
ABSTRACT

Phytoplankton Production Dynamics in Nutrient Pulse Systems

Advisor: Owen T. Lind, Ph. D.

Phytoplankton production is determined by light and inorganic 

nutrients which govern the biomass of primary producers. These 

variables are a function of watershed rainfall periodicity and water 

quality from the run-off in pulsed systems or reservoirs. Reservoirs 

receive water and nutrient inputs from a tributary.

I measured reservoir primary production and those 

environmental variables known to govern production as a function of 

pulses along three zones (riverine, transition, lacustrine) in Waco Lake 

to determine how production dynamics are controlled by water pulses. 

In this system the Riverine Zone was affected by pulses. Riverine Zone

-2
had a phytoplankton production maximum of 787 mgCm at 40 cfsec 

of discharge (approximates base flow). The Transition Zone was the 

most productive zone during pulses. This zone had a maximum

-2
production of 2175 mgCm~ with pulse of 760 cfsec . The Lacustrine 

Zone production was affected by the nutrient concentration.
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CHAPTER ONE

Introduction

Phytoplankton dynamics (phytoplankton production and biomass 

accumulation) are controlled by hydrodynamic processes, such as 

freshwater runoff, which affect production and consequently, the 

whole trophic web (Ingram et. al, 1985). Considerable attention has 

been focused on the impact of freshwater runoff (urban and 

agricultural) that enters a reservoir (Roberts, 1986; Lazaro, 1990; 

Emmerth and Bayne, 1996). However, the question of the relationship 

of phytoplankton production dynamics as a function of run-off remain 

unresolved.

In reservoirs, the majority of freshwater nutrient and sediment 

load usually enters directly from one or more tributaries. The quality 

and quantity of the runoff depends on the shape and size of the 

watershed and the space and tempo of precipitation events in the 

watershed. The space and tempo of precipitation may result in 

irregularly pulsed nutrient and sediment loading and will influence 

reservoir functions (Thornton et. al., 1990, Day et. al., 1995).

Reservoir phytoplankton production depends on physical, 

chemical, and biological factors that are a function of the climatic and 

hydrologic regimens, size and nature of the watershed, reservoir basin
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morphology and consequently, the nature and volume of the river 

inflow. Two primary factor controlling phytoplankton production in 

reservoirs, e.g., light and nutrient availability, are themselves a 

function of water pulses and water residence time (Kimmel, 1981).

Light and nutrients are not independent. For example, the 

amount of sediments transported in pulses is an important factor 

limiting light penetration that affects the uptake of nutrients by 

phytoplankton. Ford (1990) and Gallegos et. al. (1992) showed in 

freshwater runoff that light penetration was reduced by the suspended 

particulate load and prevented utilization of available nutrients by 

phytoplankton in some systems. Oksiyuk et. al. (1991) found that in 

the Danube a decreased flow velocity and increased water 

transparency intensified the development of phytoplankton. The 

greatest biomass occurred in the Hungarian sector where a 

combination of high nutrient concentration, decreased flow, and 

increased transparency contributed to abundant phytoplanktonic 

algae.

Another important factor associated with productivity control in 

reservoirs is the water residence time. Heiskary (1995) points out 

that chlorophyll a appeared to be negatively related to river inflow. 

When high flow is present, resulting in short water residence time, 

chlorophyll a is less due to washout of the cells (Walker, 1987).

Phytoplankton biomass accumulation is used today as an indirect 

estimate of phytoplankton production and it is related to runoff, river
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discharge and rainfall (Gilbes et. al., 1996). The use of phytoplankton 

biomass accumulation for prediction of phytoplankton production has 

increased with the development of new models such as “ the 

prediction of chlorophyll a model: carbon ratio and growth rate of 

phytoplankton ” (Geider and Macintyre, 1996). This dynamic model is 

one example of biomass prediction using the mass and regulation of 

partitioning of photosynthate during phytoplankton adaptation to 

irradiance. Therefore, it is possible to predict phytoplankton growth, 

and this will allow us to address the importance of the phytoplankton 

population dynamic and productivity.

Considerable attention has been focused on nutrient input and 

sediment transport in reservoirs used for various purposes. For 

example, flood sediment composition has been studied by agronomists 

and other scientist, who made models of sediment and nutrient 

loading (Faures et. al., 1995).

My investigation was to determine phytoplankton production 

dynamics under the effect of peak flow into a reservoir. The study site 

was Waco Reservoir, a flood-control, water-storage reservoir. It is 

particularly appropriate for the study of pulses. This climatic region 

presents great seasonal differences in rainfall. The average annual 

precipitation is 71.12 cm. Thunderstorms are most frequent between 

May and August. They are of short duration and high intensity and 

produce flash floods. Rainstorms of longer duration result from



tropical cyclones over the Gulf of Mexico from June to September, 

with highest incidence from August to September (Prikryl, 1985).

My objectives were to measure changes in transparency and 

nutrient content and subsequent phytoplankton production and algae 

biomass as water pulses enter and move along the North Bosque River 

arm of the reservoir, and to predict the relationship between 

phytoplankton production (quantity and timing) and water pulses in 

the reservoir.

The research tested the hypotheses that water pulses are 

responsible for the spatial and temporal patterns of reservoir 

phytoplankton production and that phytoplankton production varies 

with changes in transparency and nutrient availability caused by 

pulses.
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CHAPTER TWO

Review of the Literature

Reservoirs, Runoff and Runoff Models:

Many reservoirs are located near the base of drainage basins and 

receive direct runoff from adjacent watersheds as well as nutrient and 

sediment input from one or more major tributaries (Thornton et. al., 

1990). Since the drainage basin receives a variable contribution of the 

surface runoff from the river channel, which contributes to the time- 

variable outflow, a “dynamic watershed” term was introduced in 1965 

(Weyman, 1974). This term illustrates how the area of overland flow 

expands with increasing rainfall during the course of a storm (Ellison, 

1982). The flow (water mass balance) through a lake or reservoir is a 

dynamic process with principal variables being surface runoff, 

precipitation, evaporation, riverine input, and the filled volume of the 

reservoir (Wagner et. al., 1994).

Reservoir mass balances are dominated by flood discharge (i.e., 

spring and fall rainstorms). For this reason, it is important to measure 

the intensity and duration of precipitation (Varis, 1989; Wain, 1994).

Precipitation is essential for rainfall-runoff. In small watersheds, 

spatial and temporal distribution of precipitation exerts a significant 

influence on peak discharge and total runoff. Obviously, the impact of
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spatial rainfall variability on runoff prediction is related to the scale of 

the watershed and physical properties of the storm (Faures et. al., 

1995).

To assess the impact of rainfall in time and space, a runoff model 

may be used such as KINEROSR (Faures et. al., 1995), CREAMS or 

SWAT (Arnold and Allen, 1996). It is important to simulate the major 

components of the hydrologic budget to determine the impact of 

runoff for reservoir management. These models provide predictive 

tools to test changes in the hydrologic regimen and a framework that 

analyze data and test hypotheses. In these predictive models particular 

attention is devoted to the relationship between runoff process, 

contribution area, and streamflow (Weyman, 1974).

The use of modeling techniques to simulate response to storm 

events is becoming increasingly common. These models are 

concerned with predicting the catchment response with variable 

temporal patterns of rainfall (Ball, 1994). For example, models of 

water balance are developed to simulate changes in runoff where 

runoff consists of surface runoff (i.e., annual precipitation) and base 

flow (i.e. wet). For this reason, depending on the annual precipitation, 

changes in runoff are observed (Ponce and Shetty, 1995).

Another factor that is under observation is the water retention 

time which is related to flood discharge. Flood peaks in reservoirs 

cause problems which are related to water retention time. Short 

retention time, high non-algal turbidity, and heterogeneity in time and

6
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space often have been mentioned as features in which impoundments 

differ most essentially from natural lakes. One example is an 

impoundment in western Finland that has a relatively short retention 

time. The short retention time prevents excessive blue-green algae 

growth (Varis, 1989). Another example is in Lake Tanneycomo 

(reservoir in Missouri) where a residence time of seven days did not 

permit sufficient time for phytoplankton accumulation (Thornton et al, 

1990).

Urban and Agricultural Runoff:

The transformation of the natural state of the land to urban and 

agricultural use produces changes in the quantity and quality of the 

water runoff. One of these transformations is the loss of natural 

vegetation which represents loss of the interception storage that 

exists with natural vegetation. Therefore, in areas where grassland and 

forest were transformed to suburban development, the peak flood 

magnitude and total quantity of the runoff increased. In Four Miles 

Run, Alexandria, Virginia complete urbanization of the watershed 

increased flooding and thus presented the tendency for erosion of the 

soil and transport of pollutants (Whipple et. al., 1983). This change of 

flooding in urban areas is plain to see since storage and infiltration 

have been reduced to zero; therefore, higher peaks of runoff are 

present and cause dilution of components (organic and inorganic), and 

alter water quality (Lazaro, 1990).



Man's activities produce enormous quantities of wastes and are 

the dominant factor increasing nutrient inflow to our water resources. 

Man-induced nutrient addition is often referred to as cultural 

enrichment or urban runoff (Kimmel, 1969).

Urban runoff may transport many pollutants, some of which will 

accumulate and stimulate the growth of microorganisms, plants, and 

algae. These pollutants are composed of organic and inorganic matter 

and may be soluble or insoluble materials. The concentration of 

pollutants is a function of the degree of urbanization, land use, and 

animal populations. The major types of pollutants transported by 

runoff are suspended solids, heavy metals, nutrients (P and N), and 

PCBs (Walsh et. al. 1994, Frarey and Jones, 1996).

The suspended solids concentration in urban areas may vary 

depending on physiographic and climatic factors; however, urban 

areas do not necessarily contain easily erodable surfaces as do rural or 

agricultural areas. Therefore, high suspended solids concentrations 

are indicative of land surface disturbance within the watershed 

(Lazaro, 1990). Erosion of the soil may also carry heavy loads of 

adsorbed phosphorus as a suspended solid from either rural or urban 

areas. But, loads of the nutrients P and N are increased by use of 

agricultural fertilizers and pesticides, and by cattle feed waste 

(Whipple et. al., 1993). In Milwaukee, Wisconsin urban runoff had low 

concentrations of dissolved constituents due to the faster urban storm

8
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dissolved material. But, in Durham and Raleigh, North Carolina the 

total phosphorus level from urban areas was comparable to rural areas, 

and suspended solids concentrations from urban runoff were lower 

than rural runoff (Lazaro, 1990).

Early studies showed that clear-cutting of forests and road 

building also increased peak storm discharges. A study in western 

Cascade, Oregon, showed that clear-cutting and vegetation removal 

influenced water balance by decreasing evapotranspiration. Road 

construction influenced hillslope flow by converting subsurface flow to 

surface flow in both small and large basins. Therefore, peak discharges 

in small and large basins increased by different hydrologic 

mechanisms (Jones and Grant, 1996).

Urbanization and agriculture activities change the quantity and 

quality of the water runoff. Therefore it is necessary to use techniques 

to control pollutants and land erosion. Fortunately, techniques have 

been developed and applied in national programs to control land 

erosion in agriculture and silviculture, and have been developed and 

applied in sewage systems to control pollution from urban areas 

(Lazaro, 1990).

Phytoplankton Dynamics in Reservoirs:

Reservoir phytoplankton production and biomass are dependent 

on physical, chemical, and biological factors that are a function of 

dynamic hydrological regimes, size and nature of the watershed,
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reservoir basin morphology, volume of river inflow, and reservoir food- 

web structure. The residence time of water in reservoirs exerts an 

important influence on phytoplankton production. The water 

residence time, at which algal biomass accumulation can be controlled 

by washout, (flushing rates exceed the phytoplankton doubling rate) is 

about one week. Numerous runoff pulses have retention times of less 

than seven days (i.e., Chickamauga Reservoir and Nickajack 

Reservoir), and therefore phytoplankton production often is 

influenced by flushing rates (Soballe and Kimell, 1987; Kimmel,

1990).

Studies of daily variation in the plankton community were 

investigated by Vazquez et. al. (1994) which showed that, in a 

partially stratified estuary, the plankton community changed by 

changing the residence time and by regenerating nutrients available to 

plankton when the surface water and bottom water were mixed.

Floods most often produce a disturbance that is the dominant 

factor governing phytoplankton dynamics in streams, lakes, and 

reservoirs as was shown in a northern Ozark mountain stream where 

floods dramatically affected the periphyton biomass. In this stream, 

when fall and spring floods were most common, benthic chlorophyll a 

decreased after flood events (Lohman et. al., 1992). Covillard and Li 

(1993) showed that the dilution of runoff water can stimulate or limit 

algal growth depending on the concentration of toxicants, N, P, and 

suspended solids from runoff. They also found that a lower rainfall



intensity plus a longer rainfall time increased algal production.

Freshwater runoff can therefore significantly affect 

phytoplankton production in reservoirs. Following a reduction of 

discharge, the chlorophyll a increases, and the nutrients dramatically 

increase after the pulse reaching higher levels than under normal 

flow. This suggests a relationship between drastic increase in 

nutrients and the following phytoplankton blooms, as well as a 

relationship between the phytoplankton blooms and the following 

depletion of nutrients. In Eastman River estuary a phytoplankton 

bloom was caused by reduction in discharge, and a low chlorophyll a 

concentration was linked to nutrient depletion (Ingram et. al., 1985). 

Rnowlton and Jones (1996) showed, in Mark Twain Lake, Missouri, 

the dynamics of phosphorus and suspended sediments were parallel 

and dominated by fluvial inputs. Therefore, loading of these materials 

into a reservoir can have antagonistic effects on algal productivity by 

increasing nutrient supplies while reducing availability of light. 

Dynamics of these suspended sediments and nutrients in reservoirs 

are often dominated by fluvial inputs which influence the 

phytoplankton dynamics where phytoplankton become nutrient 

limited during blooms (i.e., low turbidity) or light limited during high 

turbidity. Several runoff events in Mark Twain Lake increased turbidity 

in headwater areas; however, minor inputs did not decrease surface 

clarity even during fall overturn. But light limitation of growth does 

not necessarily result in reduced biomass because growth rates could

11
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eventually produce as much biomass as available nutrients could 

support. Therefore, small changes in light availability will have a 

proportionately greater effect on potential biomass accumulation than 

on growth rates (Redfield, 1991; Knowlton and James, 1995;

Knowlton and Jones, 1996).

The effect of intense rain pulses in a plankton community was 

investigated in Gernika estuary, Spain (Madariaga et. al., 1992), and 

Mayagtiez bay, Puerto Rico (Gilbes et. al., 1996). These studies 

suggested that chlorophyll a was related to riverine inputs. But we 

also have to consider the temporal scale in the distribution of the 

phytoplankton communities. Thus phytoplankton variability is highly 

affected by seasonal changes in rainfall (Madariaga et. al., 1992; Gilbes 

et. al., 1996).

In an analysis of long term water quality from the Rhode River, 

Maryland, the river flow contained nutrients from the watershed soils, 

municipal sewage, and agricultural sources as well as suspended 

particulate loading. Here the algae blooms were initiated by inputs of 

new nutrients from external sources; the algae bloom assemblage was 

unable to grow and began to dissipate when the added nutrient was 

depleted by the combined action of phytoplankton uptake and flushing 

(Gallegos et. al., 1992; Roden, 1994).

To predict the chlorophyll a concentration in a reservoir, 

several regression models that include factors such as catchment 

geology, nutrients, and hydraulic flushing have been constructed.
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Kagawa and Hirotani (1995) reported a regression model using these 

environmental conditions and observed two types of phytoplankton 

growth (abundant surface phytoplankton growth and maximum 

phytoplankton growth in the metalimnion). Chlorophyll a analysis and 

hydrological conditions were taken into consideration for these model 

(Ritchie, 1994; Kagawa and Hirotani, 1995).

Chlorophyll a is considered a better parameter for predicting 

direct linkages to phytoplankton productivity prediction. Models 

predicting chlorophyll a in reservoirs were able to reproduce the 

observed behavior of reservoirs, as in Prospero Reservoir where the 

model was effective in predicting the reservoir behavior for three 

years (Neveux and Lantoin, 1993). The predictor variables in 

chlorophyll a models needs to consider flow rates and limiting 

nutrients due to the strong relationships between phosphorus 

retention and flow (Bouchard et. al., 1995; Heiskary, 1995; Schladow 

and Hammilton, 1995).

Finally, reservoirs are intermediate in their limnology between 

natural lakes and rivers. Several authors (Wetzel, 1983; Thornton et. 

ah, 1990; Guo and Urbanas, 1996) propose that either riverine or 

lacustrine regions dominate reservoir processes depending on water 

residence time. Others (Lee et. ah, 1992; Havens et. ah, 1996) 

emphasize that reservoirs are transitional systems, dominated by 

fluctuations between riverine and lacustrine conditions in such factors 

as stream flow, residence time, N:P ratio, secchi depth, and non-algal
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turbidity. The differences among these factors are important because 

high turbidity may light limit algal biomass and rapidly flushed systems 

may also restrict algae to lower abundance. Therefore, studies of 

phytoplankton dynamics on pulsed systems are necessary to 

understand the behavior of the reservoirs.



CHAPTER THREE

Description of the Study Area

Waco Reservoir:

The study was conducted in a reservoir called Lake Waco (Fig.

1). Lake Waco is located at 31° 34’ 46” north and 94° 11’ 51” west in 

central Texas on the northwest edge of Waco, McLennan County below 

the confluence of the North, South and Middle Bosque Rivers and Hog 

Creek. This reservoir was constructed and filled in 1966 for flood 

control and water storage, and controls runoff from 4377.1 Km~ of 

drainage area (Bishop, 1977). It is the potable domestic water supply 

for parts of McLennan County and City of Waco.

Waco Reservoir is a small reservoir classified as mesotrophic and 

polymmictic (Lind, 1986). Morphometric characteristics of the 

reservoir are listed in Table 1 and chemical characteristics of the 

reservoir are listed in Table 2.
The reservoir has suspension of clay which results in high turbidity 

due to silt brought into the reservoir by its tributaries, especially in 

the riverine zone, and strong wind action, and lack of emergent 

vegetation. Kimmel (1969) reported that photic depth was from 1 to 

3.2 m in the Riverine Zone and from 2 to 5.3 m in the Lacustrine 

Zone.
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Figure 1. Location map of Bosque river watershed and Waco Reservoir
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Table 1. Morphometric characteristics of Waco Reservoir 
(Kimmel, 1969; Welch, 1988)

Parameter Waco Reservoir

Mean sea elevation 184.0 m

Surface area 24.9 Km^

Volume 127.4 10® m®

Maximum depth 22.0 m

Mean depth 6.4 m

Length of shoreline 96.6 Km

Watershed area 427 520 krn^

Watershed to surface area 145 to 1

Flushing coefficient 2.4

Turbidity (NTU) 26.6± 15

Secchi depth 0.8 -0.3 m

Table 2. Chemical characteristics of Waco Reservoir (Conry, 1996)

Parameter Waco Reservoir

pH 8.1

Total alkalinity 161.0 mg L ' CaCo3

Organic nitrogen 293.0 mg b '

Nitrate nitrogen 83.0 mg L

Soluble reactive phosphorus 4.0 mg L

Total phosphorus 52.3 mg L

Chlorophyll a 7.1-4 mg b ’
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North Bosque River Watershed:

Input to Waco Reservoir is from the North Bosque River with 

3108 Km^ drainage area. It originates in Erath County and it is the 

major contributor of four rivers. The rivers are Hog Creek, South 

Bosque River and Middle Bosque River. These three enter the 

reservoir the opposite North Bosque River and are presumed to have 

little effect on the North Bosque arm of the reservoir (Fig. 1).

Lake sediment dynamics and turbidity are affected by material 

supplied from the watershed (Hakanson, 1983). Soil type is a 

significant variable that determines sediment yield (Laronne and 

Mosley, 1982). Discharge of sediments among different watersheds 

varies in response to differences in soil, topography, and land use 

(Anderson, 1954).

The North Bosque River watershed of Waco Reservoir has sand 

and gravel of moderate infiltration. Soil of alluvial deposits is found in 

flood plains of the major streams within the Bosque basin. Another 

permeable formation is the Paluxy Sandstone which outcrops out only 

in the North Bosque River watershed. In the reservoir's watershed is 

also found limestone with low permeability (high runoff potential), and 

slow infiltration rates. Some contain clays with high swelling potential. 

These land characteristics support farming and ranching (Bishop, 

1977).

The soil type is important in determining the hydrologia
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The soil type is important in determining the hydrologia

response, but land use superimposed on that soil can alter that 

response (McCuen, 1983). Much of the original vegetation in the 

Bosque basin has been turned under by farming or damaged by 

livestock grazing. Eighty-three per cent of the watershed is devoted to 

pasture and agriculture, but with emphasis on ranching (Burr, 1994).

Some nutrient inflow reaches the reservoir as treated sewage 

and industrial waste release from six towns with wastewater treatment 

plants. This discharge permitted to discharge 11.4 million liters of 

treated wastewater per day into tributaries of the North Bosque River 

(Conry, 1994).



CHAPTER FOUR

METHODS

Field Procedures:

Three sampling station were establish, one was near to the 

mouth of North Bosque River (31 ° 35’ 92” N and 97° 17’ 58” W) 

called the “ Riverine Zone”. The second station was located 9 Km 

down reservoir 31 ° 35’ 54” N and 97 ° 50’ 33” W) and was called the

“ Transition Zone ”. The last station was near to the dam (31° 34’

57” N and 97 ° 11’ 94” W) and identified as the “ Lacustrine Zone” 

(Fig. 2).

From June through November 1995, water was sampled the day 

after a rain that produced an increase between 100 and 1000 cf sec"' 

(water pulse) of discharge from the North Bosque River and after a 

long period of dry conditions. Also in June 1996, water was sample 

the day after a rain that produced a water pulse and four times more at 

intervals of three or four days.

20



Figure 2. Map of the three sampling sites in Waco Reservoir, Waco, 

Texas.

Water Sampling:

Water sample collection was from the photic zone of the water 

column as determined from measurements of vertical extinction of 

photosynthetically active irradiance (PAR) at each station by a LICOR 

spherical quantum meter. Secchi depth also was measured (20 cm 

disc). The water samples were collected at a depth varying between 

two to three meters (1% of surface PAR) with a PVC sampling tube for 

an integrated sample.

Three replicates samples were taken at each station for 

chemical and phytoplankton productivity analysis. The samples 

designated for chlorophyll a, soluble reactive phosphorus (SRP) 

analysis, and total phosphorus (TP) analysis were placed in ice and
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samples for primary production analysis were placed in lake water for 

transportation to the limnology laboratory of Baylor University for 

further analysis.

The analysis of chlorophyll a , SRP, alkalinity, primary 

production and daily available light were done on the day of water 

sample collection. Analysis of TP was done the next day. All the 

material used in this stud}'' was washed and rinsed with 10% 

chlorhidric acid, followed by three rinses with distilled water.

Primary Production Measurements:

The shipboard method of incubation was used to determine 

primary production (Dickey, 1990). Incubation was conducted outside 

in a 224 cm diameter by 38 cm deep swimming pool painted black to 

inhibit backscattering of light. Light intensity was controlled by use of 

progressive layers (0, 3, 5, 7 screens) of neutral density nylon screen. 

These screens were used to approximate the range of light within 

each depth from the lake. The incubation was done on Baylor 

University campus approximately 8.7 kilometers from Lake Waco.

'“C isotope method described by Lind (1985) was used to 

determine primary production. This is a radioactive tracer technique 

which assumes that the uptake of carbon as or in 

phytoplankton photosynthesis is proportional to their concentrations 

in water (Doyle, 1985). Triplicate light and dark incubation bottles 

(125 ml) were filled with lake water from each station and 1 ml of



incubated in the pool during four hours (12:00 P.M. to 4:00 P.M.). 

After this incubation, bottles were placed on ice in the dark. Then a 

50 ml well-shaken aliquot was filtered though a membrane filter (0.45

pm). Radioactivity in phytoplankton was determined using a Beckman

LS 1801 scintillation counter and quench curve correction was made 

(Fig. 3).

During the incubation, pH and total alkalinity were determined 

for each sample to permit calculation of inorganic carbon. Calculation 

of integral primary production requires photosynthesis-irradiance 

curves derived from incubation and light extinction data at the 

sampling station.

Naj^COg (specific activity 1.5 pCi • ml ') added with a syringe and 22

H#

Figure 3. Quench curve for calculation of counting efficiency for **C, 

using Beckman external standard H method.
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The model used to calculate primary production combines data 

from surface light and light extinction profiles in the water column to 

calculate light at each depth in the water column at each station. 

Photosynthesis-irradiance curves are combined with calculated light at 

each meter depth in the water column, therefore productivity was 

calculated for every depth. Solar irradiance was continually monitored 

during the day of the experiment (7:00 A.M. to 6:00 P.M.) at the 

incubation site according to the procedure outline by line (1985).

P is the phytoplankton production maximum in the water 

column taking in consideration just the euphotic zone in the lake. The 

calculation used for this variable was in mg C m The next formula 

was applied in this study:

Phytoplankton production 
(mgCm^h"*)

(L-D)*^C available* 1.06* 1000

“C added* 2.22* 10®* E* t

WHERE:

L= CPM of light bottle (125 ml).

D= CPM of dark bottle (125 ml).

'*C available Total carbon (mg C * m®), derided from 

alkalinity, pH and temperature.

1.06= Correction factor for uptake of '“C vs ^C. 

1000= mg * gh

'“C= 1 gCi of isotope added to 125 ml.



E= Efficiency of scintillation counter.

2.22 * 10®= DPM * (iCi. 

t= Incubation time (h).
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Daily primary production was calculated from the integral 

production per hour and multiplied by the ratio of solar irradiance (all 

day) to the solar irradiance during the incubation period (Kellar et. al., 

1975; Doyle, 1985). The formula used was:

Phytoplankton production 
(mg C m ‘ day"')

I*E (X. + X.J (Z^,-ZJ 

i - I 2

WHERE:

Xj= Production (mg C m ® h"') at depth Z;. 

X,^= Production (mg C m ® h"') at depth Z^j. 

Zj= Discrete depth in meter of i— sample.

AND:
I =

*day

incuabation

WHERE:

I .= Ratio of total incidence irradiance.

I incubation” Ratio of incidence iixadiance during

incubation period.
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This calculation was applied for P ^ which is the phytoplankton

production integral in all the water column.

Chlorophyll a :

Chlorophyll a concentration was used as an estimate of 

phytoplankton biomass. Glass fiber filter ( 0.7 pm pore) were used to

filter one liter of water sample. Absorvance of 10 ml 90% acetone 

extracts was read on Beckman DU spectrophotometer and chlorophyll 

a concentration was determined using the trichromatic equation 

(Lind, 1985). This technique more accurately measures chlorophyll 

than other methods (Chavez and Buck, 1995).

Soluble Reactive Phosphorus and Total Phosphorus :

Samples were analyzed for SRP (Soluble Reactive Phosphorus) by 

molybdenum blue complex colorimetic method (Murphy and Riley, 

1962), following extraction into butyl acetate for low concentrations 

(Lind, 1985). The extreme sensitivity of this method required 

considerable caution to avoid samples contamination, therefore, all 

glassware used was soaked and rinsed in 10% HCL and rinse with 

glass-destilled water. Samples were analyzed for TP (Total 

Phosphorus) after oxidation using the persulfate digestion method 

(Lind, 1985).
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Discharge readings were taken by the US Geological Survay every 

day from the gage on the North Bosque River at Valley Mills, Texas, 

located at latitude 31°40' 19”, longitude 97° 28’ 09”, Bosque County, 

hydrologic unit 12060204, on the right bank at downstream side of 

bridge on Farm Road 56 (Fig. 4). The drainage area above is 2968.14 

Km The mean daily discharge data are reported from June to 

November 1995, and May to June 1996 in Table 3. Data were obtained 

electronically from US Geological Survey.

Valley Mills

Figure 4. Location of US Geological Survey gage on North Bosque River 

at Valley Mills, Texas (USGS, 1995).
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Table 3. Mean daily discharge (cf sec-1) from North Bosque River at 

Valley Mills, Texas, Gage.

1995 1995 1995 1995 1995 1995 1995 1996 1996
Day May June July Aug. Sep. Oct. Nov. May June
1 419 1350 230 10100 133 24 80 19 49
2 378 995 213 10200 1 14 21 69 19 145
3 418 622 200 10300 107 19 352 18 100
4 498 450 187 54000 104 22 135 14 174
5 458 373 220 2800 97 20 716 17 243
6 15900 338 255 1900 92 19 786 16 93
7 2670 318 420 1600 86 19 376 16 93
8 25000 291 350 1400 86 27 256 15 1 1 10
9 6460 262 280 890 82 53 200 15 318
10 2940 243 270 760 77 15 272 16 128
11 1990 21200 250 630 79 24 225 16 63
12 1780 4980 240 500 79 21 201 15 40
13 1540 2390 225 420 84 19 161 15 27
14 1210 1610 220 360 85 19 142 15 20
15 952 1150 210 325 166 23 616 14 16
16 810 872 200 290 124 23 629 14 12
17 728 715 200 275 1 1 23 449 13 8.5
18 655 614 260 260 454 328 328 12 8.5
19 567 540 295 220 196 2350 276 12 6.1
20 518 476 285 190 241 508 261 12 5
21 480 421 255 183 273 234 2520 10 4.9
22 443 382 230 169 258 162 1060 9 4
23 415 345 210 153 176 129 621 8.2 4
24 414 310 190 144 145 237 455 7.8 4
25 469 283 180 136 138 2240 405 7.1 4
26 446 258 165 131 128 715 371 6.7 4
27 520 237 160 131 128 715 371 7.3 4.3
28 533 137 150 121 121 231 288 7.5 —

29 447 237 135 1 18 113 145 288 7.4 —

30 2480 232 120 115 107 1 13 217 1 1 —

31 1010 — 170 148 --- 93 --- 618 ---

Water Retention Time:

The water retention time was calculated considering the whole 

lake capacity as 100%. Then the portion that were sampled (Riverine,
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Transition and Lacustrine zones) was considering as representative of 

60% of the total volume lake.

From morphometric measurement, the Riverine zone was 

calculated as 10% of the total volume, the Transitional zone was 

calculated as 25%, and the Lacustrine zone was calculated as 25% of 

the total volume of the lake.

Considering these volumes, the water retention time was 

calculated by using data from the discharge gage at Valley Mills and 

the volume of the lake. This calculation was made by using the 

formula:

RT (y"')= V/Q

Where :

V= Average annual of the reservoir volume. 

Q= Volume of catchment run-off.

Data analysis:

I used a correlation analysis of phytoplankton production and 

discharge to determine the relationship between these two variables, 

magnitude of the other. I also used a complete randomized block 

design analysis was used to test for differences in nutrient
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concentrations and phytoplankton production among stations. A two- 

way analysis of variance (ANOVA) was used to detect differences in 

chlorophyll a , transparency, SRP, TP and flow variables among the 

three stations. This analysis considered any possible pair group, but 

not which one is different. In this study, Scheffe’s multiple contrast 

was used to test for differences among groups (Ott, 1983).

Finally, in this study I used a multiple regression to determine 

the effect of pulse and other variables on phytoplankton biomass in 

each zone of Lake Waco.



CHAPTER FIVE

Results

Phytoplankton Production:

Phytoplankton production varied differently during and after 

pulse events. Pmt of the Riverine Zone was lower (165 mg C m"“ day"') 

in June 1— 1995 at pulse of 1350 cf sec \ and a photic depth of 0.77 

m (Table 4). The Pmax was the highest (449 mg C m'^) at this pulse 

rate. The maximum P^t was 787 mg C m day" while Pmax was 221 

mg C mon June 12 1996, when the photic depth was 2.6 m and the 

discharge rate was 40 cf sec"' . This variation was due to pulse-induced 

change in nutrients and light supply.

In contrast to the Riverine Zone, the Transition Zone was more 

productive. The phytoplankton production in the Transition Zone had 

a maximum P^t of 2175 mg C m ~ day ' and Pmax of 189 mg C m' at a 

photic depth of 2.45 m. The photic depth in the Transition Zone was 

similar during all the sampling dates. In the Transition Zone the 

lowest Pmt was 289 mg C m"^ day"' while the Pmax was 38 mg C m"^ at 

a photic depth of 2.55 m (Table 5).
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Table 4. Phytoplankton production mg C mday \ mg C m ^ and

photic depth of the Riverine Zone

DATE Pint P* max photic depth

mg Cm^day mg C m * (m)

1 June 1995 ** 165 449 0.77

2 1 July 1995 301 63 1.36

1 0 August 1995 * 345 75 1.81
29 September 1995 295 35 2.46

27 October 1995 * 106 74 1.14

23 November 1995 287 66 1.21

2 June 1996 187 207 1.19

4 June 1996 279 104 1.00

8 June 1996 ** 177 345 0.77

12 June 1996 787 221 2.60

** Pulses more than 1000 cf see k 
* Pulse of 600 cf sec h

Table 5. Phytoplankton production mg C 2 1 3m" day' , mg C m and

photic depth of the Transition Zone

DATE Pint P* max photic depth

mg Cm ^ day * mg C m * (m)

1 June 1995 1200 117 2.65

2 1 July 1995 289 38 2.55

10 August 1995 2175 189 2.45

29 September 1995 1557 301 2.80
27 October 1995 387 297 1.79

23 November 1995 442 166 2.79

2 June 1996 1118 198 2.77

4 June 1996 813 221 2.23
8 June 1996 1189 246 2.30

12 June 1996 1295 225 1.87
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The phytoplankton production in the Lacustrine Zone had a 

lower production than the Transition Zone but higher than the 

Riverine Zone. The Lacustrine Zone had a maximum P^t (1534 mg C

m"^) and P^ax (226 mg C m '*) at a photic depth of 3.10 m. In this zone 

the maximum photic depth was 5.75 m, but at this depth the 

phytoplankton production (261 mg C m ) did not increase as much as 

at 3.10 m. At the shallowest euphotic depth (2.57 m) the lowest Pint

132 mg C moccurred with the second lowest P^ax 41 mg C m 

(Table 6).

2
Table 6. Phytoplankton production mg C rn day" , mg C m" and

photic depth of the Lacustrine Zone

DATE Pint
mg Cm ^ day *

P* max
mg C m *

photic depth 
(m)

1 June 1995 326 83 2.91

2 1 July 1995 261 20 5.75

10 August 1995 1227 163 3.23

29 September 1995 1534 226 3.10

27 October 1995 195 84 2.82

23 November 1995 216 73 3.06

2 June 1996 294 94 2.96

4 June 1996 132 41 2.57

8 June 1996 245 57 3.48

12 June 1996 694 127 3.13
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The rate of discharge of water entering the reservoir from the 

North Bosque River varied greatly during of dry and wet periods. The 

dry periods were longer than the wet periods, therefore occasional 

and irregular pulse events occurred (Fig. 5). For example, in June, 

1995, there was a maximum pulse event of 6000 (cf sec"*).

The month of July was a long dry period of 21 days with a 

discharge rate maximum of 420 cf sec"’. In August there was a pulse of 

more than 6000 cf sec"' . But the remainder of August through October 

17 was dry with discharges rate less than 500 cf sec *. From the 

middle of October through November, pulses were more frequent. In 

this time a series of discharge rate peaks between 900 and 2500 cf 

sec * resulted in irregular pulses.

Finally, May had a long dry period, which was followed by 

discontinuous discharge rate in June 1996. In this month pulse 

events, with a discharge peak of 1350 cf sec * were present with a 

combination of short wet and dry periods from 1 to 15 of June, then 

the remaining month was a long dry period. The discharge on the 2**^ 

of June was 145 cf sec'*, on the 4~ of June was 175 cf sec'*, on 8^*" of 

June was 1110 cf sec * and on 12 of June was 40 cf sec *. June 1996, 

in comparison with June 1995, had a reduction of total inflow 

therefore a reduction in the discharge peak (Fig. 5).

In the Riverine Zone, during the sampling dates at the higher 

pulse rate (1350 cf sec"') the retention time was 1 day, while in the
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lower peak of discharge (40 cf sec ') the retention time was 13 days 

(Table 7).

September October November May June

1995 Days of sampling 1996

Figure 5. Discharge (cf sec ') from North Bosque River. Sampling dates 

indicated by the bars.
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Table 7. Discharge and water retention time on sampling dates of 

the Riverine Zone

Date Discharge

(cf sec ’)

Retention time

(day)

1 June 1995 1350 1.0

21 July 1995 255 3.2

10 August 1995 760 1.8

29 September 1995 113 4.1

27 October 1995 715 2.2

23 November 1995 621 2.0

2 June 1996 145 7.4

4 June 1996 174 6.2

8 June 1996 1180 1.6

12 June 1996 40 13.0

The discharge from the Riverine Zone was transported to the 

Transition and Lacustrine Zones. Because of larger volumes in the 

Transition Zone and Lacustrine Zone the retention times varied in 

each zone. The Transition and Lacustrine Zones had longer retention 

times (Table 11, 12) than did the Riverine Zone.

Nutrients

Soluble Reactive Phosphorus (SRP):

The amount of discharge affected the nutrient concentration
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transported to the reservoir. The Riverine Zone, which is the first to

receive pulses of water, had a SRP maximum of 1.23 mg P 1 at 1350

cf sec ', and a mir imum of 0.14 mg P 1 at 145 cf sec * of discharge 

rate (Table 8).

Table 8. Soluble reactive phosphorus in mg P 1"' during and after 

puses events in the Riverine Zone

Date Discharge

cf sec '

Soluble reactive phosphorus 

mg P r ’

1 June 1995 1350 1.23

21 July 1995 255 0.48

10 August 1995 760 0.20

29 September 1995 113 0.26

27 October 1995 715 0.62

23 November 1995 621 0.70

2 June 1996 145 0.14

4 June 1996 174 0.53

8 June 1996 1180 1.06

12 June 1996 40 0.20
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The phosphorus concentration in the Transition Zone was lower 

and less variable than in the Riverine Zone. In this zone the SRP 

maximum was 0.37 mg P 1"' and the SRP minimum was 0.08 mg Pi'.

The SRP of the Lacustrine Zone was affected by activity 

occurring in the Transition Zone. The SRP in the Lacustrine Zone had 

a maximum of 0.60 mg P l ' and a minimum of 0.02 mg P l ' (Table 9).

Table 9. Soluble reactive phosphorus in mg P 1"' in the Transition 
Zone and Lacustrine Zone

Date Transition Zone

mg P r'

Lacustrine Zone

mg p r'

1 June 1995 0.20 0.34

21 July 1995 0.36 0.41

10 August 1995 0.14 0.31

29 September 1995 0.26 0.11

27 October 1995 0.35 0.60

23 November 1995 0.37 0.33

2 June 1996 0.28 0.32

4 June 1996 0.22 0.02

8 June 1996 0.08 0.21

12 June 1996 0.12 0.28
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Total Phosphorus (TP):

The TP also was affected by discharges in the Riverine Zone. The 

Riverine Zone had a TP maximum of 2.06 mg P f' at a 1180 cf sec* of 

discharge rate and a minimum of 0.46 mg P l ' at 40 cf sec'* (Table 

10).

Table 10. Total phosphorus (mg Pi') during and after pulses events 
in the Riverine Zone

Date Discharge

cf sec '

Riverine

mg P 1" 1

1 June 1995 1350 0.99

21 July 1995 255 1.43

10 August 1995 760 0.92

29 September 1995 113 1.64

27 October 1995 715 0.73

23 November 1995 621 0.77

2 June 1996 145 1.03

4 June 1996 174 0.83

8 June 1996 1 180 2.06

12 June 1996 40 0.46

In the Transition Zone the TP was reduced by dilution. Here the 

TP was 1 40 mg P l' as a maximum at a retention time of 3.9 days.
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and 0.32 m g P l ' as a minimum at a retention time of 1.7 days (Table

11).

Table 11. Total phosphorus (mg P l') and water retention time in 
the Transition Zone

Date Retention Time

day

Transition Zone

mg P r’

1 June 1995 1.7 0.32

21 July 1995 3.0 0.69

10 August 1995 1.0 0.76

29 September 1995 3.9 1.40

27 October 1995 5.7 0.72

23 November 1995 2.1 0.96

2 June 1996 5.9 0.39

4 June 1996 7.0 0.38

8 June 1996 3.7 0.35

12 June 1996 1.6 0.43

In the Lacustrine Zone, increased water volume further affected 

the TP concentration. This zone is close to the dam and the 

maximum, TP was 0.96 mg P 1"' with a retention time of 2.1 days and 

the minimum, TP was 0.21 mg P l ’ with a retention time of 3.3 days 

(Table 12).
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Table 12. Total phosphorus (mg P 1 ) and water retention time in 
the Lacustrine Zone

Date Retention Time

day

Lacustrine Zone

mg P 1

1 June 1995 1.5 0.34

21 July 1995 2.7 0.96

10 August 1995 1.0 0.63

29 September 1995 3.5 0.90

27 October 1995 5.1 0.77

23 November 1995 1.9 0.77

2 June 1996 5.2 0.37

4 June 1996 6.3 0.66

8 June 1996 3.3 0.21

12 June 1996 1.4 0.37

Light:

Pulses had a major effect on water turbidity. In the Riverine 

Zone, which is characterized by oscillation in discharge (6000 to 4 cf 

sec~l) the light extinction coefficient was high (5.99 m * at 1350 cf 

sec'*) and 6.12 m ' at 1150 cf sec'* while secchi depth visibility 

decreased to 0.10 m. In low discharge (40 cf sec'*) the light 

extinction coefficient was lower (1.15 m * at 40 cf sec~i) while the 

secchi depth was 0.75 m (Table 13).
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Table 13. Comparison of light extinction coefficient and secchi depth
in the Riverine Zone

Date Extinction coefficient Secchi depth

m ' m.

1 June 1995 5.99 0.10

21 July 1995 1.17 0.45

10 August 1995 1.19 0.50

29 September 1995 2.63 0.70

27 October 1995 1.30 0.50

23 November 1995 1.18 0.15

2 June 1996 3.99 0.25

4 June 1996 3.49 0.29

8 June 1996 6.12 0.10

12 June 1996 1.15 0.75

In the Transition Zone, the decreased discharge resulted in 

increased visibility. In this Zone the maximum visibility was 0.90 m 

and the light extinction coefficient was 1.44 m The minimum 

visibility was 0.45 m, which is higher than in the Riverine Zone, and 

the maximum light extinction coefficient was 2.65 m (Table 14).



Table 14. Comparison of light extinction coefficient (m '*) and secchi
depth (m) in the Transition Zone

Date Extinction coefficient

m

Secchi depth

m
1 June 1995 1.90 0.75

21 July 1995 2.65 0.50

10 August 1995 1.44 0.90

29 September 1995 1.29 0.80

27 October 1995 2.39 0.45

23 November 1995 2.28 0.57

2 June 1996 1.72 0.45

4 June 1996 1.44 0.59

8 June 1996 1.85 0.45

12 June 1996 1.69 0.60

The Lacustrine Zone usually had greater visibility than the 

Riverine and Transition zones. In the Lacustrine Zone the maximum 

visibility was 1 m and the minimum of visibility was 0.63 m, which was 

higher than the minimum visibility in the Riverine and Transition 

zones. The maximum light extinction coefficient was 1.72 m * at 0.63 

m of visibility and the minimum light extinction coefficient was 0.8 

m * at 1 m of visibility (Table 15).
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Table 15. Comparison of light extinction coefficient (m"') and secchi
depth (m) in the Lacustrine Zone

Date Extinction coefficient
-lm

Secchi depth

m
1 June 1995 1.50 0.70

21 July 1995 0.80 1.00

10 August 1995 1.19 1.00

29 September 1995 1.19 1.00

27 October 1995 1.72 0.63

23 November 1995 1.11 0.85

2 June 1996 1.11 0.85

4 June 1996 1.27 0.70

8 June 1996 1.44 0.63

12 June 1996 1.51 0.75

Chlorophyll a (Chi a ) :

Algal biomass was affected by pulses through the zones of the 

reservoir. The algal biomass varied with changes in discharge.

In the Riverine Zone algal biomass had a maximum of 18 mg Chl-

-3 -3
am at 1350 cf sec of discharge. The minimum of 4 mg Chl-a m 

occurred at 174 cf sec ‘ of discharge and 3.49 m ' light extinction 

coefficient (Table 16).
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Table 16. Chlorophyll a (mg Chi a m ) from the Riverine Zone, 

Transition Zone and Lacustrine Zone

Date Riverine Transition Lacustrine
-3

mg Chi a m
-3

mg Chi a m
-3

mg Chi a m
1 June 1995 18 14 10

21 July 1995 7 14 11

10 August 1995 9 38 12

29 September 1995 13 17 15

27 October 1995 9 22 1 1

23 November 1995 6 14 10

2 June 1996 9 18 10

4 June 1996 4 14 10

8 June 1996 15 14 9

12 June 1996 9 26 7

In the Transition Zone algal biomass had the highest value of the

-3
three zones and was 38 mg Chi-a m this occurred at light extinction

-1 -3
coefficient of 4 m . Minimum biomass of 14 mg Chi-a m at average

of 2.02 m light extinction coefficient.

In the Lacustrine Zone both algal biomass and light extinction 

coefficient were reduced in compared to the Transition Zone. In this

-3
Zone the maximum of phytoplankton biomass was 15 mg Chi-a m at

-1 . -3 -1
1.18 m .A minimum of 7 mg Chi-a m occurs at 1.51 m light
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Data Analyses

Phytoplankton differences Among Riverine, Transition and Lacustrine 

zones:

Phytoplankton production varied among the three zones

(F=7.36; p< .05). The Transition Zone had high primaiy production

-2 -1
(1047 + 584 mg C m day ) and was different (p< .05) from the

-2 -1
Riverine (290 + 190 mg C m day ) and the Lacustrine (512 + 487 mg

-2 -1
C m day ) zones. The Riverine Zone was not different from the 

Lacustrine Zone (Table 17).

Table 17. ANOVA and Scheffe F-Test for differences in
phytoplankton production among the three zones

ANOVA:

Source: DF: Sum Squares: Mean Square: F-test:

Between zones 2 3017521.4 1508760.7 7.36

Within zones 27 5534971.8 204999 p= .003

Total 29 8552493.2

Comparison zone: Mean Diff.: Scheffe F-test:

Riverine vs Transition -755.6 6.96 *

Riverine vs Lacustrine -221.5 0.60

Transition vs Lacustrine 534.1 3.48 *

* Significantly different at 95 %
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Nutrient:

The SRP varied in one of the three zones (p<.001). The SRP 

from the Riverine Zone was high (1.25 + 0.92 mg P 1 ) and different 

from the Transition (0.24 + 0.10 mg P 1 ) and Lacustrine (0.29 + 0.16
-l

mg P 1 ) Zones . The Transition and Lacustrine Zones were not 

different from each other (p< .05) (Table 18).

Table 18. ANOVA and Scheffe F-Test for differences in SRP among 

the three zones

ANOVA

Sources: DF: Sum Squared: Means Squared: F-test:

Between zones 2 0.43 0.22 5.93

Within zones 27 0.98 0.004 p= .01

Total 29 1.41

Comparison: Mean Diff.: Scheffe F-test:

Riverine vs Transition 0.28 5.29 *

Riverine vs Lacustrine -0.22 3.40 *

Transition vs Lacustrine -0.05 0.21

* Significantly different at 95 %

TP varied among the three zones of this pulsed system (p= .01). 

The Riverine Zone (1.09 + 0.48 mg P 1 ) and Transition Zone (0.64 +



48

-l

0.34 mg P 1 ) were different from each other. Also the Riverine Zone

and Lacustrine (0.60 + 0.26 mg P 1 ) Zone were different (p< .01). but 

the Transition and Lacustrine Zones were not different (Table 19).

Table 19. ANOVA and Scheffe F- Tests of differences in total 

phosphorus among the three zones

ANOVA:

Source: DF: Sum Squares: Mean Square: F-Test:

Between zones 2 1.46 0.73 5.24

Within zones 27 3.77 0.14 p= .01

Total 29 5.23

Comparison zones: Mean Diff.: Scheffe F-test:

Riverine vs Transition 0.45 3.56 *

Riverine vs Lacustrine -0.49 4.26 *

Transition vs Lacustrine -0.04 0.30

* Significantly different at 95 %

Light:

The Riverine, Transition and Lacustrine zones varied in visibility 

(p= .001). The Riverine Zone (0.39 ± 0.23 m) is the one with lower 

visibility. The Transition Zone (0.61 + 0.10 m) and Lacustrine Zone



(0.81 ± 0.15 m) were not different (p< .05). And they have more 

visibility than the Riverine Zone (Table 20).

49

Table 20. ANOVA and Scheffe of differences in secchi depth among 

the Riverine, Transition and Lacustrine zones

ANOVA
Source: DF Sum Squares: Mean F-Test:

Squares:

Between zones 2 0.89 0.45 13.28

Within zones 27 0.91 0.03 p= .001

Total 29 1.80

Comparison zones: Mean Diff: Scheffe F-Test:

Riverine vs. Transition -0.22 3.51 *

Riverine vs. Lacustrine -0.42 13.27 *

Transition vs. Lacustrine -0.20 3.13

* Significantly different at 95 %

Chlorophyll a:

Chlorophyll a was variable among the three zones. The 

Transition Zone had the highest mean concentration of Chlorophyll a
o

(19+8 mg chi a m ) and was different from the Riverine Zone and
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Lacustrine Zone ( p= .05). The Riverine Zone (10 + 4 mg chi a m ^)
o

and the Lacustrine Zone (11 + 2 mg chi a m ) were not different (p< 

.001) (Table 21).

Table 21. ANOVA and Scheffe F-Test differences in chlorophyll a
Q

(mg chi a m ) among the Riverine, Transition and Lacustrine
zones

ANOVA

Source: DF: Sum Mean F-Test

Squares: Squares:

Between zones 2 259.87 264.93 9.63

Within zones 27 750.30 27.79 p= .001

Total 29 1280.17

Comparison zones: Mean Diff: Scheffe F-Test

Riverine vs. Transition -9.02 7.61 *

Riverine vs. Lacustrine -0.60 0.03

Transition vs. Lacustrine -8.60 6.65 *

* Significantly different at 95%
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Correlation of Phytoplankton Production with Discharge and other

Variables:
_ o

Phytoplankton production (mg C m" ) was correlated with 

discharge, visibility (secchi depth), soluble reactive phosphorus, total 

phosphorus and water retention time, but not correlated with 

chlorophyll a (Table 22).

Table 22. Correlation of phytoplankton production with discharge at 
the day of sampling with secchi depth, SRPTP, water 
retention time and chlorophyll a in the Riverine Zone.

Parameter Riverine r

Discharge - 0.63*

Secchi depth 0.65*

Soluble reactive phosphorus - 0.50*

Total phosphorus -0.42

Water retention time 0.68*

Chlorophyll a - 0.25

(*) Significantly different p< .05

The phytoplankton production from the Riverine zone was 

inversely correlated with discharge (Fig. 6), but the correlation is 

driven by one extreme point. Phytoplankton production was also 

inversely correlated with soluble reactive phosphorus and total 

phosphorus (Table 22), but production was correlated to secchi depth 

and water retention time (Fig. 7).
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Figure 6. Phytoplankton production correlation with discharge 
(r= -0.42; p< .05) in the Riverine zone.

Figure 7. Phytoplankton production correlation and water retention 
time (r= 0.46; p< .05) in the Riverine Zone.
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Phytoplankton production from the Transition Zone was directly 

correlated with secchi depth (visibility) (r= 0.55) (Fig. 8), and 

chlorophyll a. ( r= 0.65). Phytoplankton production was inversely 

correlated to SRP (r= -0.52). Both relationships are strong (Fig. 9). 

Production was not related to discharge, TP or water retention time 

(Table 23).
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Figure 8. Phytoplankton production correlaton with secchi depth from 
Transition Zone (r= 0.55; p= .01).
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Figure 9. Phytoplankton production correlation with SRP from 

Transition Zone (r= -0.52; p=.01)

Table 23. Correlation of phytoplankton production and other 

variables in Transition and Lacustrine Zones.

PARAMETER Transition r Lacustrine r

Discharge 0.10 -0.23

Secchi depth 0.74* 0.63*

SRP -0.72* - 0.29

Total phosphorus 0.08 0.65*

Chlorophyll a 0.65* 0.62*

(*) Significantly difference (p< .05)
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Phytoplankton production in the Lacustrine Zone was directly 

correlated with secchi depth (r= 0.40; p= .001) (Fig. 10), total 

phosphorus and chlorophyll a. (r= 0.62). Phytoplankton production 

was inversely correlated with SRP (r= 0.39; p= .05), but the 

correlation was not as strong as correlation in the Transition Zone 

(Fig. 11). Phytoplankton production was not correlated with discharge 

in the Lacustrine Zone (Table 23).

Secchi depth (m)

Figure 10. Phytoplankton production correlation with secchi depth in 
the Lacustrine Zone (r = 0.63; p= .001).
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Figure 11. Correlation of discharge (cf sec"') from North Bosque River 

and secchi depth (m) in the Riverine Zone (r= -0.65; p< .05).

Finally, phytoplankton production in the Transition Zone was 

not correlated with discharge from the North Bosque River arm (r= 

0.10; p< .05) in the Riverine Zone. Phytoplankton production in the 

Lacustrine Zone was not affected by discharge rates (Table 23).

Correlation of discharge with other variables 

According to the correlation analysis with discharge and other factors, 

there was a different response according to the zone and variable 

measured (Table 24). The Riverine Zone had an inverse correlation 

between discharge and visibility (r = -0.65; p= .02) (Fig 11), water
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retention time and phytoplankton production, and a direct correlation 

with SRP (Fig 12) and chlorophyll a ( r=0.65) (Fig 13).

Table 24. Correlation of discharge and other variable in the Riverine 
Zone, Transition Zone and Lacustrine Zone.

Parameter Riverine r Transitional r Lacustrine r

Soluble reactive phosphorus 0.84* 0 23 0.25
Secchi depth -0.66* 0.09 0.09
Chlorophyll a 0.65* 0.27 0.23

Total phosphorus 0.25 -0.29 0.29

Phytoplankton production -0.51* 0.09 0.12

Water retention time -0.74* -0.55 -0.39

Discharge cf sec

Figure 12. Correlation of discharge and SRP in the Riverine Zone (r = 
0.71; p= .02).
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Figure. 13 Correlation of discharge and chlorophyll a in the Riverine 
Zone (r =0.66, p= .02).

Discharge in the Transition Zone was inversely correlated to 

water retention time (r= -0.55, p= .05), while discharge rate from 

North Bosque river was invesely correlated to water retention time (r 

= -0.39, p= .05) in the Lacustrine Zone. Discharge does not have 

correlation with SRP, secchi depth, chlorophyll a, TP and 

phytoplankton production in the Transitional and Lacustrine zones 

(Table 24).



Multiple Regression between Phytoplankton Production and other

Variables

A multiple regression was applied between phytoplankton 

production and varaibles that may control it. According to the multiple 

regression analysis, phytoplankton production in the Riverine Zone 

was controlled first by discharge rate, followed by secchi depth and 

SRP. The secchi depth and SRP are depended variables of discharge 

rate in the Riverine Zone (Table 25).
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Table 25.Multiple regression of phytoplankton production and other 
variables in the Riverine Zone (p< .05)

Parameter Accumulative

2r

Discharge 0.62

Discharge+secchi depth 0.72

Discharge+secchi depth+chlorophyll a+ SRP 0.72

Discharge+secchi depth+chlorophyll a+SRP+TP 0.72

Discharge+secchi depth+chlorophyll a+SRP+TP 0.76

Discharge+secchi depth+chlorophyll a+SRP+TP 0.76

In the Transition Zone, phytoplankton production dynamics
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were controlled by secchi depth, then by SRP, chlorophyll a and water 

retention (Table 26).

Table 26. Multiple regression of phytoplankton production and other 
variables in the Transition Zone ( p< .05)

Parameter Accumulative

r^

Secchi depth 0.55

Secchi depth+SRP 0.82

Secchi depth+SRP+chlorophyll a+water retention

time 0.86

Secchi depth+SRP+chlorophyll a+water retention

time + Discharge 0.90

Secchi depth+SRP+chl a+water retention time +

discharge+TP 0.91

In the Lacustrine Zone, the controlled variables changing 

phytoplankton production were secchi depth, then TP, SRP (Table 

27).
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Table 27. Multiple regression of phytoplankton production and other 
variables in the Lacustrine Zone ( p< .05)

Parameter Accumulative

r*

Secchi depth 0.41

Secchi depth+TP 0.51

Secchi depth+TP+SRP 0.56

Secchi depth+TP+SRP+water retention time

Secchi depth+TP+SRP+water retention

0.63

time+chlorophyll a

Secchi depth+TP+SRP+water retention time

0.69

+chlorophyll a+discharge 0.71



CHAPTER SIX

Discussion

Phytoplankton production dynamics in a nutrient pulsed system.

Phytoplankton production dynamics are controlled by a 

combination of hydrodynamic processes on spatial and temporal scale 

(Ingram et al., 1985).

In pulsed systems (hybrids between lakes and rivers), 

phytoplankton production is limited by light attenuation by particles 

and not some essential elements as N or P (Lind et al., 1992). 

Likewise, the impact of freshwater influx on phytoplankton 

production and biomass in estuaries varied among systems. River 

inflow contains nutrients from weathered soil, municipal sewage and 

agricultural sources that can contribute to increases of phytoplankton 

production limited only by self-shading (Gallegos et al. 1992; Pchofer 

and Sossau, 1995).

The phytoplankton production in a pulsed system has a 

different response according to the zone in question. In the present 

study phytoplankton production was affected differently in the three 

zones (Riverine, Transition and Lacustrine).

Phytoplankton production in the Riverine Zone of Waco 

reservoir is linked to discharge from the tributary river (North 

Bosque River). Here, changes in discharge significantly affect 

phytoplankton production. When a high pulse of water enters the

62



63

reservoir, a reduction of phytoplankton production occurs. Seip 

(1991), observed that high discharge decreased phytoplankton 

production and low discharge increased phytoplankton production. 

Lind (1986) stated that in Chapala Lake the extreme low value of 

phytoplankton production occurred early in the rainy season and was 

due to light limitation caused by inflow (pulses) of extremely turbid 

water from the Lerma river after heavy rainstorms.

The pulse had the greatest effect in the Riverine Zone and the 

pulses were linked to water retention time, thus controlling 

phytoplankton production of the Riverine Zone. Production was high, 

and water retention time was short (1 day). When the pulse of water 

above 1000 cf sec ' occurs. The algal production was low, when water 

retention time was longer (7 days) with the pulse of water was below 

600 cf sec"' the phytoplankton production had a smooth increase but 

in comparison to the production during high pulse was not different.

The production also changes in the Riverine Zone with changes 

in soluble reactive phosphorus concentration and secchi depth 

(visibility). In the Riverine Zone, production was low with high 

concentration of soluble reactive phosphorus, but the production 

increased with an increase of light availability. However, these 

variables are a function of changes in water pulses from the tributary 

river. This agrees with Gallegos et. al. (1992) who said that 

suspended particulate load carried in freshwater runoff increases 

nutrient concentration and reduces light penetration, and prevents 

utilization of available nutrients by algal cells in some aquatic systems 

results in low phytoplankton production.



64

Transition and Lacustrine Zones, were not affected by discharge 

from the North Bosque River. In the present study the phytoplankton 

production of these two zones was affected by other variables such as 

nutrients (phosphorus), and secchi depth (visibility).

These variables (secchi depth and nutrients) were controlled by 

the water residence time. The water residence time (the time 

required for the water to move from one zone to another) was linked 

to the discharge from the tributary river. Therefore, phytoplankton 

production from the Transition and Lacustrine was controlled by the 

water retention time indirectly.

Phytoplankton production in the Transition Zone was high 

when the water retention time was about 3 days, and the production 

was low when the retention time was about 6 days. However, 

phytoplankton production was controlled in this zone by changes in 

nutrients and secchi depth (visibility).

When the nutrient concentration was high and light was 

available for uptake of nutrients by phytoplankton the production of 

phytoplankton was high. Hence, when phytoplankton production 

increases, the nutrients are depleted and light limitation by self 

shading occurs, and the phytoplankton cells are unable to grow 

further. Therefore, changes in light availability and nutrient 

(phosphorus) concentration were principal variables affecting 

phytoplankton production in the Transition Zone (Fig. 14)
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Phytoplankton production —■— Nurients (P)
| [ Secchi depth —a— Water retention

time

Figure 14. Phytoplankton production dynamic related to water 
retention time (line open square), nutrients (phosphorus) (line closed 
square) and secchi depth in Lake Waco.

Phytoplankton production in the Lacustrine Zone was 

controlled by secchi depth and concentration of nutrients. This zone
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had the maximum visibility of the reservoir and low concentration of 

soluble reactive phosphorus.

Phytoplankton production in the Lacustrine Zone depends on 

total phosphorus more than soluble reactive phosphorus. But 

discharge in this zone and Transitional zone was not controlled the 

phytoplankton production as in the Riverine Zone (Fig. 14).

Pulses and nutrients (phosphorus):

Discharge from the tributary river brings to the reservoir an 

amount of suspended solid and organic matter. Therefore nutrient 

loadings are dominated by storm events and this requires a good 

knowledge of discharge and load relationships for catchments as well 

as the receiving water (Harris and Baxter, 1996).

The types of particulates that are carried depend on the use of 

land that is within the watershed. The nutrients (phosphorus), such 

as in any type of aquatic system, are important for phytoplankton 

production. In a nutrient-pulsed system (reservoirs) the nutrient 

contribution is complex, due to changes in concentration of nutrient 

loading from the tributary rivers.

Excessive nutrient loading increases the rate of eutrophication 

in a pulsed system. This is evident in the Riverine Zone which is the 

zone most impacted by the nutrients from the external (watershed) 

sources.

The watershed of Waco reservoir is modified by huma's activity 

(farming and ranching). Frarey and Jones (1996) showed the impact 

of ranching and agricultural activity in the upper North Bosque River



watershed. They found the presence of elevated nutrients and 

suspended solids, and these were transported by discharge through 

the watershed to the reservoir.

In the Riverine Zone, discharge from the tributary river 

contains nutrients and suspended particulates from the urban and 

agricultural sources around the watershed. Therefore, a high pulse 

increased soluble phosphorus concentration (1.23 mg P 1 '‘) and low 

pulse resulted in a low nutrient (0.20 mg P 1 loading to the 

reservoir. This agrees with Edwards et al. (1996) who said that pulse 

concentrations of SRP and TP were significantly higher for the 

Northwestern Arkansas basin, having the largest proportion of pasture 

land use. This phenomena also affects the visibility in water column, 

due to changes in suspended solids concentration.

The high concentration of nutrients (phosphorus) in the 

Riverine Zone was not reduced by phytoplankton cell uptake due to 

reduction of light necessary for photosynthesis. These nutrients were 

transported to the next zone (Transition Zone) in 1.5 days (average) 

during a high pulses (more than 1000 cf sec"') and 6 days (average) 

during a low pulses (less than 600 cf sec"‘).

In the Transition Zone, nutrients (phosphorus) from the 

Riverine Zone are taken up by phytoplankton, due to an increase of 

light availability. The soluble and total phosphorus in this zone were 

not correlated to the pulses from the North Bosque River. However, 

the water retention time had an influence on the nutrient 

concentration, and water residence time is related to discharges from 

North Bosque river.
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Therefore, in a short period of water retention (4 days) the SRP 

was higher than in a long period of water retention (7 days) where 

the SRP concentration was lower.The decrease of nutrient was due to 

increase of phytoplankton production in this zone.

The added nutrients from the watershed to the Riverine Zone 

are depleted by uptake of algal cell in the Transition Zone, therefore, 

low concentrations of nutrients are carried to the Lacustrine Zone. 

Here, nutrients are diluted in a larger volume of water (Fig. 15).

In the Lacustrine Zone the soluble reactive phosphorus and total 

phosphorus were not directly related to discharge.

Pulse 
more than
1000 cf/sec

RT
(3 days)

Pulse 
less than 
600 cf/sec

A|
Riverine'—

RT

□
Transition

RT
(4 days)

Lacustrine

■ Soluble reactive 
phosphorus

Total
phosphorus

Figure 15. Nutrient concentration (total and soluble phosphorus) 
dynamics in Lake Waco.
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Pulses and visibility (secchi depth):

Discharges also affect the visibility (secchi depth) in the 

reservoir, due to suspended non-algal particulates and organic matter. 

But not only allochthonous particulates affect visibility, autochthonous 

particulates can also affect visibility in aquatic systems.

Traditionally visibility has been related to phytoplankton 

biomass. However, other factors can either absorb or scatter light and 

contribute to lake turbidity (Riera and Armengol, 1995). The 

fluctuation of secchi depth is not only caused by high variation of 

phytoplankton turbidity but also by mineral turbidity as consequence 

of flood by biogenic decalcification and humic substances from the 

surrounding watershed (Schwarz et al., 1995). Light penetration in 

the Riverine Zone was affected by high loads of suspended sediment 

and nutrient transported into the reservoir. This zone provides an 

example of light limitation due to non-algal. When pulses occur the 

visibility was reduced to 0.10 cm. At this time the water was brown 

and turbid. When discharge was less than 600 cf sec* the visibility 

increased to 0.75 cm, but this increase of light availability was not 

enough to increase the phytoplankton production, even with high 

nutrient concentrations. This agrees with Williams et al. (1995) who 

cited that high sediment concentrations of solids from a watershed in 

Spain were recorded during discharge and storm events which 

decreased the visibility. After 1.5 days (after a pulse ) the light 

penetration decrease in the Riverine Zone due to high suspended 

solids and nutrients, but after than 6 days of discharge less than 600



cf sec"* the visibility increased due to sedimentation of suspended 

particles (Fig. 16).

According Koening and Edmunson (1995), changes in visibility 

have been related to different factors; e.g., dissolved matter, 

suspended inorganic particles (as the Riverine Zone), color and 

phytoplankton (as the Transition Zone). Therefore, the Transition 

Zone had changes in visibility which were related to phytoplankton 

instead of suspended inorganic solids, but pulses were related to the 

water retention time.

Hence the Transition Zone has a large volume of water and the 

pulses transported to this zone were reduced in velocity. As a 

consequence, the visibility and light penetration increased due to 

settling and dilution of the suspended particulates transported from 

the Riverine Zone. Therefore, I found increased visibility in the 

Transition Zone until an increase of phytoplankton biomass occurred. 

Hence there was an increase of phytoplankton production, with an 

increase in algal cell number and growth was limited by self shading. 

In the Lacustrine Zone the visibility increased to 1 m, due to a greater 

volume of water than in the Riverine and the Transition Zones. In the 

Lacustrine Zone visibility was not correlated to discharge, but visibility 

was correlated with phytoplankton cells. The visibility in the 

Lacsutrine zone was the same.

Discharge and phytoplankton biomass (chlorophyll a):

Biomass is the quantity of cells concentrated in a specific 

volume. In this case, it is the phytoplankton cells that are
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concentrated in the water column. The way to estimate the 

phytoplankton biomass is through chlorophyll a measurements.

In a system which is under the influence of pulses of water from 

the tributary river, the phytoplankton biomass is affected. Therefore 

hydrological events are very likely to have a significant impact on 

phytoplankton biomass (Harris and Baxter, 1996).

The lagal biomass in the Riverine Zone increased with pulses in 

the reservoir. This means that the phytoplankton cells can be 

allochthonous (the phytoplankton is transported from the watershed 

to the reservoir). Also the allochthonous phytoplankton cells are 

added to the autochthonous phytoplankton. However, the biomass was 

not related to phytoplankton production, due to light limitation.

According Gallegos et. al. (1992), blooms (a fast growth of algal 

cells) are initiated by input of new nutrients from external local 

watershed sources. Therefore, increased nutrient inputs alters the 

short-term balance between growth and loss rates, allowing biomass 

to accumulate (Gallegos et al., 1992). This happened in the Riverine 

Zone where the phytoplankton assemblage was unable to grow due to 

light limitation, but later phytoplankton cell grows to form bloom in 

the Transition Zone where light and nutrients were available, but the 

bloom was now unable to grow and begins to dissipate when the 

nutrients were depleted.

The impact of discharge is related to phytoplankton biomass 

and other variables such as light and nutrients (Gallego et. al 1992).

In the Transition Zone the algal biomass due to light and nutrient 

availability. When the biomass increased to a level where
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phytoplankton production was light limited by self-shading and 

nutrient limited by depletion, the biomass decreased with the 

phytoplankton production.

According Harris and Baxter (1996) phytoplankton biomass 

tend to be higher in a long term lag (water resident time) in an 

Australian reservoir. This agrees with the present study where 

phytoplankton biomass where increased during long term lag (7 days) 

and decreased in a short term lag (4 days) in the Transition Zone 

(Fig. 16).

Finally, algal biomass of the Lacustrine Zone was the lower than 

in the Transition Zone. The biomass in the Lacustrine Zone was not 

related to discharge. However, the biomass was correlated to 

phytoplankton production which was lower. In this zone, algal 

biomass was a function of the total phosphorus. This agrees with 

Hillman (1989) who found that, during periods of low turbidity, algal 

biomass was correlated with total phosphorus concentration.
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Pulses
more than 1 000 cf/sec

Figure 16. Algal biomass dynamics and Secchi depth in Lake Waco.

The increase of biomass in this zone was also related to 

phytoplankton production, therefore when the production increased 

or decreased the chlorophyll a concentration increased or decreased. 

But remember that this zone was nutrient limited and as a result 

phytoplankton production and biomass were lower than in the 

Transition Zone.

It is evident that the Riverine Zone was the zone most impacted 

by pulses, because the phytoplankton production was limited by light 

availablity, even though the nutrient concentration was high. This was 

due to high transport of suspended particles and organic matter from 

the tributary river to the reservoir.



When increased of light penetration occurs the production 

increased. This occurs when the water retention time was short. 

When water retention time was longer phytoplankton production 

decreased due to light limitation by self-shading. But remember that 

water retention time was in function of pulses intensity. Therefore 

phytoplankton production was in function of water retention thus 

indirectly a function of pulses.

In conclusion, pulse effects are important to phytoplankton 

dynamics, because the run-off from a tributary river to the reservoir 

affects phytoplankton production. If the effect of discharge through 

the reservoir is know we can predict the phytoplankton production 

or blooms and problems areas in it.

The phytoplankton production dynamics in a nutrient pulse 

systems depends of the intensity of the discharge from the tributary 

river, land use of the reservoir watershed and water retention time. 

This is important to management programs in reservoirs. Therefore, 

if the quality and quantity of the pulse is knowledge, it is possible to 

take prevention to avoid eutrophication an premature aging of the
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