3.4 89.05 2.32 5.57 3.05 0.03 0.06 
Raphidiopsis indica 2.4 88.27 1.05 6.13 4.54 0.01 0.07 
Rhodomonas minuta 1.9 44.13 8.38 35.52 11.98 0.19 0.80 
Coccoid Chlorophyta < 5 µm 1.7 30.28 13.32 42.43 13.97 0.44 1.40 
Raphidiopsis sp. 1 1.5 92.72 0.89 3.44 2.94 0.01 0.04 
Chroococcus minutus 1.4 80.60 0.32 9.79 9.28 0.00 0.12 
Coccoid Cyanophyta < 5 µm 1.1 69.52 2.08 19.02 9.38 0.03 0.27 
Microcystis eruginosa 1.0 37.74 1.92 22.23 38.11 0.05 0.59 
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Figure 1.  Fixed sampling locations in Lake Texoma, Oklahoma and Texas, August 1996 through 
September 1997.
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Figure 2.  Average phytoplankton density in Lake Texoma across all sampling sites and dates, 
August 1996 through September 1997 (bars represent the 90% confidence intervals). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Average phytoplankton density in Lake Texoma at each sampling station (one 
sampling station per reservoir zone) on individual sampling dates, August 1996 through 
September 1997. 
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Figure 4.  Shannon diversity, evenness, and richness scores on each sampling date at Station 3 
(RRZ), August 1996 through September 1997. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.  Shannon diversity, evenness, and richness scores on each sampling date at Station 9 
(RRTZ), August 1996 through September 1997. 
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Figure 6.  Shannon diversity, evenness, and richness scores on each sampling date at Station 17 
(MLB), August 1996 through September 1997. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.  Shannon diversity, evenness, and richness scores on each sampling date at Station 22 
(WRTZ), August 1996 through September 1997. 
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Figure 8.  Shannon diversity, evenness, and richness scores on each sampling date at Station 24 
(WRZ), August 1996 through September 1997. 
 

 
Figure 9.  Bray-Curtis dissimilarity of sampling sites across all sampling dates at Lake Texoma, 
August 1996 through September 1997, at the taxonomic level of genus. 
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Figure 10.  Bray-Curtis dissimilarity of sampling dates across all sampling sites (whole lake) at 
Lake Texoma, August 1996 through September 1997, at the taxonomic level of genus. 

 
 
Figure 11.  Bray-Curtis dissimilarity of sampling sites in Lake Texoma, September 1996 and 
September 1997, at the taxonomic level of genus. 
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Figure 12.  Bray-Curtis dissimilarity of sampling sites in Lake Texoma, August 1996 and August 
1997, at the taxonomic level of genus.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13.  Ratios of variance components mapped against each other to show relative 
importance of spatial variation (fixed or ephemeral) and temporal variation in phytoplankton and 
physicochemical parameters (codes for physicochemical parameters from Table 5). 
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