
ABSTRACT

Using Community Metabolism to Define the Riverine, Transition, and 
Lacustrine Zones of a Reservoir, Lake Waco, Texas

Elizabeth C. Everett 

Advisor: Owen T. Lind, Ph.D.

Community metabolism of the pelagic region of Lake Waco was 

measured in different areas in order to define the riverine, transition, and 

lacustrine zones with a biological indicator. Community metabolism was 

measured using the production to respiration ratio (P/R). Both 

production and respiration were measured by oxygen change. Daily and 

seasonal variation, summer through fall, was great, but general trends 

over time showed little difference between different parts of the lake. 

Median P/R ratios were highest closest to the dam at 1.9. This station 

also showed the greatest variability in P/R, but the least in chlorophyll. 

The expected transition zone and riverine zone ratios ranged from 0.3 to 

3.3. There was no statistical difference between chlorophyll 

concentrations throughout the reservoir. Due to the drought conditions 

under which the data was collected, Lake Waco was determined to show

more natural lake than reservoir characteristics.
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CHAPTER ONE

Introduction

Reservoirs are recognized as having three longitudinal zones; 

riverine, transition, and lacustrine (Thornton and others, 1981). The 

riverine zone is located farthest from the dam and is characterized by 

high turbidity and suspended solids coming directly from the river. Light 

limitation of photosynthesis and large quantities of allocthonous material 

often make this zone a heterotrophic system. The lacustrine zone is 

closest to the dam and has many features of a natural lake. Inorganic 

turbidity is much lower than in the riverine zone, creating a more 

productive autotrophic system. The transition zone lies between the 

riverine and lacustrine zones. In this zone suspended solids sink out of 

the water column. Because the rate of solids leaving the water column 

varies with particle size and water flow, the transition zone is difficult to 

define (Thornton, 1990). Along with suspended solids from the river, 

most reservoirs receive high nutrient loads as well. While light limitation 

lowers production in the riverine zone, nutrients tend to limit production 

in the lacustrine zone. Therefore, it is the transition zone that is 

expected to have neither light nor nutrient restrictions and the highest 

production. These zones, while practical for engineers, have poorly 

defined boundaries in terms of biological activity. Because of the great 

differences in autotrophy and heterotrophy within a reservoir, I
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hypothesize that the production to respiration ratio (P/R) can be used to 

define the zone boundaries in a reservoir.

Odum (1956) first proposed measuring community metabolism 

through the production to respiration ratio for flowing waters. This idea 

was later incorporated in the river continuum concept (Vannote and 

others, 1980). In 1957, Odum also proposed the idea of applying the 

P/R to lake trophic status, considering a ratio greater than unity to be 

eutrophic and a ratio approaching one to be oligotrophic. Ratios less 

than one have been calculated for many lakes, however (del Girogio and 

Peters, 1994) (Table 1). A ratio less than unity infers the existence of 

allogenic lakes; i.e., receiving large inputs of external organic carbon.

This state of allotrophy best describes man-made reservoirs because of 

the typically large drainage basin and frequent discharge of water 

(Thornton, 1990). Furthermore, many reservoirs lack large littoral zones 

due to the frequent discharge of water (this is especially true of lakes in 

the southwest region of the United States). The lack of littoral zone 

implies that primary production is based solely on planktonic activity in 

many reservoirs.

2

Factors Determining the P/R Ratio 

The first half of the P/R ratio is primary production (PP), or energy 

captured from the sun in photosynthesis. Net PP is the production of
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Table 1 A short list of P:R ratios generated in different studies

Author / date Lake P:R ratio
Odum / 1957 Silver Springs, FL Approx. 1.0
“Comita / 1972 Severson Lake Greater than 1.0
Del Giorgio and Peters / 
1994

2 lakes in Southern Quebec Greater than 1.0

“Bartsch and Allum / 1957 Sewage lagoons, Dakotas Less than 1.0
“Teal / 1957 Root Spring, MA Less than 1.0
Lind and Campbell / 1970 3 strip mine lakes, MO Less than 1.0
del Giorgio and Peters / 
1994

18 lakes in Southern Quebec Less than 1.0

“Information taken from Cole (1994).

organic carbon beyond the immediate catabolic needs of the cell. In 

other words, net primary production is a measure of growth and 

reproduction. Because phytoplankton are the main contributor to the 

production portion of the P/R ratio in reservoirs, the potential for 

photosynthesis determines the amount of heterotrophy, not the inputs of 

external carbon (del Giorgio and Peters, 1994). Ultimately, it is the 

amount of light available to the individual organism that determines the 

rate of photosynthesis. Light intensity may be either limiting or 

inhibiting. In a stratified lake, the epilimnion can be deeper than the 

compensation point. Therefore, producers will spend part of the daylight 

hours in the dark, being photolimited, reducing production. Likewise, 

nonstratified lakes will mix often keeping some producers out of the light 

as well. Also, the constant mixing of the epilimnion leads to algae 

spending some time too close to the surface where light intensity is too 

high. This will again reduce production as the plankton photolimited.

In addition to the light stresses discussed above, temperature 

plays an important role in plankton health. Temperature stresses have



4

been well studied and raise the respiration of all organisms. In algae, 

this means that the net production is reduced. Also, primary production 

tends to be inversely proportional to dissolved organic carbon (DOC), 

iron, and nitrogen in humic lakes and reservoirs as well as non-humic 

lakes (Jackson and Hecky, 1980, del Giorgio and Peters, 1994).

The amount of organic carbon available for the community can 

vary depending on the algal species composition. Green algae are much 

more likely to be consumed by grazers than diatoms or dinoflagellates 

(Lampert and Sommer, 1997). Carbon fixed by diatoms is more likely to 

be lost due to sedimentation, because the silicon shell is not easily 

digestible. Carbon fixed by dinoflagellates is likely to become part of the 

detritus loop, changing its role in the cycle. Likewise, cyanobacteria are 

less edible than other algae due to defensive structures such as 

mucilaginous sheaths. The carbon fixed by cyanobacteria that is not 

leaked can be lost to the rest of the food chain (Heaney and others,

1996). Extracellular organic carbon leaked by cyanobacteria and most 

algae can be recycled back into the system through bacteria.

The amount of carbon fixed by bacteria in the pelagic region is less 

than that of phytoplankton in Clearwater phases of eutrophic lakes 

(Markager and others, 1994). Most bacteria depend on dissolved organic 

material in the water column as a substrate. Extra-cellular organic 

carbon (EOC) from phytoplankton is usually the most important source 

of bacterial substrate. The question arises, however, whether or not the 

photosynthate leaked by phytoplankton is enough to support the
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bacterial community. Scavia and Laird (1987) showed that bacterial 

carbon demand is met by autotrophic production only if carbon is not 

lost to other organisms such as grazers. Differential mortality may also 

allow bacteria dependent on less labile forms of carbon to compete with 

EOC-using bacteria (Tranvik, 1992). Furthermore, in humic lakes, 

allochthonous carbon provides up to 90% of bacterial needs (Hesson, 

1992).

Bacteria act as a carbon sink in some lakes and a carbon source in 

others. Daphnia may be the key industry animal that cycles bacterial 

carbon from the bacterial loop to the rest of the community. In lakes 

where Daphnia are in sufficient numbers, bacteria are grazed upon, thus 

returning their carbon to the food chain. Bacteria also act as a carbon 

sink in lakes without large populations of Daphnia (Lyche and others, 

1996). In addition to being either a source or sink of labile carbon, 

bacterial respiration must be taken into account when calculating the 

P/R ratio. Bacteria can contribute up to 50% of the community 

respiration in the summer (Shwaerter and others, 1988) and respire up 

to 40% as much as macrozooplankton in oligotrophic lakes during 

midsummer (Cole and others, 1992). Direct measurement has shown 

that bacterial respiration can exceed phytoplankton production in 

unproductive systems, making many lake systems a net producer of 

carbon dioxide (del Giorgio and others, 1997).

The structure of the zooplankton community will affect the P/R 

ratio. Hesson et al. (1990) showed that humic lakes have large energy
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fluxes between bacteria and zooplankton using humic DOC and between 

detrital particulate organic carbon (POC) and zooplankton. These energy 

fluxes could lead to respiration well above phytoplankton production. In 

addition to providing a large part of the community’s respiration, 

zooplankton can regulate phytoplankton biomass at low nutrient levels. 

As nutrient concentrations increase this regulation has less impact 

(Markager and others, 1994).

Trophic State, Reservoirs, and the P/R Ratio

Trophy is the measure of the rate of organic matter supply either to 

or by a lake (Wetzel, 1983). Often trophy or trophic state is used to 

describe the productiveness of a lake. Oligotrophic lakes are considered 

unproductive and eutrophic lakes are highly productive. For those lakes 

that fall between oligotrophic and eutrophic, the term mesotrophic is 

used.

The productiveness of a lake can be measured using many 

different lake features. The Carlson index uses chlorophyll, Secchi depth 

and total phosphorus (Carlson, 1977). Eutrophic lakes have high 

chlorophyll content, low visibility, and high phosphorus concentrations, 

while oligotrophic lakes are the opposite (Goldman and Horne, 1994). 

Thienemann, in 1915, proposed using hypolimnion oxygen conditions 

and Naumann, in 1919, suggested measuring the productivity in surface 

water to describe trophic state. Both authors inferred that eutrophic 

lakes would be more productive, having low oxygen concentrations in the
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hypolimnion and high productivity in the surface water. The P/R ratio 

has also been used by limnologists to describe trophic status. Odum 

first assigned any ratio greater than unity to be eutrophic and those 

ratios of one to be oligotrophic. With allogenic sources often generating a 

P/R ratio of less than unity, the idea of the using the P/R ratio to 

determine trophic status still has merit. Instead oligotrophic lakes can 

now be defined as those that have a P/R ratio <1 and eutrophic lakes are 

>1. Again, mesotrophic lakes fall in the middle, having a ratio close to 

unity (del Giorgio and Peters, 1994).

The main objective of this study was to understand community 

metabolism, or the ratio of production to respiration, throughout a 

reservoir. The P/R ratio was used to discover differences between 

longitudinal zones and to define the boundaries of these zones. The final 

objective was to better define the transition zone using a biological 

indicator, the P/R ratio. I expected to find higher P/R ratios in the 

transition zone than in the riverine and lacustrine zones. I proposed that 

in an idealized system the transition zone would be the only area with a 

P/R ratio greater than unity.

Site Description

Lake Waco is located in McClennan County, Texas (31° 35N, 097° 

14W). The lake was created by the Army Corps of Engineers between 

1958 and 1965, by building a dam at the confluence of the North and 

South Bosque Rivers 4.6 miles before they flow into the Brazos River.
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The primary use of Lake Waco is drinking water for the city of Waco 

(Texas Water Commission, 1995). Secondary uses include flood control, 

recreation, and fishing. At conservation level, Lake Waco has a 

maximum depth of 22m with a mean depth of 4m (Figure 1). Estimated 

drainage area is 1,652 m'^ and normal pool elevation of 455.0 feet (Texas 

Water Commission, 1995). Water renewal time is estimated at 46 days 

(Kimmel and Lind, 1972). The littoral zone is characterized by a lack of 

well-developed rooted vegetation. In the summer, floating algae mats are 

not uncommon. Average Secchi depth was reported as 0.8m in 1977 and 

1.2m in 1981. Between 1977 and 1981 turbidity increased from 18.8 ± 

9.9 ntu to 26.6 ± 15.0 ntu. Chlorophyll a concentrations decreased 

during this time, however. Chlorophyll in 1977 was 9.4 ± 4.9 mg nr^ and 

by 1981 was only 7.1 ± 4.0 mg m ^ (Lind, 1986). Over my three month 

sampling period, the lake level dropped approximately 2m, due to 

drought conditions. Maximum light penetration averages 5m in the 

lacustrine zone and often reaches to the bottom in the shallower

transition and riverine zones.
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Figure 1 Map of Lake Waco showing depth ranges and main tributaries
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The lake has two main branches - the North Bosque River (NB) arm and 

the South Bosque River (SB) arm. The NB arm is the primary branch 

and contributes significantly more water to the reservoir than the South 

Bosque River. The SB arm also receives inputs from the Middle Bosque 

River and Hog Creek. This study was restricted to the NB arm of Lake 

Waco (Figure 2).
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CHAPTER TWO

Methods and Materials

Sample Collection

Lake Waco was sampled weekly at four or six stations from 

September through November 1999. Six stations were preferred, but due 

to equipment constraints all six could only be tested if the samples were 

collected during two separate trips in one week. When the weather 

(mainly high winds) did not permit sampling twice in one week, water 

samples were taken from four sites during one trip. Stations stretched 

from the deep lacustrine area near the dam to as far toward the North 

Bosque River as was possible considering lake level and ability to 

maneuver the boat. Sampling stations were not necessarily evenly 

distributed along the transect. Instead, stations were picked each time, 

in an attempt to cover the transect thoroughly for that week. Locations 

were determined using GPS (Figure 2). After collection, seven distinct 

areas were determined to have been collected from over the three months 

using the GPS coordinates (Table 2).

Samples were collected between 10am and 4pm. At each station, 

light, oxygen, and temperature profiles were taken. Oxygen and 

temperature were measured using a Hydrolab minisonde, calibrated 

before each trip. Light was measured using a submarine photometer.

An integrated water sample was taken at each station from the first three

12
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Table 2 GPS co-ordinates and the corresponding distance 
used in data analysis

Average GPS co-ordinates Distance (km)

31° 35.90’ N, 097° 16.24’ W 
31° 35.54’ N, 097° 16.37’ W 
31° 35.45’ N, 097° 15.64’ W 
31° 35.77’ N. 097° 15.30’ W 
31° 35.49’ N, 097° 13.99’ W 
31° 35.20’ N, 097° 13.46’ W 
31° 34.80’ N, 097° 12.41’ W

0
0.7
1.5
2.6 
4.9 
6.1 
7.6

meters, using PVC piping and a cork to vacuum seal the water in the 

tube. This water was then used for chlorophyll analysis. From the light 

profile, depths were chosen from which to draw water samples for 

production and respiration measurements. Either two or three depths 

were chosen for each station depending on the station depth. From each 

depth six 300mL BOD bottles were filled using standard procedure 

(Appendix A). Three of the six bottles were pre-darkened with electrical 

tape and aluminum foil. Samples were stored on ice and in the dark to 

slow production and respiration until return to the lab.

Samples were incubated out of doors in a pool with continuously 

flowing water to maintain temperatures close to those of the lake 

(Appendix A). Differential natural density screens were constructed and 

placed over the light bottles to simulate light intensities in the lake from 

which the samples were collected (Appendix A).

Dissolved Oxygen

Dissolved oxygen was measured for each bottle before incubation 

using an Orion model 97-08 oxygen probe with magnetic stirrer funnel.
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The probe was connected to a digital millivolt meter and calibrated to 

give oxygen readings in parts per million (mg/L). After a 24 hour 

incubation for light bottles and 24 or 48 hours for dark bottles, dissolved 

oxygen was measured again. The difference in initial and final DO 

readings in light bottles was the measure of net production. In the dark 

bottles, the difference in oxygen measurements was the community 

respiration (Lind, 1985).

Chlorophyll

Between 250mL and 650mL of water was filtered for each sample 

using glass fiber filters (GF/F) for chlorophyll analysis. Chlorophyll 

determinations were done using standard procedures (Lind, 1985). The 

filters were placed in 90% alkalized acetone and broken up using a 

sonicator. After overnight chlorophyll extraction, each sample was 

centrifuged and the supernatant was decanted and diluted to lOmLwith 

90% alkalized acetone. These samples were then placed in a Beckman 

DU650 spectrophotometer to determine absorbance. Chlorophyll content 

was calculated using the following equations (Lind, 1985):

Chlorophyll a concentration (mg L'* of extract) =

(abs at 663nm - abs. at 750nm) x 13.4* 

Correction for 1cm cuvette

Chlorophyll a concentration of original lake water (mg nr^) =

chi in extract (mg L'*) x extract volume (mL) 
filtered volume (L)
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where extract volume was standardized at lOmL and filtered 

volume varied between 250mL and 650mL.

Data Analysis

P/R ratios were calculated after respiration was corrected for 

temperature differences over the season. Using the Qio relationship, 

respiration values were corrected to the minimum water temperature 

(19°C). The Qio relationship implies that for every 10'* change in 

temperature there is a specific change in respiration, such a doubling or 

tripling. The following equations were used based on the Qio of 2.

QlO Correction factor = 2^'^' temperature - minimum temperature)/10)

Corrected respiration (mg rrr^) =

measured respiration (mg nr^) x Qio 

After this correction was made P/R ratios were calculated as:

Gross production = net production + photic zone respiration

P/R = gross production / water column respiration 

Using the gross production values generated for the P/R ratio and 

the measured chlorophyll values, specific production was also calculated 

for each station on each day. Specific production was determined by 

dividing production by the chlorophyll concentration.

Linear regression analysis was used to determine relationships 

between chlorophyll concentrations and the distance between the 

different stations. Regression analysis was also used to interpret 

differences in specific production along the transect.
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Because each P/R value generated was an average for that station, 

statistics were difficult to obtain for the entire water column. Tdie 

individual P/R value for each day and depth were compared using 

Statview. Two-way analysis of variance (ANOVA) was conducted for each 

day and depth at the stations sampled that day and Fisher’s LSD (least 

square difference) was used to find differences (p < 0.05) among the 

groups.



CHAPTER THREE

Results

Production rates are presented in Table 3. Sites refer to the 

distance in kilometers from the first site (O-km). This first site was 

closest to the North Bosque River input and the last site was closest to 

the dam (Figure 2). Stations close to the river input had the lowest 

production during the early part of October and higher production in late 

October and early November. Stations closer to the dam in more open 

water did not show such a pattern.

Similarly, respiration rates are presented in Table 4. Unlike 

production, most stations had the lowest rate in November, after 

correction for temperature.

Table 3 Production (mgO-2 m*-2) for each station and date

site 30-Sep 7-Oct 14-Oct 21-Oct 2 5-Oct 8-Nov 11-Nov 15-Nov
0 0.058 0.043 0.062 0.275 0.100

0.7 0.030 0.021 0.072 0.035 0.026
1.5 0.063 0.0001 0.118 0.027 0.034
2.6 0.044 0.065 0.084
4.9 0.099 0.130 -0.033 0.040
6.1 0.130 -0.040 0.067
7.6 0.160 0.141 0.250

17
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Table 4 Respiration (mgCb rn^-2) for each station and date
site 30-Sep 7-Oct 14-Oct 21-Oct 25-Oct 8-Nov 11-Nov 15-Nov
0 0.079 0.091 0.109 0.109 0.030

0.7 0.107 0.086 0.030 0.047 0.041
1.5 0.147 0.1182 0.154 0.119 0.062
2.6 0.152 0.256 0.090
4.9 0.267 0.246 0.247 0.110
6.1 0.227 0.082 0.174
7.6 0.023 0.175 0.132

P/R ratios can be found in Table 5. The most variability was 

closest to the dam. Likewise, the highest ratios were for the water close 

to the dam. Figure 3 shows the median ratio for each site. Median and 

range were chosen over average and standard deviation because some 

stations had high variability over time.

Table 5 P/R ratios for entire water column by date and station
site 30-Sep 7-Oct 14-Oct 21-Oct 25-Oct 8-Nov 11-Nov 15-Nov
0 0.739 0.475 0.564 2.522 3.298

0.7 0.281 0.238 2.443 0.750 0.649
1.5 0.428 0.0009 0.765 0.228 0.548
2.6 0.290 0.256 0.936
4.9 0.371 0.527 -0.136 0.364
6.1 0.575 -0.488 0.382
7.6 12.051 0.805 1.892
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Chlorophyll a concentration was measured for each site and day. 

The values can be found in Table 6. Stations close to 0-km had higher 

concentrations and more variability than those close to the dam. A 

general decreasing trend can be seen along the reservoir transect (Figure 

4). Regression analysis showed a negative slope but with no significance.
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Table 6 Chlorophyll (mg m^-3) for each station and date
site 30-Sep 7-Oct 14-Oct 21-Oct 25-Oct 8-Nov 11-Nov 15-Nov
0 14.220 16.630 10.130 11.460 7.010

0.7 10.850 9.650 8.280 0.000 7.150
1.5 15.490 7.000 7.490 0.000 9.780
2.6 9.920 4.320 5.420
4.9 11.270 12.110 7.660 7.400
6.1 9.110 9.460 4.290
7.6 5.230 5.820 8.080
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Figure 4: Median chlorophyll (mg m for each site. Error bars represent range.

Specific production rates were greatest at station 7.6-km, or close 

to the dam (Table 7). Median specific production rates are shown in 

Figure 5. Linear regression showed a slope of 0.0015 with a p value of 

0.03. This was considered significant using an a = 0.05.

Table 7 Specific production (mgCL mgchl'M) for each station and date
site 30-Sep 7-Oct 14-Oct 21-Oct 25-Oct 8-Nov 11-Nov 15-Nov
0 0.004 0.003 0.006 0.024 0.014

0.7 0.003 0.002 0.009 ------ 0.004
1.5 0.004 0.00001 0.016 ------ 0.003
2.6 0.004 0.015 0.015
4.9 0.009 0.011 -0.004 0.005
6.1 0.014 -0.004 0.016
7.6 0.031 0.024 0.031
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Figure 5: Median specific production (mgOa mgchl') for each site. 
Error bars indicate range.

Analysis of variance was conducted for each collection depth on 

each individual day (Table 8). Fisher’s LSD values marked with an 

asterisk (*) are significant at the 95% confidence level. The table shows 

that station O-km was usually different from stations 1.5-km and 2.6-km 

at all depths. Also station O-km usually had P/R that were not 

significantly different at all depths. Station 7.6-km, which is closest to 

the dam, differs from stations 6.1, 4.9, 2.6, and 1.5-km. The stations in 

the middle did not often differ from each other, especially stations 2.6,

4.9, and 6.1-km.
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CHAPTER FOUR

Discussion

Most reservoirs are constructed for practical human purposes such 

as water storage, flood control, or power generation and consequently 

have unique characteristics (Thornton and others, 1991). Engineers 

have long recognized this fact, but the limnological community has been 

slow to recognize the difference between reservoirs and natural lakes. 

Unlike most natural lakes, reservoirs appear to have properties of large 

rivers as well as lacustrine characteristics. Reservoir construction is a 

massive undertaking with high costs (Texas Water Commission, 1995). 

Therefore, reservoirs are designed with the idea of maintenance in mind. 

Maintenance problems have become apparent as biological systems were 

not adequately considered in the original maintenance plans. As 

engineers have discovered, reservoirs have three distinct physical zones; 

riverine, transition, and lacustrine. These zones differ largely in light, 

suspended solids, and nutrient concentrations. Biological activity in 

these three zones has not been extensively analyzed. The P/R ratio has 

been used to characterize natural lakes in terms of community 

metabolism. If the physical differences in a reservoir help create different 

communities or put different stresses on different parts of the 

community throughout the length of the reservoir, then community
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metabolism would vary over the reservoir length. The P/R ratio would be 

a tool to measure such community changes.

Lake Waco was constructed to impound the Bosque Rivers 

for use as drinking water for the city of Waco (Texas Water Commission, 

1995). This lake, like many such impoundments, has become eutrophic 

very quickly. While eutrophication is a natural process, it creates many 

taste, odor, and other problems for Waco in terms of generating drinking 

water. The P/R ratio was used in an attempt to define the riverine, 

transition, and lacustrine zone. Because taste and odor problems begin 

with the biological community, a biological indicator such as community 

metabolism would better allow managers to manipulate and maintain 

optimum zone balance and to slow further eutrophication of the 

reservoir.

P/R Ratios

Water column P/R ratios did not give the expected results. Instead 

of having a defined transition zone with P/R ratios much greater than 

unity with the riverine zone being less and unity and the lacustrine zone 

with ratios around one, the P/R calculated only showed ratios greater 

than one in the deep lacustrine zone (station 7.6-km). The overall 

pattern of P/R ratios found in Figure 3 indicates the reservoir was 

displaying natural lake characteristics. Local drought conditions led to 

reduced river flow and this lack of constant flushing allowed Lake Waco 

to display characteristics more common in natural lakes.
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Station 7.6-km also showed the greatest variability and highest 

production. This leads to the conclusion that some sort of nutrient 

loading is occurring in the lacustrine zone. Because wind action turns 

the lake often, it is possible that nutrients are being resuspended in the 

water column. Also, the turbidity in the riverine and transition zone may 

not allow producers to take advantage of increased nutrients. The 

nutrients would then be carried toward the lacustrine zone as water was 

drawn off the lake. The greatest algal growth potential, based on algal 

assays, for the lake water often occurs at this station as well (personal 

communication, L. Davalos-Lind).

Oxygen measurements made at different depths for each station 

indicate that there may be more differentiation between the zones that 

was missed in the water column calculations (Table 7). Respiration rates 

for the aphotic zone communities were not measured. Instead, the 

respiration was assumed to be similar from that in the photic zone, 

because Lake Waco mixes daily, as evidenced by the relative constant 

water temperatures found in Appendix B. Therefore, an underestimation 

of respiration could have led to the high P/R values at the 7.6-km 

station. The consistent difference between stations O-km and 1.5-km 

and 7.6-km from the other stations indicate that there were differences 

in production and respiration in the photic zone across the lake. When 

combined with lack of difference between stations 1.5 - 6.1-km, three 

zones are seen over the sampling period. There does not to appear to be



a defining P/R value that delineates one zone from another, however. 

Instead there may be more of a day by day difference between the zones.

Recent publications refute the idea of lakes being heterotrophic. 

Instead, they argue that, in the past, production has been grossly 

underestimated. Carbon 14 uptake has been used frequently in the past 

to measure primary production. Recent research suggest, however, that 

improved techniques in measuring oxygen (Winkler method) are better in 

determining gross production, than carbon 14, in oligotrophic lakes 

(Carignan and others, 2000). Furthermore, other studies have measured 

P/R as high as 2.1 in lakes that were fertilized and 1.0 in unfertilized 

lakes, using oxygen change (Pace and Cole, 2000). This supports the 

data where most stations were greater than unity and the medians were 

all close to one. Considering Lake Waco’s eutrophic nature, the high P/R 

throughout is not unrealistic.

Chlorophyll and Specific Production 

Chlorophyll was measured in order to estimate biomass.

Therefore, the P/R can be compared to the number of producers at each 

station. Chlorophyll measurements showed the opposite trends than the 

P/R values. The highest concentrations of chlorophyll were found at 

station 0-km, but the highest P/R was at the far end of the transect 

(station 7.6-km). Variability was greatest in the stations closest to the 

river (0-2.6-km). This is indicative of a reservoir system and suggests the 

possibility of occasional algal blooms. Because the chlorophyll
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measurements and P/R values varied greatly, specific production was 

used as a measure of community health. Specific production values 

showed that cells became healthier along the transect, station 7.6 having 

the lowest chlorophyll and highest specific production.

Conclusions

While different reservoir zones are recognized by reservoir 

limnologists, little work has been done to determine how these zones 

interact with each other. Instead, the communities are often assessed as 

isolated systems. Research on reservoirs and lakes with several different 

natural basins is limited by the assumption that the zones or basins act 

independently. This may be the case for some lakes and reservoirs 

where there are physical barriers between zones (basins), but for many 

bodies of water there is no such physical separation. Instead the 

different regions have constant contact with each other and the 

possibility of nutrient and energy exchange cannot be overlooked. 

Assumptions about the lack of longitudinal mixing in lakes may be 

correct considering the long water residence time. Reservoirs, on the 

other hand, have a great deal more lateral mixing as water is continually 

drawn off for human usage and flushed into the system from the 

extensive drainage area. Biological, chemical, and physical data are 

often collected in each zone of a reservoir, but these data are rarely 

compared to each other to understand the impact of one area on another 

(Lyashenko, 1999). Biodiversity indices have been suggested for use in
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determining which areas of a reservoir to protect first, but very little 

information suggests why there are more diverse areas in a single 

reservoir (Bakanov and others, 1999). As the data here suggests, the 

boundaries between zones are not static and may not be very distinct 

depending on lake conditions. Also, activity in one area of Lake Waco 

effected conditions in other areas as evidenced by the decreasing number 

of cells and increasing cell health along the transect.

The lack of research looking at trends throughout a reservoir 

indicates a severe oversight in the limnological community. Physical 

parameters have been used with geostatistical models to predict drought 

and water restrictions, but there seem to have been few similar biological 

model developments to understand the reservoir as a whole (Puklakov, 

1999, Cheng and others, 2000). Little thought has been given to effects 

of one community on another. As can be seen here, different physical 

conditions create different community stresses and output, therefore, 

management must begin to consider the biological community responses 

to changes imposed to better maintain reservoirs. Ultimately, it is the 

community of a reservoir that will determine any taste and odor 

problems that may exist. Therefore, the reservoir community, with its 

sub-communities in each zone (riverine, transition, and lacustrine) and 

their interactions, must be better understood for more effective 

management of water resources.
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APPENDIX A

Standard Operating Procedures 

Dissolved Oxygen

Sample collection

1. Water was collected using a Van Dorn sampler. (Depths were 

chosen using the light profile.)

2. For each depth six 300-ml BOD bottles were filled. Three 

bottles were predarkened using electrical tape. Tubing 

connected to the Van Dorn was inserted into the bottle. Water 

was dispensed until overflowing to drive out any air bubbles.

3. Each sample bottle was labeled for site (by letter) and depth 

(number). Each site label was then correlated with the GPS 

reading. After being stoppered, the samples were stored in 

coolers filled with ice to stop photosynthesis and slow 

respiration.

Incubation

1. Samples were incubated in a baby pool with the sides and 

bottom painted black. The black paint reduced water reflection 

from the sides and bottom to better control the light climate.

The pool was placed outside to use natural sunlight.

2. Water was continuously flowing through the pool. A hose was 

placed in the pool to bring in water (tap water in Waco is similar
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to lake temperature). Water was released from the opposite side 

of the pool as it came in from. Holes were cut in the side of the 

pool to release the water. Likewise, water was allowed to flow 

out of the pool from the top if necessary. Flow rate was dictated 

by temperature.

3. Natural density screening was constructed using layers of black 

nylon screen. Screens were constructed with one to four layers 

of screen. The screens were 1 fb* and made using screen frames 

available from local hardware stores and cut to size. On the 

lake, screens were combined to give the similar readings to 

those of the depths from which samples were collected. These 

combinations were then placed over the samples and weighed 

down using glass stoppers, during incubation.

4. Samples were further protected from incident light by the 

arrangement of samples under the screens. Light bottles were 

place in the middle and surrounded by the dark bottles.
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APPENDIX B

Light and Temperature Data

Table 9 Light and Temperature Data Collected at each site and day
30-Sep ___ ____ _____________________7-Oct___________________

site O-km 7.6-km
depth light temp depth light temp
(m) (mamps) PC) (m) (mamps) PC)
0 3750 22.4 0 2550.00 22.9
0.5 37 0.5 420.00
1 0 21.4 1 82.50 22.8
2 21.1 2 14.50 22.7

3 3.00 22.7
4 1.25 22.6
5 1 22.6
6 22.5
7 22.5
8 22.5
9 22.5

site 0.7-km 6.1--km
depth light temp depth light temp
0 4200.00 23.1 0 3400.00 23.5
0.5 150.00 0.5 560.00
1 5.75 21.7 1 117.50 23.3
2 20.8 2 24.50 23.1

3 5.50 22.8
4 1.75 22.8
5 1 22.8
6 22.8

site 1.5-km 4.9-km
depth light temp depth light temp
0 5000.00 24.2 0 3400.0 23.8
0.5 275.00 0.5 470.0
1 23.00 23.0 1 62.5 23.6
2 2.50 22.5 2 7.5 23.2
3 1.25 22.1 3 0.5 23.1

4 23.0
5 23.0
6
2.6-km

22.9

depth light temp
0 4600.00 24.1
0.5 660.00
1 130.00 23.9
2 23.00 23.7
3 1.75 23.5
4 23.3
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14-Oct 21-Oct

site O-km 0.7-km
depth light temp depth light temp

(m) (pamps) C’C) (m) (pamps) (°C)
0 2350 24.9 0 3700 20.6

0.5 122.5 0.5 400
1 7.75 24.1 1 25 19.4
2 1 23.9
3 23.6

site 0.7-km 1.5-km
depth light temp depth light temp

0 3000 24.9 0 2950.00 20.7
0.5 290 0.5 480.00

1 18 24.8 1 95.00 20.1
2 24.2 2 19.00 19.9

3 4.75 19.8
4 1.00 19.7
5 19.6

site 1.5-km 7.6-km
depth light temp depth light temp

0 4050 25.5 0 2350.0 20.3
0.5 975 0.5 430.0

1 217.5 25.1 1 82.5 20.2
2 47 24.5 2 18.0 20.2
3 4 23.5 3 4.5 20.1

4 1.5 20.1
5 1.0 20.1
6 20.0
7 20.0

site 2.6-km 4.9-km
depth light temp depth light temp

0 4250.0 25.4 0 2700.00 20.6
0.5 1150.0 0.5 450.00

1 352.5 24.9 1 98.75 20.4
2 120.0 24.1 2 22.50 20.1
3 39.5 23.7 3 5.50 20.1
4 9.0 23.1 4 1.75 20.0
5 1.0 22.8 5 1.00 20.0
6 22.7 6 20.0
7 22.7 7 19.8
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25-Oct 8-Nov

site O-km 7.6
depth light temp depth light temp

(m) (gamps) (°C) (m) (gamps) (°C)
0 3200 20.5 0 2200.00 20.7

0.5 140 0.5 950.00
1 8 20.1 1 390.00 18.6
2 1 19.4 2 67.50 17.9
3 19.0 3 12.50 17.8

4 2.75 17.7
5 1.00 17.6
6 17.5
7 17.5
8 17.5

site 0.7-km 6.1
depth light temp depth light temp

0 2400 20.3 0 1500.00 20.6
0.5 185 0.5 950.00

1 20.0 1 365.00 19.5
2 70.00 18.6
3 9.25 18.0

site 1.5-km 4.9
depth light temp depth light temp

0 2750 20.1 0 1400.00 20.9
0.5 255 0.5 700.00

1 27 20.0 1 300.00 20.7
2 19.9 2 67.50 19.6

3 16.00 18.3
4 3.75 17.9
5 1.00 17.8
6 17.5
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11-Nov 15-Nov

O-km 2.6-km
depth light temp depth light light temp

(m) (gamps) (°C) (m) (gamps) (°C)
0 2450.00 21.3 0 1825 21.7

0.5 540.00 0.5 875.0
1 95.00 19.9 1 400.0 19.8
2 1.25 19.6 2 82.5 18.7
3 0.00 19.3 3 9.0 18.3

4 1.0 18.0

0.7-km
depth light temp 0-km light temp

0 2800.0 20.7 0 1750 22.5
0.5 737.5 0.5 975

1 170.0 20.3 1 430 20.2
2 34 19.4

1.5-km
depth light temp 4.9-km light temp

0 2900 20.8 0 1300.0 20.9
0.5 1025 0.5 975.0

1 310 20.0 1 440.0 19.8
2 29 19.1 2 110.0 19.0

3 34.0 18.3
4 8.5 18.2
5 0.5 18.0
6 17.9

6.1-km
0 1175 22.1

0.5 875.00 19.4
1 410.00 18.7
2 125.00 18.2
3 38.00 18.0
4 10.25 17.9
5 2.00 17.9
6 0.00 17.8
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