
SEDMEhT AVD PHOSPHORUS LOADING: 

PREDICTING WATER QUALITY IN AhT URBAN PIEDMONT RESERVOIR 

J o h n  M. ~urkholder' and John E. parsons2 

Department of ~o tany '  

and 

Department of Biological and Agricultural ~ n g i n e e r i n g ~  

College of Agriculture and Life Sciences 
North Carolina State University 

Raleigh, Xorth Carolina 27695-7612 

The research on which this report is based was financed in part by the United States 
Department of the interior, Geological Survey, through the North Carolina Water Resources 
Research Institute. 

The contents of this publication do not necessarily reflect the views and policies of the 
United States Department of the Interior, nor does mention of trade names or commercial 
products constitute their endorsement by the United States Government. 

Agreement no. 14-08-0001-62037 
Project No. 70109 

USGS Pro jec t  No. 04 (FY91) 





ACKNOWLEDGMENT 

The experimental components of this study were completed with field and laboratory 

assistance from Katherine Mason, Howard Glasgow, Jr., L. Michael Larsen, and Phumelele 

Gama, with additional help from Virginia Coleman, Jeffrey Compton, Deborah Tan-Eventt, 

Ronald Gagliardo, Cecil Hobbs, Chalmers Johnson, Thomas Shahady, Brian Strom, Leslie 

Taggett, and My Hao Tran. Field assistance in collection of samples during storm events 

was provided by M. Larsen, H. Glasgow and C. Hobbs. M. Larsen, K Mason and H. 

Glasgow assisted in data analysis and graphics. Cavelle Brownie kindly provided counsel on 

statistics, and D. Tan-Everitt helped with statistical analyses. Scott Thomas assisted in the 

modeling effort. V. Coleman, D. Tan-Everitt, H. Glasgow, M. Larsen, Michael hlallin and 

M. McAuley critiqued the draft of this report. 





ABSTRACT 

The objectives of this study were, first, to examine the response of aquatic 

communities to an imposed gradient of sediment loading under low vs. high phosphate 

enrichment using a combination of field and laboratory experiments in Durant Reservoir, 

a representative impoundment in an urbanized Piedmont watershed; and secondly, to 

select the reservoir water quality model most suitable for use in Piedmont reservoirs. 

Empirical data, supplemented by literature values, were used to modify coefficients for 

chemical and bjological parameters in developing a process-based model. The data were 

also used to evaluate improved mathematical formulations in predicting the dynamics of 

water and biological quality in Durant Reservoir as a test case. 

The field experiments demonstrated that large flagellates (length > 40 pm) and 

blue-green algae were most favored under increasing sediment inputs. High phosphate 

enrichment stimulated nuisance algal blooms whether alone or with low sediment inputs, 

and high P could even ovemde the adverse effects of moderately high clay in supporting 

blue-greens blooms. Undesirable algae such as Anabaena were able to maintain 

populations under high clay loading, and would be expected to serve as an innoculum for 

development of noxious blooms if such turbid systems began to experience high P 

enrichment. Phosphate enrichment, with or without clay loading, also stimulated growth 

of cladoceran zooplankton such as Diaphanosoma, whereas clay loading resulted in 

declines of Chydonrc except in the treatment combination of low clay with phosphate. 

In accompanying short-term laboratory assays, we examined mechanisms for algal 

suwival under sediment loading. Most algal taxa coflocculated with clay and settled out. 

The hydrated natural clay sequestered phosphate under average conditions in the lake, 

but most of the clay particles became aggregated with algae and/or settled out of 

suspension. Autoradiographs from short-term laboratory assays revealed that clay 

particles both adsorbed 33~-phosphate and stimulated phosphate uptake among all algal 

taxa examined. Uptake of radiolabeled P was highest immediately following sediment 

addition, indicating that one mechanism for survival under episodic sediment loading may 

be rapid phosphate absorption for subsequent use. Most bioavailable phosphate became 

associated with blue-green algae (Menjmopedia) and mixotrophic / heterotrophic 

dinoflagellates (either aggregated with clay particles or forming temporary cysts). 

Dinoflagellates contributed a major proportion of the total phytoplankton biomass at low 





clay / nutrient levels, but many cells were obscured or destroyed in samples that were 

stored for more than 3 days prior to analysis. Along with stimulation of phosphate 

uptake, other mechanisms such as colony fragmentation, temporary encystment, and 

heterotrophy enabled the most successful phytoplankton species to survive and regain 

dominance under episodic clay loading. 

An inventory of available water quality models, most of which had been developed 

for clear natural lakes that stratify seasonally and flush over long time periods (years), led 

to selection of M I h m  as the model most suitable for application to polymictic, turbid 

Piedmont reservoirs with rapid flushing rates (days). MINLAKE originally was designed 

as a one-dimensional lake water quality model that simulates continuous changes in 

chemical and biological processes within thermal strata of dimictic, natural clear lakes. 

Our process-based model to predict reservoir water / biological quality was developed by 

modifj<ng the basic structure of M I h m  to consider daily precipitation and a suite of 

variables known to control algal growth (e.g., temperature, light availability, nutrient 

concentrations and uptake rates, suspended sediments, flushing rate, zooplankton 

grazing). Submodels were added to enable simulation of variable inputs of water, 

sediment, nutrients and other substances from the watershed into the reservoir, as well as 

resemoir outputs and other parameter "sinks." 

W e  used the dynamic, process-based model to evaluate the effects of changing 

sediment and nutrient loading on water quality and abundances of three common algal 

groups (green algae, blue-green algae, and dinoflagellates) in Durant Reservoir. The 

model yielded reasonable predictions with highest green algal biomass during spring, 

versus blooms of blue-green algae and dinoflagellates in late summer. It also predicted 

that the 1-2 week- average frequency of appreciable precipitation events (> 0.25 cm), 

even with high simulated sediment loading, would be sufficiently long to  permit 

development of noxious blue-green algal blooms under moderate to high phosphate 

enrichment, as was observed in field experiment 11. The model will b e  further evaluated 

using our full empirical data set. In a second year of work, we are modifying the model 

to account for differential susceptibility of algal taxa to coflocculation. Based on 

additional empirical data, we are also modifymg coefficients to enable application of this 

model to reservoirs in agricultural as well as urbanized Piedmont drainage basins. 
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SUMMARY AND CONCLUSIONS 

Rapid population expansion in the Piedmont region of North Carolina has 

increased nutrient loading to reservoirs from wastewater treatment plant effluent, and 

sediment loading from nonpoint sources (e.g, construction activities and soil erosion). 

Despite the significance of reservoirs to potable water supplies, reliable predictions about 

the response of reservoir water quality and biological resources to nutrient and sediment 

loading remain limited. Few available models have attempted to integrate watershed 

characteristics with reservoir response. Moreover, the focus has been on chemical 

parameters because the biological community response has not been experimentally 

determined across gradients of sediment and nutnent loading. 

The overall goal of our study was to strengthen our ability to predict the impacts 

of variable sediment and nutrient loadings on reservoirs in urbanized Piedmont 

watersheds. Our research objectives were two-fold: First, we used field and laboratory 

experiments to examine the response of phytoplankton communities to imposed gradients 

of sediment loading, with and without phosphorus enrichment, with treatments added at 

realistic frequencies to simulate storm events with precipitation 2 0.25 cm. Second, we 

inventoried and evaluated current models used to predict reservoir water quality, and 

selected the model most suitable for modification and application to Piedmont reservoirs. 

Our experimental data were used, and are being used, to test improved mathematical 

formulations that describe the dynamics of water and biological quality in reservoirs. The 

data also provided a sound base for selecting and modifying chemical and biological 

parameters for our process-based model. Simulations were run using Durant Reservoir, 

a small impoundment in an urbanized watershed, as a test case to determine whether the 

model could yield realistic predictions about reservoir water quality. 

In field experiments, two sets of enclosures in Durant Reservoir were used to 

determine phytoplankton community response to gradients of sedimentation and/or 

phosphate enrichment. The polyethylene enclosures were 2.25 m in diameter, and each 

isolated a column of water that was open to the surface and the sediments. A sediment 

loading gradient was imposed during the first experiment and included replicated controls 

(ambient suspended sediment content, or 1 mglL) and 2x, 5x, 7x, 15x and 25x clay 





concentrations, added as a natural slurry in hydrated form at 7-day intervals throughout 

the growing season. In the second major field experiment, we compared phytoplankton 

response to three sediment concentrations (ambient, 5x, and 15x clay added weekly until 

August, and then biweekly), with and without high phosphate enrichment (2 250 pg/L, 

added as dilute phosphoric acid). We monitored water quality (temperature, light 

penetration, dissolved oxygen, suspended sediment concentrations, chlorophyll, total 

phosphorus, particulate phosphorus, dissolved phosphorus, phosphate, and total nitrogen) 

at inflow, midlake and outflow stations of the lake under average conditions and also 

during two s t o m  events, as well as within the enclosures. In the experimental systems 

we also fully characterized phytoplankton and zooplankton community structure. 

Accompanying laboratory experiments were conducted to (1) examine phosphate 

partitioning between clay particles and phytoplankton taxa, using the microscale 

technique track light microscope-autoradiography; and (2) assess coflocculation of 

abundant algal species with clay particles. 

We evaluated existing models for ability to integrate water quality and biological 

community dynamics. After selecting MIhZAKE for modification, we characterized the 

watershed for land use and estimated sediment / chemical loadings. The  loadings were 

considered as daily boundary conditions for the reservoir model to facilitate linkages with 

hydrological/water quality models for the watershed. We also established parameter data 

sets for within-reservoir processes (e.g., nutrient uptake/regeneration, zooplankt on 

grazing, thermal loading, flushing, etc.), considering both our empirical data and 

published literature. After incorporating this information to modify parameter 

coefficients, we tested the model using empirical data sets for reservoir conditions. 

Biological submodels included a phosphorus and suspended sediment balance for the 

water column, as well as routines for simulating growth and death of three abundant 

algal divisions (blue-green algae, green algae, and dinoflagellates). 

Field experiment I was designed to determine the threshold concentration of clay 

additions that promotes the decline of desirable phytoplankton in the aquatic food web. 

Beneficial phytoplankton (e.g., diatoms and small flagellates that can b e  consumed by 

zooplankton as an energy base in the food web) significantly decreased in abundance 

under low sediment loading (7 mgL), although the lowest levels of clay added (2-5 m@) 

xii 





either stimulated or did not affect growth of all phytoplankton taxa. The stirnulatory 

effect likely was related to input of nutrients (e.g., phosphorus) adsorbed to sediment 

particles under adequate light for photosynthesis. In contrast, large inedible flagellates 

(euglenoids, cryptomonads, and dinoflagellates with cell length > 40 pm) increased in 

predictable patterns across the clay gradient, with greatest abundances at the highest 

sediment concentration added. Most of these flagellates had well-developed 

heterotrophic capability, which would be beneficial for sum'ving severe low-light periods 

after sediment loading events. We also observed a significant increase of a noxious, 

bloom-forming blue-green alga at the highest imposed clay loading. 

When sediment loading was combined with high phosphate enrichment (field 

experiment 11), the phosphorus imposed high variability among replicates within 

treatments, considering both algal production and the timing of blooms. Mild algal 

stimulation by very low clay loading was observed in this experiment as well as in 

experiment I. Noxious blue-green algae increased by late July under phosphate 

enrichment but these blooms gradually subsided. In contrast, blooms of noxious 

filamentous blue-greens were sustained throughout August under phosphate enrichment 

at both low and moderate clay loading (5 m g L  vs. 15 mg5) .  Hence, the adverse effects 

of both low and moderate sediment (light reduction, coflocculation) were insufficient to 

mitigate the stirnulatory effects of phosphate on algal production. The  zooplankton 

community also shifted in response to clay and phosphorus loading, in favor of 

cladocerans such as Diaphanosoma and small copepod nauplei over other cladocerans 

such as  Chydoncr. Such shifts would be expected to affect higher consumers in the food 

web such as blue-gill sunfish and largemouth bass. 

Data from the two field experiments in combination indicate that, under low- 

moderate phosphorus loading, mixotrophic and heterotrophic flagellates would b e  

expected to dominate the plankton of shallow, turbid Piedmont reservoirs in urbanized 

watersheds. In samples containing appreciable sediment, most mixotrophic and hetero- 

trophic dinoflagellates cannot be  discerned from debris when samples are  stored for > 3 

days. Hence, these phytoplankters are missed in routine procedures where sample 

numbers and difficulties imposed by high clay debris render immediate analysis 

impractical. Undesirable blue-greens such as Anabaerto spp., able to  maintain their 





populations even under high clay loading, would be expected to serve as an innoculum 

for the noxious blooms that would develop if the system began to experience increasing 

phosphate enrichment. 

Underlying mechanisms for algal response to sediment loading were examined in 

short-term laboratory experiments. Even extremely low clay inputs (0.1 m a )  to the 

upper water of 30-cm columns resulted in nearly complete coflocculation/settling of all 

but coccoid blue-green algae and dinoflagellates. Gelatinous green algae, diatoms, and 

small flagellated chrysophytes were especially susceptible to sedimentation. However, 

reservoir phytoplankton communities are fairly resilient, as indicated by apparent 

recovery of taxa abundance within 7 days follouing simulated turbid events in field 

experiments. Although most free-swimming dinoflagellates initially were eliminated at > 

0.25 mg/L clay, about 30% successfully formed protective temporary cysts from which 

populations re-established after most particulate matter had settled. In contrast, small 

colonial coccoid blue-greens sustained residual populations in the upper water column (< 

10 cm) at the highest clay concentration used in the laboratory experiments (1 ma), 

apparently relying on colony fragmentation to increase the probability for sunlival. 

In analyses to assess phosphate partitioning, although clay sequestered appreciable 

33~-labeled phosphate from the water, there actually were very few free clay particles in 

suspension because most of them quickly coflocculated with algae. Many of these 

aggregates remained in suspension, but cells in direct contact with sediment particles 

eventually died and the phosphate they had absorbed / adsorbed likely would have been 

recycled to the plankton through decomposition. Hence, phosphate partitioning between 

suspended clay and phytoplankton during episodic sediment loading is complicated by 

aggregation of free or encysted algae with sediment particles. Conventional approaches 

(e.g., chemical isotherms) to evaluate phosphate adsorption/desorption by clay would 

have been difficult to interpret for applicability to natural systems where algal 

populations are present. On the basis of particle surface area, under clay loading most 

labeled phosphate added to the water column was taken up by dinoflagellate / clay 

aggregates (> 90%). Without sediment additions, approximately 30% of the labeled 

phosphate was taken up by coccoid blue-green algae, and most of the remainder was 

absorbed by free-swimming dinoflagellates. Both short-term and long-term exposure to 
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clay (2 hours vs. 7 days after simulated loading at 2-5 m a )  significantly stimulated 

phosphate uptake among all taxa examined. 

These data supported development of more accurate coefficients for our model, 

describing both differential taxa sunival and bioavailability of phosphorus under sediment 

loading. Development of a predictive model for water / biological quality in this urban 

Piedmont reservoir required, firstly, characterization of the watershed and assessment of 

nutrient / sediment inputs fiom overland runoff during precipitation events. Our  

empirical data, in combination with supporting literature, enabled us to modify 

MINLAKE (developed originally for clear, dimictic natural lakes in the upper Midwest) 

for use with polymictic reservoirs which are characterized by relatively rapid flushing, 

many mixing events, and episodic sediment loading. Using daily precipitation data for 

this region, we have run simulations throughout most of an annual cycle (Feb.-Dec.) to 

evaluate the effects of varying inflow phosphorus or sediment concentrations on total 

phosphorus, algal biomass, and abundances of common algal groups. The model has 

yielded realistic predictions for algal growth in response to sediment and phosphorus 

inputs. However, sediment settling routines yielded predictions that were too low for 

application to Piedmont reservoirs. We are continuing to  modify and test the model, 

particularly the sediment settling routines, so that we can expand it for use in predicting 

water quality of Piedmont reservoirs in agricultural as well as urban watersheds. 





This research addressed two critical problems faced by water quality managers in 

North Carolina -- cultural eutrophication from nutrient loading and increasing 

sedimentation from soil erosion. Poor apkultural  practices, population growth, 

deforestation and general urbanization have put tremendous pressure on our freshwater 

resources. Reservoirs supply a significant proportion of North Carolina's potable water. 

There is immediate need to manage reservoirs in order to effectively control the factors 

that promote water quality deterioration, and to improve water quality and protect 

against further deterioration. 

This research provided experimental data relating suspended sediment and 

phosphorus concentrations to biological community response. Accompanying laboratory 

experiments also provided data on effective "competition" for P between clay particles 

and algae. Based on our empirical findings, suspended sediment concentrations should 

be maintained at < 5 mg clay/L for sustaining populations of diatoms and other desirable 

algae that support the reservoir food web. Researchers on phytoplankton community 

structure and trophic interactions in turbid Piedmont reservoirs should consider the 

finding that long-term sample storage (> 3 days) obscures or destroys mixotrophic and 

heterotrophic dinoflagellates, which represent a major but previously undetected 

component of phytoplankton communities in these systems. Autoradiography proved to 

be a high-resolution technique for examining phosphate partitioning among phytoplank- 

ton and suspended sediment, and its use is recommended in future research to examine 

phosphate acquisition by phytoplankton in turbid habitat. 

The empirical data were useful in comprehensive tests of our simulation model, 

and for verification studies of reservoir responses to pollutant loadings. The modeling 

effort included thorough evaluation of existing process-based reservoir water quality 

models in relation t o  conditions in the North Carolina Piedmont. Our  model for 

reservoir water quality provides a valuable tool for assessing the effects of land use on 

reservoir water quality. When fully developed, modified, and tested for application to 

reservoirs in both urbanized and agricultural watersheds, this model will aid in 

development of comprehensive management plans for Piedmont reservoirs. The model 





includes necessary watershed hydrology / water quality parameters for simulating daily 

sediment and nutnent loadings. The eventual ability to provide users with multi-year 

simulations will enable improved evaluations of the effects of changes in watershed land 

use on the water quality and biological community dynamics in reservoirs. 

Additional research is needed to determine the threshold loading of phosphorus 

that overrides the adverse effects of sediment loading and support noxious algal blooms. 

This can be accomplished using the same controlled, within-lake experimental approach 

that was used in the present study, a task which has been undertaken in a second year of 

research at Durant Reservoir. Gradients in both P enrichment and suspended sediment 

loading (using multiple combinations of both) have been imposed in a set of experi- 

mental enclosures to determine the threshold conditions that promote blooms of noxious 

algae. As part of this research, nutrient and sediment loadings are being characterized 

for Piedmont reservoirs in urban and agricultural watersheds. Further, renewed commer- 

cial availabilty of 33~-phosphate (after more than a pear's delay) has enabled us to plan a 

second series of experiments to examine phosphate acquisition by phj-toplankton when 

pre-exposed sediments are the radiolabel source, rather than the water column. 

Beyond the scope of the first or second years of this study, the response of 

biological communities to timing and frequency of simulated loading events should also 

b e  tested. Secondly, since many piedmont reservoirs appear to "switch" from phosphorus 

to  nitrogen limitation over the course of a growing season, the effects of variable ratios in 

N/P supplies (simulated enrichments under varying frequencies) on reservoir aquatic 

communities should b e  examined using a similar field / laboratory experimental 

approach. In all of these efforts, it is important to consider that an understanding of the 

full extent of impacts from sediment / nutnent loading on reservoir communities will 

eventually require examination of the response of higher trophic levels (e.g., turtles, 

fishes) t o  episodic events, using controlled in sitzi experiments at realistic scales. 

Collectively, this information would enable us to greatly improve the accuracy of our 

model in predicting water and biological quality of reservoirs in urban and agri'cultural 

Piedmont settings. 





INTRODUCTION 

Within the past decade, the frequency and severity of adverse human health 

effects, declines in fisheries, and nuisance algal blooms resulting from misuse of our 

freshwater resources have brought water quality issues to national attention. In North 

Carolina, declining water quality is becoming a critical issue of steadily worsening 

proportions as rapid population growth and economic expansion impose increasing 

demands on limited freshwater resources. Constructed reservoirs are heavily utilized for 

agn'cultural and potable water supplies, flood control, fisheries, power generation and 

recreation. Rapid population expansion in the southeastern United States has increased 

nutrient loading to reservoirs from wastewater treatment plant effluent and septic 

effluent leachate, and sedimentation from nonpoint sources (e.g., construction activities 

and soil erosion [Redfield 8: Jones 1982, Todd et al. 19891). Signs of accelerated 

eutrophication are increasingly evident, with many impoundments and slow river 

segments supporting nuisance algal blooms leading to anoxia and fish kills, both within 

and downstream from urbanized areas (Paerl 1988). 

Despite the significance of reservoirs to freshwater supplies, little progress has 

been made toward understanding controls on their water quality and biological produc- 

tion (Canfield 8: Bachman 1981, Reckhow 8: Clements 1984, Smith 1987). Attempts to 

predict water quality in turbid reservoirs from empirical models based on nutrient loading 

and algal blooms consistently have failed (Smith 1987), attributed to the confounding 

factor of high abiogenic turbidity from suspended sediments. The general inability to 

predict reservoir water quality in the face of continued and increased loading of 

sediments, nutrients and other pollutants has resulted, in turn, in an inability to protect 

and wisely manage these valuable freshwater resources. Nonetheless, management 

decisions are in immediate demand as signs of water quality deterioration increase. 

Costly phosphate bans for detergents and legislation to restrict construction activity have 

been imposed to reduce nutrient and sediment loading to receiving waters. But answers 

to fundamental questions still elude us, such as: Do we need to be concerned about 

eutrophication from phosphorus loading in turbid as well as in clear reservoirs? How can 

we develop the ability to predict water quality in resewoirs for effective management of 

these complex systems? 



Reservoir Water and Biological Quality 

Turbid reservoirs characterize the landscape and the limnology of the southeastern 

United States. These systems generally have high mineral turbidity, high nutrient loading, 

dissected morphometnes, and highly variable internal mixing (Baxter 1977, Kennedy et 01. 

1982, Marzolf 1984). Cycling of important nutrients for algal growth, such as phosphorus, 

is complicated by adsorption/desorption with suspended sediments (Stumm 1987, Froelich 

1988, Klotz 1988). The suspended materials vary in particle size, chemical construction/ 

composition, reactive sites for ion adsorption, and prehistory of exposure to nutrients, 

toxins, humic acids and other potentially coating organic substances (Golterman 1973, 

Hunter & Liss 1982, Hoyer & Jones 1983, Avnimelech & McHenry 1984, I a d e r  & Liss 

1985, Laszlo 1987). Not surprisingly, research has yielded conflicting conclusions about 

how suspended sediments interact with nutrient enrichment to influence resenroir water 

quality and biological communities (Hunter dk Liss 1982, Avnimelech et al. 1982, Fox et 

al. 1985, Threlkeld 8: Sbballe 1988, Cuker et 01. 1990). Some studies indicate that 

suspended sediments serve as sources of phosphorus, whereas others describe them as 

phosphorus sinks (Jones & Bachmann 1978, Logan et al. 1979, Alberts 8: Moldenhauer 

1981). Clays can stimulate production of glycocaljx substances (microbial "glue") by blue- 

green algae so that they are removed from the water by coflocculation with clay particles 

(Avnimelech et al. 1982, Avnimelech B: Menzel 1984, SBballe 8: Threlkeld 1988). The 

suspended sediments may only affect water clarity for a short time after their 

introduction (Cuker et al. 1990, Burkholder 8: Cuker 1991). Other clays, such as many of 

the montmorillonites, tend to remain in suspension (Threlkeld & Sfiballe 1988, 

Burkholder & Cuker 1991). 

Most of what is known about the effects of suspended sediments on biological 

quality of reservoirs comes from research on loading of extremely high concentrations of 

sediments, and at high frequencies. High sediment loading promotes selective 

coflocculation of some algae and shifts in the community composition (Avnimelech et al. 

1982, Cuker 1987, Cuker et 01. 1990). The sediments also interfere with filter feeding by 

zooplankton (Hart 1987) and obscures prey for visually feeding fish, with shifts in the 

remainder of the food chain (McCabe 8: O'Brien 1983, Vinyard & O'Brien 1976). High 

phosphate enrichment with high sediment loading, both at high frequency of addition, 



stimulate noldous blue-green algal blooms (Cuker er al. 1990). But how do algal 

communities respond to low or intermediate P enrichment under variable sediment 

loading, and at frequencies of addition which more closely parallel the frequency of 

precipitation events? The effects of low or moderate sediment loading on water and 

biological quality under varying nutrient enrichment rarely have been examined 

(Threlkeld & Soballe 1988, Burkholder 1992). We have not been able to answer basic 

questions concerning biological quality of Piedmont reservoirs such as: At what range of 

clay/P loading are desirable species adversely affected? Along simultaneous gradients of 

clay and P loading, where are we in danger of stimulating noxious algal blooms? In this 

study, we addressed such questions through a modeling approach that considered data 

from experimental tests of gradients in sediment and nutrient loading coupled with 

biological response. 

Previous Models to Predict Water Quality 

Within the past three decades, research has focused on cultural eutrophication of 

natural lakes. One emerging paradigm is that phosphorus is the primary nutrient control- 

ling productivity of inland waters (Schindler 1977) including those in North Carolina 

(Weiss 8: Kuenzler 1976). Other nutrients such as nitrogen may limit algal growth, alone 

or in concert with P. However, since the most undesirable algae generally are nitrogen- 

fixing blue-greens that occur under high P enrichment, control of P is recognized to be of 

more regulatory value (Kuenzler 8: Greer 1980, Smith 1985). In clear lakes with low 

mineral (abiogenic) turbidity, P enrichment supports late summer blooms of blue-green 

algae which frequently cause anoxia and promote fish kills (Paerl 1988). Other general 

effects of accelerated eutrophication are also well-documented such as water tastelodor 

problems, loss of sport fisheries, and imbalance throughout the food web (Schindler el al. 

1985, Henderson-Sellers 8: Markland 1987). Empirical models for clear, natural lakes 

can often predict with some degree of confidence the effects of P loading on algal 

production (Dillon & Rigler 1974, Jones 8: Bachmann 1976, Reckhow & Simpson 1980, 

Higgins & Kim 1981, Walker 1984, Reckhow & Clements 1984, Tasker & Driver 1988). 

But these models lose their predictive capability in lakes and reservoirs with high 

abiogenic turbidity (Canfield & Bachmann 1981, Hem er al. 1981, Hoyer & Jones 1983, 

Smith 1987). 



In available predictive water quality models, sediment loading to lakes and 

reservoirs has received less attention than nutrient enrichment. Considerable effort has 

been expended to develop models for erosion and sedimentation over the last two 

decades, but generally fiom the perspective of soil conservation. The models have been 

designed to be applied on size scales ranging fiom small plots to basins and regions. As 

size increases, simpler formulations are used to descnbe processes such as erosion, 

sedimentation, and nutrient transport. With the first Clean Water Act in 1972, 

components and submodels were added to some models, including routines to descnbe 

the movement and fate of nutrients (primarily total nitrogen and total phosphorus; e.g., 

CREAMS [Knisel 19801). Modifications to consider pesticide movement and fate are 

currently being developed (e.g., GLEAMS [Leonard et 01. 19871; and PRZM [Carsel et al. 

19851). 

A survey of hydrologic and water quality models for watersheds was compiled by 

Smolen (1983). Data sets have been collected to quantify certain processes such as soil 

erosion/sedimentation (Knisel 1980, N.C. Division of Land Resources 1988, Beasley & 

Thomas 1989). The primary objective was to quantify soil erosion / sedimentation at the 

edge of agricultural and forested areas, because most available models (e.g., ANSWERS, 

CREAMS/GLEAMS, SRXRB) have been developed from a terrestrial perspective 

(Huggins & Monke 1966, Knisel 1980, Beasley B: Huggins 1982, Williams B: Nicks 1983). 

These models have enhanced predictive capability regarding sediment loading, runoff, 

infiltration, subsurface drainage, and erosion on a watershed scale. However, most of 

them stop at the water's edge. Moreover, model and field experimental efforts for the 

receiving waters have greatly simplified system dynamics, with the result that coefficients 

for many processes (e.g., response of reservoir communities to sediment loading) have 

been based only on broad generalizations fiom few measurements. 

Within-lake modeling efforts, in contrast, generally have included attempts to 

evaluate the effects of watershed development on lake water quality (particularly P) and 

biological resources (Walker 1982, 1984; Redfield & Jones 1982, Coffey ef al. 1989). 

Most existing lake models have focused on chemical parameters because biological 

response rarely has been experimentally determined across gradients in sediment loading. 

The Lake Austin Model, for example, was designed to assist planners in evaluating the 



effects of development options on reservoir water quality (Todd et al. 1989). It relates 

watershed development to lake total suspended solids and TP levels. The model 

calculates TP and total suspended sediments at four points in the lake, in response to 

internal mixing, settling, and nonpoint loadings. Nonpoint nutrient and sediment loadings 

are based on the amount of impendous cover in the watershed, and biological responses 

in the receiving water are not considered. 

The MmTLAKE model, in contrast, attempts to simulate continuous changes in 

lake/reservoir stratification and water quality in response to weather, inflow, outflow, 

exchange processes with sediment, and in-lake processes (Riley & Stefan 1988). Within 

the lake advective and diffusive transport, settling, chemical kinetics, and limited 

biological kinetics are modeled. The model considers temperature, up to 3 types of 

algae, phosphorus, nitrogen, detritus, zooplankton, inorganic suspended sediment, and 

dissolved oxygen. Parameter coefficients based on biological variables remain weak, 

however, because they have been based on general descriptive information rather than 

experimental tests of biological response across gradients of sedimentation and nutrient 

loading. The Durant Reservoir research project was designed to contribute empirical 

data to this information. In the first research phase (year 1 of 2), we developed a para- 

meter data set to represent Durant Reservoir, and the parameters were also used to 

evaluate model sensitivity considering both quantity and quality of watershed runoff. 



PURPOSE AND OBJECTIVES 

The purpose of our study was to obtain experimental data to strengthen 

development of a predictive model for water quality in urban Piedmont reservoirs under 

variable sediment and phosphate loading. In addressing specific objectives, we 

(1) completed two sets of in siru field mesocosm experiments to determine the response 

of the aquatic community to gradients of sedimentation and/or phosphorus enrichment; 

(2) clarified mechanisms of sediment/nutrient effects in complementary short-term 

laboratory experiments; (3) inventoried, evaluated and selected the most suitable 

available model for modification in developing a process-based model to predict water 

quality of Piedmont reservoirs under increasing watershed urbanization; and (4) began 

application of our experimental and other available data toward constructing this model 

of reservoir dynamics. In this first phase of the project (year I), we developed parameter 

coefficients relying, to a great extent, on our empirical data from Durant Reservoir. In 

trial simulations we identified subroutines that yielded unrealistic predictions for North 

Carolina piedmont conditions. These subroutines were targeted for further refinement 

during the second phase (year 2) of our research, which will also place more emphasis on 

verification of the model with field data. 



PROCEDURES 

Selection of Durant Resenoir as the Study Site 

Durant Reservoir, selected for major emphasis in this research, is located just 

north of Raleigh, North Carolina, in Wake County (Fig. 1). Selection of this system was 

based on several considerations including watershed land use, availability of on-site 

facilities, and protection of field experiments. Durant Reservoir is still fairly clear (i.e., 

low in abiogenic turbidity) during the growing season when a catch basin is used to 

minimize sediment loading (Fig. 2). However, urban development is increasing in the 

watershed, typifying conditions associated with accelerated eutrophication in many 

Piedmont reservoir systems. Boats and related materials, as well as primitive laboratory 

facilities, were available dockside at Durant Resemoir, reducing required expenditures for 

the experimental portion of the research and eliminating certain logistic problems. 

Dockside laboratory facilities also enabled rapid preparation of samples for certain 

critically needed nutrient analyses. Moreover, in three years of previous experience, our 

field experiments suffered neither vandalism nor extreme abrasion (e.g., during storm 

events or from heavy boat traffic). Although Durant is a small impoundment (5 ha in 

area), our approach provided many insights about general controls on water quality in 

reservoirs because the processes of sediment loading, phosphate partitioning between 

algae and soil particles, and interactions among components of the biological community 

are similar. Hence, the information should be generally applicable to impoundments 

across a considerable range in size. 

Durant Reservoir is about 40 years old, with mean depth 1.5 m and maximum 

depth 4 m (Cuker 1987). Approximately 20% of the basin lies at depths 5 0.5 m, 

including a littoral zone of filiform rnacrophytes Najas mirlor All. mixed with Chara sp. 

and Potarnoge~on diversifolius Raf. that is most extensive (> 75 m in width) near the 

inflow (Burkholder & Cuker 1991). Unfortunately, summer 1991 (1 year after this study) 

marked the first invasion of the submersed aquatic weed, HydrZZa verticiZZata Royle, which 

spread to most of the shoreline adjacent to the boathouse within one growing season. 

The reservoir is owned by the City of Raleigh and lies within a city park that is used 

primarily as a summer day camp facility and for nature hikes and picnics in the wooded 

area that fringes the shore. It is fringed by woodland but drains a moderately urbanized 

watershed about 350 ha in area. Surface elevation in the watershed ranges from 76 m 



Figure 1. The location and drainage basin of Durant Reservoir in North Carolina. 
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Figure 2. Characteristics of the Durant wakrshed, and partitioning into subunits of forested 
land vs. industrial park. 



above mean sea level (MSL) at the reservoir bank to ' 130 m above MSL at the boun- 

daries of the watershed. The predominant soil senes in the watershed are the Appling 

and Cecil series (Cawthorn 1970). These senes represent > 40% of the soils in Wake 

County, as well as a large portion of the soils in the Piedmont region of North Carolina. 

The soils occur on slopes ranging from 2 to -20%) and are eroded in many areas of the 

basin. 

During the summer growing season Durant Reservoir is polymictic, mixing during 

severe storm events throughout all but the lower 0.5-1.0 m which generally remains 

anoxic from late June to September. The reservoir is fed at its western shore by one 

stream from a 1-ha catch basin, and an outlet dam and concrete spillway are on the 

eastern shore. The catch basin receives overland flow and seepage from most of the 

watershed (- 162 ha). In contrast, sources of overland and subsurface flow to the main 

reservoir are relatively few. The water residence time of Durant Reservoir vanes from 7- 

14 days in winter to -60 days in summer, so that the lake is sensitive to episodic 

sediment / nutrient loading and can become extremely turbid following precipitation 

events. The catch basin is operated throughout summer by the Raleigh Park District, 

imparting greater water clarity to Durant Reservoir than in many Piedmont reservoirs 

during the growing season. Adjustable gates control the elevation of both the catch basin 

and the reservoir. The outflow spillway of Durant Reservoir is elevated about 78.6 m 

above mean sea level, about 3 m higher than the western shore. The bottom elevation at 

the spillway is 75 m. 

Several years of existing data provide background information on the biological 

communities and water quality of Durant Reservoir, including data from previous 

experiments which examined the effects of sustained high clay/P loading on biological 

community structure (Cuker 1987, Cuker et al. 1990, Burkholder & Cuker 1991, 

Burkholder 1992). The reservoir has been drained to about 30% of its volume in 

February of most years, as a management strategy to control macrophyte growth (but 

such activity likely would encourage growth of Hyddla). It is mildly acidic with pH 

ranging from 6.8 to 7.4, and with values up to 8.1 associated with fairly high algal 

photosynthesis during the late summer growing season. Background total phosphorus in 

the reservoir ranged from 18-35 pg/L during the study, within the mesotrophic range for 

productivity (Wetzel 1983). On the basis of total-nitrogen to total-phosphorus ratios, the 



algal communities are phosphorus-limited until late summer, when nitrogen becomes the 

primary limiting nutrient for growth (Smith 1982). Phytoplankton biomass significantly 

increases in the June-September growing season under low precipitation, which extends 

the water residence time and allows biomass accumulations of nuisance algae such as the 

filamentous blue-green Anoboeno. 

Reservoir Water Quality 

T o  characterize water quality in the reservoir for comparison with water quality in 

experimental enclosures, three permanent stations were established within the inflow, 

mid-lake and outflow regions. We assessed water clarity as Secchi depth transparency 

(Wetzel & Likens 1991). Physical variables light and temperature, and chemical variable 

dissolved oxygen (DO), were also measured in depth profiles at 0.25 m-intervals. 

Photosynthetically available radiation (PAR) was determined with a LjCor digital and 

analog photosynthetically active radiometer / photometer (Wetzel & Likens 1991). Mean 

light attenuation coefficients (k) were calculated for each station, as follows: 

k = 2.3 (log I, - log I,) / z , - 

where I, = surface irradiance (ie., the PAR just below the water surface), I, = bottom 

irradiance, and z = the depth where I, was taken (Raymont 1980). Temperature and DO 

were recorded using a YSI field temperature/dissolved oxygen meter (Yellow Springs 

Instrumentation Company). 

The reservoir exhibited thermal stratification only in the deeper mid- and outflow 

stations. D O  profiles indicated that the water could be subdivided into upper and lower 

strata (designated "epilimnion" and "hypolimnion," respectively) based on the presence or 

absence of DO. Other chemical variables were determined from samples collected in 

these two strata. The samples were taken with an integrated water-column sampler 

(Cuker et al. 1990). Suspended solids (SS) were measured by filtering a known volume 

of well-mixed lake water through Whatman glass fiber filters. Prior to use the £ilters 

were ashed and dried, then ashed with sample and reweighed (American Public Health 

Association 1985). 

Nutrient analyses included total nitrogen (TN), total phosphorus (TP), soluble 

reactive phosphate (SRP), total dissolved phosphorus (TDP), and total particulate 

phosphorus (TPP). Total N was analyzed following the base persulfate digestion 

technique of D'Elia B: Steudler (1977). Total P was measured after acid persulfate 



digestion following the method of Prepas & Rigler (1982). Soluble reactive phosphate 

was analyzed using the same procedure, but without persulfate digestion and after 

filtering the samples (0.22 pm pore-size Millipore GS filters, pre-treated by soaking 

overnight in ultrafiltered, purified water from a Millipore MilliQ water system with final 

bacterial filter). Total dissolved P was measured by first ultra-filtering samples and then 

treating them with acid persulfate digestion, and TPP was determined by difference (TPP 

= TP - TDP). We also obtained data for TP, SRP, TDP, TPP, and SS in the catch basin 

and connecting stream monthly and during two major storm events. 

Chlorophyll a content in the waters of Durant Reservoir was determined as a 

rough estimate of phytoplankton biomass. Integrated water-column samples were 

collected monthly and filtered under low light (< 15 pEinst mq set-I). The filters were 

stored with desiccant at -5OC (< 1 month), and then were extracted in 90% basic acetone 

(Wetzel & Likens 1991). Absorbance was determined with a Milton Roy model 601 

spectrophotometer, using low-volume 5-cm pathlength cells. Samples were acidified with 

HCl to 0.01 N for pheopigrnent correction (Marker & Jinks 1982). Chlorophyll a 

concentrations were calculated using equations of Jeffrey & Humphrey (1975) (mixed 

phytoplankton, omitting chlorophyll c), corrected for pheopigrnent content using the 

procedure of Lorenzen (1967). 

Field Experiment I: An Imposed Gradient of Sediment Loading 

Field experiment I was completed with one main focus, to determine the response 

of major phytoplankton groups to episodic sediment loading (Table 1). The experimental 

system consisted of a series of 12 cylindrical polyethylene enclosures 2 m in diameter x 

3.3 m in depth, each of which isolated a column of water from the surface to the 

sediments. Use of enclosures has several limitations, among them reduction in water 

mixing; this approach is necessary, however, to enable experimental manipulation of 

nutrient and fine-particulate sediments in the field, and it has met with reasonable 

success (DeCosta et aL 1983, Bloesch et a1 1988, French 8: Watts 1989). The enclosures 

followed the design of Cuker (1987), and each was constructed of polyethylene in a 

double layer with internal scrim reinforcement. A PVC-corrugated drain pipe filled with 

foam acted as a float on the surface and provided a semi-rigid bamer to waves. The 

enclosures had sufficient slack to accommodate fluctuations in water level. They were 



installed by dropping the open bases through the water column. A steel ring within a 

polyethylene collar at the base of each enclosure was pressed as an  anchor into the 

sediment. The surface waters of each mesocosm were mixed with a canoe paddle daily 

throughout the experimental period. We attempted to  remove fish longer than 2 cm with 

a cast net, and then allowed the enclosed natural communities to acclimate for 10 days 

before initiation of treatments. 

The in sihl experiment followed a complete randomized design (Gill 1978) in 

which we imposed controls and 5 treatments in duplicate. In the treated enclosures, a 

soil common to the Piedmont area was added in hydrated form at 7-day intervals for 

approximately 12 weeks to attain an average daily concentration of 2, 5, 7, 15, or 25 mglL 

as equivalent dry weight. The clay additions were based on dry weight calculated from 

the mean of 5 wet- and then dry-weighed samples. The natural clay mix was predomi- 

nantly kaolinite with a small amount of vermiculite (Table 2), and mean particle surface 

area was 180 Ctm2 estimated from image analysis using a CUE2 Image Analysis System. 

This clay was obtained from surface deposits at active local construction sites. The 7-day 

frequency of addition simulated the 10-year mean frequency of monthly precipitation 

events during summer with accumulation 2 0.10 cm (National Oceanic and Atmospheric 

Administration [NOAA] 1990), and the clay concentrations selected for sediment loading 

were within the range that Piedmont reservoirs experience during precipitation events 

(Cuker 1987). Although the clay additions initially created appreciable turbidity, 

treatments progressively cleared during the experiment with final Secchi depths 

approaching 2 m (Cuker et at. 1990). 

In this first enclosure experiment, PAR was measured weekly before clay 

additions. Nutrient concentrations (TN, TP, SRP, TDP, TPP) were analyzed monthly 

before and after treatment additions. Chlorophyll concentrations were low (5 10 &.L) 

throughout the experiment, expected with lack of appreciable nutrient enrichment. 

Chlorophyll content is considered to be only a rough measure of algal biomass, and the 

more sensitive but tedious technique of direct cell counts provides much more detailed 

information about the species-specific response of phytoplankton to episodic sediment 

loading. Samples for phytoplankton community analyses were collected in late July and 

early September at the midpoint and end of the experiment (40 days and 79 days, 



Table 1. Field and laboratory experiments completed during year I of the Durant project. 

FIELD EXPERIMENT I: SEDIMENT LOADING GRADIENT -- 

a LONG-TERM, 11 weeks; 0, 2, 5, 7, 15 and 25 mg/L clay (mean 
ENCLOSURES in sim concentration over 7 days) added to  replicate 

enclosures as a hydrated slurry W e e k  in June and 
then l&eek in July-August(n = 2). 

P PARTITIONING: 

"LONG-TERM," 
ENCLOSURES in situ 

SHORT-TERM, 
LABORATORY 

COFLOCCULATION: 

SHORT-TERM, 
LABORATORY 

SHORT-TERM VS. LONG-TERM SEDIMENT LOADING -- 

8 weeks; 3 3 ~ - ~ 0 , - 3 ~  uptake (from the water) compared 
for control phytoplankton communities vs. phytoplankton 
from the 2 m g 5  clay treatment (mean concentration over 
7 days, but -50 p g / L  in the water column by the 7th 
day when algae were sampled; n = 3 samples each from 
duplicate control and clay enclosures). 

2 hours (''worst case" condition); 3 3 ~ - ~ ~ i 3 ~  uptake (from 
the water) compared for control phytoplankton communi- 
ties with vs. without 50 pg/L  clay addition (n, as above). 

CONTROLS \.s. SEDIMENT LOADING GRADIENT -- 

1 hour; exposure of phytoplankton communities from 
control enclosures to a replicated gradient of clay loading 
(0,50, 250,500, and 1000 p g L )  in 30-cm water columns, 
sampling the upper 5 cm (15 mL) of water before and 
after adding clay (n = 3). 

FIELD EXPERTMENT II: SEDIMENT LOADING GRADIENT +I- HIGH P -- 

LONG-TERM, 12 weeks; controls (CON, ambient clay and P)  and 
ENCLOSURES in situ treatments low clay (I& 2 m g L  mean daily concentration 

[mdc]), high clay (& 15 mg/L mdc), phosphorus (PHOS, 
PO,'~P added lx  weekly for the 1st 7 weeks and then l x  
in Aug., to maintain enrichment at > - 250 pgP/L), Lc+P, 
and HC+P. In sediment treatments, clay was added lx/ 
week for 7 weeks, then lx/2 weeks for 5 weeks)(n = 3). 



Table 2. Physical and chemical characteristics of the natural clay used in the field and 
laboratory treatments.* 

Parameter Quantity 

Humics (%, g / 100 cm3) 

Cation exchange capacity (CEC, meq 100 / cm3) 

Base saturation (% of CEC) 

pH 

Total extractable P (mg5)  

Total N (mg/L) 

Potassium (ma) 

Ka olini t e ( %) 

Vermiculite (%) 

* Data for relative composition of clays in the natural mixture were obtained from X-ray 
microanalysis (W. ~il l iarn).  ~ u b s a m ~ l e s  for chemical variables were analyzed by the - 
United States Department of Agriculture - Soil Conservation Senice, Raleigh, NC. 



respectively, at time 1000 hours), approximately 6 days after addition of clay and/or P 

treatments. The samples were immediately preserved in the field with acidic Lugol's 

solution (Vollenweider 1974). Cell numbers and biovolumes of dominant taxa were 

quantified using the Utermohl method (Lund et aL 1958)) including (where discernible) 

algae aggregated with clay particles in the debris-laden material. Formerly viable cells 

were included in the analyses, designated for eukaryotes if chloroplasts and other 

organelles were present or, for prokaryotic blue-greens, if cells were pigmented 

(Burkholder & Wetzel 1989). 

. Appropriately diluted subaliquots were examined at 600x under phase contrast 

with an Olyrnpus IMT inverted microscope. Cells were settled for at least 20 hours in 

darkness within an enclosure protected from vibration and temperature alteration. 

Homogeneity in settling and consistency in counting 0.5-2.0 strips across chambers were 

checked follouing Burkholder 8: Wetzel (1989). The coefficient of variation for cell 

enumerations among strips ranged from 2-8% for diatom cells. Size classes were 

arbitrarily designated to determine average cell size (biovolume). For each taxon we 

measured 25-50 cells from each size class if sufficient cell numbers were available. 

Biovolumes were calculated using formulae for solid geometric shapes that most closely 

matched the cell shape (e.g. Munawar et 01. 1974, Smayda 1978). Mean biovolumes 

within each size class were used to calculate the total biovolume contributed by the taxon 

to its respective sample. Biovolumes were estimated on a per-cell basis whether cells 

were solitary, filamentous or colonial, and excluding outer mucilage. At least 400 "units" 

(solitary cells, filaments or colonies) were recorded per sample while also recording the 

total cells per unit. These quantitative data on abundance of phytoplankton taxa were 

used in regression analyses with clay concentration to compare the response of functional 

algal groups (filamentous and coccoid blue-green algae; flagellated and colonial green 

algae; cryptomonad flagellates, euglenoid flagellates, chrysophytes including both diatoms 

and flagellates, and dinoflagellates) to clay loading along a concentration gradient (Gill 

1978; SAS Institute, Inc. 1987). 

The large sample numbers (70 per sampling date) precluded immediate analysis of 

phytoplankton communities which were held for 5 10 months. However, based on 

previous work, over that time period samples with appreciable clay content formed 



increasing numbers of large aggregates of algae and all manner of debris so that some 

algae could not be discerned. This problem occurred with all common furatives (e.g., 

acidic Lugol's solution, gluteraldehyde, formaldehyde), both at room temperature and 

under refrigeration. Further, if samples were sonicated to disperse the aggregates, 

delicate algal taxa were destroyed and aggregates reformed within hours. To assess 

whether the necessary sample storage prevented detection of some taxa, we analyzed 

samples from controls and the lowest clay loading treatment (2 mglL) for phytoplankton 

community structure comparing storage periods of 3 days versus 4 months. 

Selective Coflocculation of Phytoplankton Tam with Clay 

In laboratory experiments, coflocculation and settling of the dominant phytoplank- 

ton were examined over an imposed gradient in clay loading with initial concentrations 

ranging from 0 to 1,000 pg liter" as equivalent dry weight (Table 1). Six concentrations 

of clay were added in triplicate. Phytoplankton subsamples from control enclosures were 

placed into vertical glass columns 30 cm high and 4 cm in diameter. Each sample was 

inverted once to mix after adding clay, and then was left undisturbed at 26OC under 

fluorescent lighting at 50 ~ E i n s t  m-2 sec-I. Most sediment particles settled to the bottom 

of the tubes within minutes, especially at 5 100 pg clay/L. After 1 hour the surface 15 

mL of water (i.e., the upper 5 cm of water column) were carefully siphoned off and 

preserved with acjdic Lugol's solution. Abundant phytoplankton taxa which had 

remained in suspension were quantified using the Utermohl technique. Treatment 

means in taxa abundances were compared using the student "t" test (Gill 1978). 

Phosphate Partitioning Between Phj-toplankton Taxa and Clay Particles 

Phytoplankton samples were collected at 0.25 m depth in the control and 2 mg/L 

treatment at 0830 - 1030 hours on 22 August 1989, 7 days after the previous clay addition 

and approximately 8 weeks after treatment initiation. Subaliquots were immediately 

preserved in the field using 1% acidic Lugol's solution, to characterize and quantify 

"particle" types (i.e., abundant algal species and clay particles) for analysis in assays of 

phosphate partitioning (Table 1). Cell numbers and surface areas of phytoplankton taxa 

in the presewed samples were quantified within 3 days, using the Utermohl technique 

(Lund et al. 1958) in combination with image analysis. For each particle category (clay 

particles, cells or cysts of abundant algal taxa, or algal-clay associations), image analysis 



was used to estimate the surface area (excluding sheath material associated with cells) for 

arbitrarily designated size classes, based on image analysis of at least 25 cells or particles 

within each size class. Mean surface areas within each size class were used to calculate 

the total surface area contributed by each phytoplankton taxon to its respective sample. 

The image analysis software program assumed a smooth surface in estimating surface 

area from the measured cell perimeter; hence, surface areas were most closely 

approximated for cells with regular shapes such as spheres. Since the abundant 

phytoplankton species were ellipsoid or spherical, estimates for surface area were 

considered to be a reliable index of algal size or biomass. 

Fresh phytoplankton samples were collected concurrently with preserved samples, 

and were transported to the laboratory within 1 hour at ambient temperature and light. 

Laboratory assays of 33~-phosphate uptake were completed on phytoplankton from 

control and low-clay (2 m g 5  treatment) field enclosures to compare phosphate 

sequestering (uptake or adsorption) by abundant algal taxa and clay particles. In 

addition, we also examined fiesh subsamples under light microscopy to observe the 

appearance of clay particles and algae, and to note changes in associations or movements 

of algae upon clay addition. 

Track light microscope (TIM) autoradiography was used to examine uptake or 

adsorption of radiolabeled 33~-phosphate by phytoplankton species and suspended clay 

sediment, with resolution at the level of individual cells or particles (Burkholder et al. 

1990). Trace concentrations of 33~-phosphate (New England Nuclear) were injected into 

duplicate subsamples with phytoplankton from controls and from the field low-clay 

treatment. Approximately 0.007 pCi (< 1 pg phosphate) was added to potentially label 

algal cells at an average decay rate of about 100 disintegrations/day/cell, based on 

separate determinations of phytoplankton cell numbers/mL. The phytoplankton 

subsamples with 3 3 ~  were mixed gently immediately after addition of radiolabel, and then 

again after 1 minute. Short-term incubations of "control" (without clay additions) and ' 

"field-treated" (with clay) phytoplankton with 33~-phosphate were conducted for 2 hours 

at 27OC (simulating ambient water temperature at 0.25 m depth) and 50 ~ E i n s t  m-2 sec-' 

under gentle swirling (Techne SB-16 shaking water bath, -40 rpm). The phytoplankton 

community from field-treated enclosures had sustained long-term loading by suspended 



clay (weekly clay additions over an 8-week period, 7 days after the most recent clay 

addition). Short-term effects of clay loading on phytoplankton from control enclosures 

were examined by assaying 33~-phosphate uptake during Zhour exposure to both radio- 

isotope and clay (initial concentration of 50 kg clay/L). The clay was added to the water 

column immediately before the 33~-phosphate and mixed gently for 1 second. Most clay 

particles settled out within minutes. 

Assays were terminated by adding acidic Lugol's solution to effect a 1% concen- 

tration, swirling gently to mix. Subsamples were filtered immediately onto Nuclepore 

filters (5-pm pore size, shiny surface up). Without the dilute rapid-kill fixative, most 

flagellates would have burst during filtration (Burkholder 1992). Vacuum was low and 

continuously controlled for a slow drop-by-drop filtration. When the filter began to dry, 

- 5  ml of filtered lake water (hldlipore GS filters, 0.22-km pore size) were gently added. 

At this point in the procedure for assessing radiolabel uptake (absorption) by algal cells, 

the rinse water commonly is spiked with a high concentration of unlabeled ("cold") 

phosphate (e.g., 0.5 mg PO,'~P/L or higher) to exchange adsorbed label with unlabeled 

ion (Burkholder et al. 1992). A cold phosphate rinse could not be used in these 

experiments, however, because it would have resulted in significant underestimation of 

phosphate sequestering (i.e., adsorption in the short-term assays) by clay particles. 

Hence, the data represented a comparison of phosphate partitioning or sequestering by 

algal cells as both adsorption and absorption, versus by clay particles as adsorption. 

The water, without unlabeled phosphate additions, was filtered through as before and the 

rinsing process was repeated. Immediate filtration followed by two rinses removed all 

excess Lugol's solution, and the cells retained their natural coloration. 

On the final filtration step, suction was removed just as the outer rim of the filter 

appeared dry. The filter was gently applied sample-side-down to a glass slide (modified 

"peel" technique of Tabor & Neihof 1982). The slide had previously been cleaned, 

coated with a filtered 5% gelatin-chrom alum solution (Millipore HA filters, 0.45-~rn 

pore size), dried in a laminar flow hood, and stored at room temperature with desiccant 

(Burkholder et al. 1990). The filter was gently peeled back from one side and lifted from 

the slide surface, taking care to avoid contact between the sample area and the highly 

labeled filter rim. The dried gelatin coating on the slide resulted in a somewhat sticky 



surface to which many cells and clay particles adhered. The slide with sample was placed 

on a steel surface that had been chilled to -70°C with liquid nitrogen to preserve the cell 

membranes as intact as possible. 

The samples were held at -2OC until they were lyophilized and then were stored at 

room temperature with desiccant in final preparation for the darkroom phase of TLM 

autoradiography. The darkroom procedure followed Burkholder et al. (1990)) using a 9- 

day exposure period. Completed autoradiographs were viewed at 6 0 0 ~  under phase 

contrast with an Olympus BH-2 light microscope, and were photographed with an 

Olympus PM-IOAD photomicrographic system. Tracks of silver grain development, 

marking algal uptake or clay adsorption of labeled 33~-phosphate ions, were quantified 

based on "particle" number. In each replicate sample, at least 100 particles from each 

category were analyzed for track production. Tracks were also quantified per unit of 

particle surface area, estimated from image analysis, to assess uptake of 33~-phosphate on 

the basis of particle size. Mean track counts were compared among particle types (clay, 

common algal taxa, and clay-algal aggregates) using the student "t" test (Gill 1978). 

Field Experiment 11: A Gradient of Sediment Loading +/- High Phosphate 

The more in-depth field experiment I1 focused on the response of phytoplankton 

and zooplankton communities to a replicated gradient of 0, 5, and 15 mg/L suspended 

sediment, with and without high phosphate enrichment (Table 1). Control mesocosms 

(CON, at ambient clay concentrations 5 1 mgL) were compared with treatments includ- 

ing P (high phosphate, added weekly during June - early July to maintain concentrations 

of 2 250 pg PO~-~P/L), low clay (& 5 ma), high clay (HC, 15 ma), low clay with 

high phosphate enrichment (LC+P, 5 mg clayk and 2 250 pg P O ~ ~ P / L )  and high clay 

with high phosphate (HC+P, 15 mg clay/L and 2 250 pg PO,-~P/L). Clay was added 

weekly during June - July, increasing to 14-day intemals in August to simulate the 

average monthly frequency of regional precipitation events with accumulation 2 0.25 cm 

(NOAA 1990). The controls and treatments were randomly distributed in triplicate 

among 18 mesocosms. We attempted to remove most fish from the mesocosms using 

cast nets, and then restocked the systems with bluegill sunfish from the reservoir at 

natural densities. 



All variables measured for lake water quality were included in mesocosm analyses, 

as well as quantitative analyses of phytoplankon and zooplankton community structure. 

Temperature, PAR, and Secchi depth transparency were recorded weekly; in addition, we 

obtained a between-treatments daily profile of SS concentrations, PAR and Secchi depth. 

Suspended solids, Secchi depth transparency, and PAR were measured routinely both 

before and after treatment. Nutrients TN, TP, SRP, TDP and TPP were analyzed before 

and after treatment on two dates, and were otherwise measured biweekly before clay 

and/or P additions. 

Biological variables included chlorophyll a and pheopigrnents (sampled weekly), 

and both phytoplankton and zooplankton abundances (sampled at the midpoint and final 

date of the experiment). Chlorophyll a and pheopigments were assessed using the same 

methodology as described for open lake water. Phytoplankton were sampled from the 

enclosures fol lo~ing the same procedure as in Field Experiment I. At a standardized 

time (1000 hr), we collected rotifers using the integrated water-column sampler. Micro- 

crustacean zooplankton (mostly cladocerans) were collected for a complete water-column 

sample using a No. 60 pm-mesh Wisconsin net (Research Nets, Inc., Seattle, Washington) 

(Wetzel & Likens 1991). The samples were transported to the laboratory on ice and 

narcotized with soda water. They were preserved to a final concentration of 4% neutral 

formalin, osmotically balanced with sucrose. Rose Bengal staining solution was added 

prior to quantitative analysis with a Nikon dissecting microscope (Wetzel & Likens 1991). 

For each variable measured, a one-way analysis of variance (ANOVA "f' test) was 

used to test for significant differences, both among treatments and between depths within 

each treatment (SAS Institute, Inc. 1987). Square root-transformed data were used in 

the ANOVAs to reduce differences in withimtreatment variance. Differences between 

treatments were tested using Fisher's least significant difference for multiple 

comparisions, with a comparison-wise error rate (@ = 0.05 or 0.01; SAS Institute, Inc. 

1987, Day & Quinn 1989). 

Inventory and Evaluation of Available hlodels 

The subroutines for nutrient cycling and biological growth presented in the Lake 

Austin Model, MINUKE, and other available lake simulation models were evaluated 

relative to  their ability to describe the fate of sediment and the impact of nutrient inflows 

on chemical and biological dynamics within reservoirs. Of critical importance was the 



potential facility in linking terrestrial (watershed) inputs to receiving water quality. We 

also evaluated existing models to determine whether they were based on chemical / 

biological processes, and whether they considered (or could be modified to consider) 

aquatic community response. 

The Lake Austin Model (Todd et al. 1989) was developed to evaluate the impact 

of watershed land use changes on total suspended solids and phosphorus levels in that 

system. Lake Austin was modeled in four sections, each associated with a watershed sub- 

basin. Watershed inflows were generated from stream gaging station in approximately 

50% of the area. In the remaining sections, rainfall records were used to estimate 

inflows to Lake Austin. The aquatic community response was estimated using simulated 

phosphorus and suspended sediment concentrations in each section of the lake, by 

comparing these levels to published data for eutrophic lakes. This model was not 

considered for application to Nonh Carolina piedmont reservoirs because few 

parameters were included for biological community dynamics. Other approaches were 

limited because they typically used combinations of regression and deterministic 

equations to relate total phosphorus loadings and concentrations to lake trophic status 

(Dillon & Rigler 1974, Higgins & Kim 1981, Walker 1984, Reckhow & Clements 1984, 

Tasker & Driver 1988, and others). Although MMLAKE was developed for clear north 

temperate lakes (of natural rather than constructed origin), the model describes each 

process and, among existing approaches, offered the highest potential for modification to 

piedmont reservoirs. The inputs and a brief description of M W W ( E  are given in 

Appendices IV and V (see Riley 1988 and Riley et al. 1988 for further information). 

Assessment of Land Use and Loadings from the Watershed 

T o  facilitate evaluation of direct impacts of surface overland flow on Durant Lake, 

we assumed that the contniuting watershed (excluding the area draining directly into the 

catch basin) was approximately 125 hectares (Fig. 2). This area was subdivided into two 

forested portions adjacent to the reservoir; two forested portions adjacent to the catch 

basin combined with mixed forested-residential section draining into a perennial stream 

that, in turn, fed the catch basin; and one fairly flat 6-hectare industrial park that also 

drained into a small catch basin. Watershed divisions were designed to be as uniform as 

possible. An average slope for each section was estimated from topographic maps and 



on-site observations. Overland inflows were simulated concurrently with the reservoir 

model simulations. This approach ignored subsurface inflow and travel times for 

overland flow to reach the reservoir. For our initial evaluations, the areas affecting the 

reservoir were chosen so that any overland flow would reach the reservoir in less than 1 

day, the time step for model simulations. Runoff constituents including suspended 

sediments, nutrients, and other parameters were estimated for each category of land use, 

based on published literature values for the North Carolina Piedmont or similar regions, 

and supplemented by empirically measured water quality in runoff during storm events in 

the Durant watershed. 





RESULTS AND DISCUSSION 

PhysicaVChernical Characteristics of Durant Reservoir and its Watershed 

Thermal as well as oxygen stratification were detected at both the mid-lake and 

outflow stations of Durant Reservoir during the summer 1990 growing season (Figs. 3 

and 4, Appendix I). Water temperatures ranged from 22-32OC during the field experi- 

ments with evidence of oxygen depletion in deeper waters. The relatively deep outflow 

station provided the clearest data for temperature-related differences in density of the 

water proceeding from the sun-heated surface to the bottom. These density differences, 

caused by temperature differences, resulted in some degree of thermal stratfication with 

formation of layers of warmest, lightest, wind-mixed water at the surface (epilimnion, 5 

0.5 m), and a deeper layer where temperature gradually decreased (hypolimnion). 

Maximal surface temperatures hovered at ' 30-32OC throughout the growing season. 

Surface inflow waters were cooler than the well-heated surface waters of the reservoir. 

Deeper waters of the outflow station measured the lowest in temperature (22OC during 

June), but all stations were othenvise comparable. 

As expected, the shallow inflow area at the western end of the impoundment was 

somewhat wind-mixed throughout the 1-m depth, resulting in fairly high DO along the 

bottom (2 8 mgL)  except during calm conditions in July when partial thermal 

stratification and low-bottom water-oxygen developed. This stratification was more 

pronounced throughout the summer growing season in the deeper mid-lake and outflow 

stations, where well-oxygenated surface waters were underlain by a shallow, deeper 

stratum of poorly oxygenated or anodc bottom water (generally 3 mg DO/L). 

Summer thermal / DO stratification likely promoted accumulation of dissolved nutrients 

such as SRP and NH,+N in the hypolimnion. 

Both Secchi depth transparency and PAR indicated that Durant Reservoir was 

moderately turbid after storm events even when the catch basin was operative. Secchi 

depth transparency was fairly constant except immediately following precipitation events 

(Table 3). Mean Secchi depth was 0.75 m (bottom), 0.80 m, and 0.87 m at the inflow, 

mid-lake, and outflow, respectively, and ranged from 0.5-1.3 m. These levels would be  

considered as indicative of eutrophic conditions if they were related to biogenic (algal) 

turbidity (Wetzel 1983), but the low Secchi readings in this lake resulted mostly from 



Figure 3. Depth profiles of temperatures during June, July and August in the inflow, mid- 
lake and outflow areas of Durant Reservoir. Data are given as the monthly mean + 1 SE 
(n = 3, 8 and 8 in June, July and August, respectively). 
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Figure 4. Depth profiles of dissolved oxygen concentrations (DO) in June, July and August 
at the inflow, mid-lake and outflow areas of Durant Reservoir. Data are given as in Fig. 3. 
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Table 3. Secchi depth transparency (m), suspended solids concentrations (SS, m@), and 
chlorophyll a content (Chla, p g L )  in Durant Reservoir. 

STRATUM SECCHI 
DEPTHa 

22 June 

Inflow 
Mid-Lake 
Mid-Lake 
Outflow 
Outflow 

Epi 
HYPO 
Epi 
HYPO 

Inflow 
Mid-Lake 
Mid-Lake 
Outflow 
Outflow 

Epi 
HYPO 
Epi 
HYPO 

24 July 

Inflow 
Mid-Lake 
Md-Lake 
Outflow 
Outflow 

E pi 
HYPO 
Epi 
HYPO 

8 August 

Inflow 
Mid-Lake 
Mid-Lake 
Outflow 
Outflow 



Table 3, cont'd. 

SITE STRATUM SECCHI 
DEPTH 

Inflow 
Mid-Lake 
Mid-lake 
Outflow 
Outflow 

5 September 

Inflow 
Mid-Lake 
Mid-Lake 
Outflow 
Outflow 

a Light penetration extended to the bottom. 



suspended clays contributed by overland runoff (Cuker et al. 1990, Burkholder & Cuker 

1991). 

Photosynthetically available light (or solar irradiance) rapidly diminished with 

depth in the water column (Fig. 5, Appendix I). At the mid-lake and outflow stations 

light was attenuated to approximately 1% of surface irradiance at a depth of -2.0 m. 

The 1% surface irradiance level generally is considered the lower limit for phytoplankton 

growth in freshwater systems (Wetzel 1983). Near the inflow area, irradiance was fairly 

high (20-40% surface PAR) throughout the shallow (s 1 m) water column. Suspended 

sediments, rather than phytoplankton, likely were the major cause of the rapid light 

attenuation because algal chlorophyll concentrations were low to moderate and 

representative of mesotrophic waters (M7etzel 1983). The mean light attenuation 

coefficient (lc) in the open water (June - Sept.) was 1.34 and 1.22 in the mid-lake and 

outflow stations, respectively. By comparison, pristine open ocean water has a "k" of 0.2, 

and the moderately turbid Neuse River Estuary has a "g of 1.0 - 1.1 (Mallin &: Paerl 

1992), indicating that Durant Reservoir is moderately turbid throughout the summer 

growing season despite operation of the catch basin to settle out suspended solids prior 

to reaching the main reservoir. 

Suspended solids were moderate to high, with strong evidence of a seasonal 

pattern (Table 3). Suspended solids generally were highest following precipitation events, 

with appreciable loadings of both SS and nutrients from the catch basin during and 

following moderate precipitation (Fig. 6).  High SS loadings were also contributed from 

an intermittent stream draining the industrial park (Figs. 1 and 6). Suspended solids 

usually were substantially higher in the hypolimnion than in the epilimnion, from settling 

out of both particulate sediments and monbund / dead plants and animals. Such rapid 

sedimentation, over the long term (years), has caused the lake to "fill in" and become 

much shallower since its construction (J. Connors, Director of Durant Park, pen .  comm). 

Changes in TP and TPP roughly followed SS concentrations, an expected pattern 

since phosphorus is highly insoluble and is generally transported in association with 
/ 

particulate matter (Froelich 1988) (Table 3). Total P concentrations indicated that the 

reservoir was mesotrophic (Weiss & Kuenzler 1976, Wetzel 1983), with mean TP at  

approimately 40 p@ (Table 4). Among the three lake stations, surface-water TP 



Figure 5. Depth profiles representing light availability (photosynthetically active radiation, 
PAR, as percent incident light or %I,) in Durant Reservoir during June, July and August 
at the inflow, mid-lake, and outflow areas of Durant Reservoir. 
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Figure 6. Phosphorus and suspended solids concentrations at the Durant Reservoir site 
in July, before and 2-3 hours after the beginning of a moderate precipitation event. 
Stations monitored included the catch basin inflow, mid-region and outflow (CATCH IN, 
CATCH MID, and CATCH OUT, respectively), the main inflow stream to  Durant Reservoir 
(STREAM), the lake inflow area (LAKE), and the intermittent erosion channel draining a 
nearby industrial park (CHANNEL). Data are given as the mean + 1 SE (n = 3). 

TPP rn 

BEFORE 

El CATCHIN B C A T C H O U T  BLAKE 
CATCHMID m S ' I R U M  -. 



Table 4. Mean nutrient concentrations (p&) in Durant Resewoir during 1990. 

SITE STRATUM TP TDP TPP SRP TN ~ f n '  
(SURFACE) 

22 June 

Inflow 
Mid-Lake 
Mid-Lake 
Outflow 
Outflow 

7 Julv 

Inflow 
Mid-Lake 
Mid-lake 
Outflow 
Outflow 

18 July 

Inflow 
Mid-Lake 
Mid-Like 
Outflow 
Outflow 

25 Julv 

Inflow 
Mid-Lake 
Mid-Lake 
Outflow 
Outflow 

8 Aunust 

Inflow 
Mid-lake 
Mid-Lake 
Outflow 
Outflow 



Table 4, cont'd. 

SITE STRATUM TP TDP TPP SRP TN TNm' 
(SURFACE) 

Inflow 19 7 12 5 292 15 
Mid-lake Epi 22 7 15 4 346 16 
Mid-Lake Hypo 41 9 32 5 816 
Outflow Epi 23 6 16 4 279 12 
Outflow Hypo 38 10 29 5 729 



generally was highest in the inflow, whereas hypolimnetic TP was highest in the outflow. 

Increasing hypolimnetic TP concentrations indicated the seasonal progression of 

increased production in the surface waters followed by death of phytoplankton, zooplank- 

ton and other organisms, settling, decomposition and nutrient release at depth (Wetzel 

1983). This pattern was stronger in the outflow area, where TP was significantly higher 

in the hypolimnion than in the epilimnion throughout the growing season (p < 0.05). 

Elevated TP concentrations in the hypolimnion of the outflow station also reflected 

transport / accumulation of decomposing materials to the outflow area by the river 

channel over the May - Sept. growing season. 

Total dissolved phosphorus and SRP followed parallel trends except during late 

summer, when steadily increasing TDP likely resulted from increasing biological excretion 

(bacteria, phytoplankton, zooplankton) as well as increasing decomposition of recently 

dead organisms (Table 4). In contrast, high demand by algae and angiosperms in the 

epilimnion coincided with a significant decrease in SRP from the mid- to late growing 

season (p < 0.05). Soluble reactive phosphate is the readily available form of 

phosphorus for immediate plant uptake (Kuhl 1974), and it comprised approximately 10- 

20% of water-column TP. 

Total N ranged from 350 - 900 &L in surface waters, with slightly higher 

midsummer values indicative of mesotrophic conditions (Wetzel 1983) (Table 4). 

Spatially, summer values were slightly greater near the outflow than near the inflow. 

Total N was also greater in the hypolimnion than in the epilimnion, likely tracking 

sedimentation of dead and decaying organic material from the surface photic zone. 

Mean TN:TP ratios in Durant Reservoir generally were lowest in the inflow but ranged 

from 22-32 in the epilimnion of the mid-lake and outflow areas in mid-late July, 

indicating that P was the primary nutrient limiting algal growth (Smith 1982) (Table 4). 

By August, however, lower surface or epilimnetic TN:TP ratios in all three stations (12- 

193, mean 15:l) suggested that the phytoplankton were shifting toward N limitation 

(Smith 1987). 

Chlorophyll a, the general measure of phytoplankton biomass, was also indicative 

of mesotrophic lake status (Wetzel 1983) (Table 3). Highest levels ('40 pglL) were 

measured in the hypolimnion near the outflow late in the growing season, as phytoplank- 



ton coflocculated with sediment particles or became moribund and settled out. Filamen- 

tous blue-green algae became abundant in the epiphyte communities on the submersed 

macrophyte beds near the inflow region, and subsequently were suspended into the 

overlying water during periods of moderate / high winds (Burkholder & Cuker 1991). 

They formed surface scums of approximately 2-3 cm in thickness, which subsequently 

were concentrated by gentle winds and accumulated along the northwestern shoreline. 

Phytoplanhton Analyses: Sbort-Term versus Long-Term Sample Storage 

The phytoplankton communities from both control and the low clay-treated field 

enclosures contained at least 42 species from 6 divisions and included abundant 

flagellates and gelatinous colonies (Appendix 11). Among these, however, only 3 taxa and 

1 larger grouping contributed 5% or more to total cell number or size (indicated by 

surface area). The colonial blue-green alga, Merirmopedia punctara Meyen, was most 

abundant throughout (Burkholder 1992)(Fig. 7). A second small colonial blue-green, 

Apkanothece sp., was less common. Gelatinous colonial green algae were most frequent 

in control communities, especially Elakatotlzrir gelatinosa Wille. The fourth abundant 

taxonomic grouping represented only about 5% of the total cells in the control communi- 

ties, but contnbuted most of the cells in clay-treated communities as well as most of the 

biomass in both controls and the low-clay regime. These algae were easily overlooked in 

preserved material, and they were destroyed or obscured beyond recognition through 

formation of aggregates in the acidic furative within several days at room temperature or 

under refYigeration. The group consisted of at least 14 species of unarmored (athecate, 

with neither a cell wall nor cellulose or pectin plates), colorless or poorly pigmented 

"gymnodinoid" dinoflagellates (PyrThophyta) (genera Gymnodiniurn, Amphidinium, Kato- 

dinium ) (Appendix 11). Two thin-walled genera (Glenodinium and Wolostynskia, with 

delicate plates discernable only from empty cells and, hence, analyzed wjth gymno-dinoids 

[Popovsky & Pfiester 1990]), were also common. This surprisingly diverse assemblage of 

athecate or weakly thecate, mixotrophic / heterotrophic dinoflagellates contnbuted 55% 

of the total algal surface area in the field enclosures, increasing to nearly 100% in 

communities subjected to short-term clay exposure during assay with radiolabeled 

phosphate (Fig. 7). Individuals ranged from ' 5  to 60 prn in diameter, and from '30 to 

450 pm2 in surface area. 



Figure 7. Phytoplankton community structure in control and clay-treated (CLAYJD) 
field enclosures after 8 weeks (August), and 7 days after the most recent clay addition 
to the lowest clay treatment (2 mg clay/L) in field 'experiment I. The contribution of 
abundant taxa Merirmopedia punctata (MERIS), Aphanotlzece sp. ((APH), Elakorothrir 
gelah'rzosa (ELM), and unarmored gymnodinoid dinoflagellates ( ~ m )  is designated on the 
basis of cell number (upper panel) and surface area (biomass indicator; lower panel). Data 
are given as the mean + 1 SE from duplicate enclosures. 
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Phytoplankton analyses fiom the field enclosures after 8 weeks indicated that the 

low clay-treated communities had begun to recover from the most recent clay treatment 

added 7 days previously (Burkholder 1992)(Fig. 7, Table 1 [P Partitioning, "Long-Term" 

Enclosures irz sim]). Recovery was especially apparent in terms of total algal surface 

area, with communities fiom clay-treated enclosures closely resembling those from 

controls. Gymnodinoid cells that had aggregated with clay particles in the clay treatment 

were somewhat distorted with low pigment content, and were often partially covered with 

additional clay; neither these nor the few observed resting stages or cysts were included 

in estimates of gymnodinoid surface area. Nonetheless, free-swimming gpnodino id  

dinoflagellates were the dominant contributors to total algal surface area in all 

enclosures, and had attained comparable biomass in treated enclosures and controls. On 

the basis of cell number, recovery was less evident: Merirmopedia was only about one- 

third as abundant as in the controls, while cell numbers of Apharlothece, Elakatotl~riu, and 

free-swimming gymnodinoids remained low (Fig. 7). 

Despite omission of a significant component of the phytoplankton biomass -- i.e., 

mkotrophic dinoflagellates -- in analyses of samples subjected to long-term storage (i.e., 

months), the large sample numbers collected per date rendered analysis within 5 3 days 

impractical. Standard long-term analyses yielded poor estimates of abundance especially 

for mkotrophic / heterotrophic dinoflagellates. Hence, in both field experiments I and 11, 

data from phytoplankton community analyses were considered to significantly underesti- 

mate the contribution of these dinoflagellates to the total. 

Field Experiment I -- Response to a Sediment Loading Gradient 

Clay additions initially created high turbidity, but the water cleared after 2-3 days 

(Gama & Burkholder 1992)(Fig. 8), and the concentration of sediments remaining in 

suspension was -50 pg/L as equivalent dry weight. Total P and TPP both increased 

following clay addition, but TDP decreased and SRP remained low (Gama & Burkholder 

1992)(Table 5). Mean TP ranged from - 15 pg/L in replicate control enclosures 

(without clay additions) to 33 pg/L in treated enclosures. 

Experiment I yielded in-depth information about the response of phytoplankton 

species to variable severity in episodic suspended sediment loading over a long-term 

period. We emphasized community analyses from the epilimnion (i.e., the upper 2.0 m 

of the 2.5-m total depth) as indicative of taxa that were able to remain in the water 



Figure 8. Depth profiles of available light (as percent incident PAR, % I,) in controls and 
in treated enclosures 1 hour versus 6 days after clay additions in field experiment I. Data 
are given as the mean + 1 SE from duplicate enclosures at each clay concentration. 
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Table 5. The effect of variable clay additions on water-column total phosphorus and 
total nitrogen in controls and treated enclosures in field experiment I, immediately 
before and 2 hours after adding clay treatments. The asterisk (*) indicates that one 
replicate enclosure from the 2 mg/L treatment was lost due to decomposition of a large 
turtle (shell width approximately 35 cm) at the bottom of the enclosure (evidenced by 
tu70 pieces of rotting carcus that eventually floated to the surface) which stimulated an  
algal bloom and enriched the water with much higher nutrient concentrations than were 
measured in the other replicate enclosure. Data are given as the mean + 1 SE for 
duplicate controls and treatments sampled on two dates. 
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column and / or "reset" their populations between sediment loading events. Phytoplank- 

ton total cell numbers and total biovolumes were not sufficiently sensitive variables to 

indicate known levels of perturbations, because the totals were maintained by shifts in 

dominant taxa across the imposed clay gradient (Figs. 9 and 10). The lowest level of clay 

loading either did not affect or actually stimulated growth of all phytoplankton taxa 

present (Gama & Burkholder 1992)(Fig. 10). Beneficial diatoms and flagellated 

chrysophytes (consumed directly by zooplankton) as well as "non-beneficial," coccoid 

blue-green algae (i.e., not a preferred food source for many zooplankton; Kerfoot & Sih 

1987, Fulton & Paerl 1988) were highly stimulated at the lowest input of clay. However, 

these populations declined to residual levels (indicated as biovolume or biomass) at the 

next higher clay loading and were negligible at all higher clay concentrations. In contrast, 

various flagellates including large euglenoids (mostly inedible by zooplankton), 

dinoflagellates, and cryptomonads all increased with clay loading up to the highest levels 

imposed, indicating that flagellates would be expected to dominate the plankton of 

shallow, turbid piedmont reservoirs. Noxious filamentous blue-green algae also increased 

in abundance at the highest clay loading, although production was low relative to 

accumulation during blooms in clear waters (Cuker et al. 1990). 

Coflocculation of Phytoplankton With Clay Particles 

Phytoplankton taxa £rom control mesocosms vaned in susceptibility to co0occula- 

tion with sediment. Addition of even 100 pg clay/L resulted in nearly complete loss of all 

but Merirmopedia and gymnodinoid dinoflagellates from the upper water column after 1 

hour (Burkholder 1992) (Fig. 11). The dinoflagellates formed aggregates and temporary 

resting cysts so that most free-swimming cells were eliminated at 2 250 pg clay/L. The 

temporary cysts had a thick mucilaginous outer covering that formed within 1-2 minutes 

or less. These structures have been reported to maintain viability for days - months 

under adverse conditions (Taylor 1987, Doucett et al. 1989). In contrast, Merirmopedia 

sustained a residual population at 1000 pg clay& the highest concentration used in the 

imposed clay gradient for the laboratory coflocculation experiment. Colonies fragmented 

under increasing SS; colony size decreased from 21+2 cells (mean + 1 SE; n = 30 

colonies) at 5 100 pg c1ayl.L to 952  cells at 1000 pg c1ayl.L (n = 25 colonies). At 1000 

pg clay& 70% of the colonies contained 5 10 cells and colonies were not found with 2 



Figure 9. Total cell number (A) and total biovolume (B) of phytoplankton under a n  
imposed gradient of sediment loading (field experiment I). Data are  given as the 
mean + 1 SE fYom duplicate enclosures. 
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Figure 10. Long-term (11 weeks) response of algal groups (chrysophytes, CHRYSO, 
including desirable small flagellates and diatoms; green algae, GREEN; filamentous 
blue-green algae, FILA BG; large cryptophyte flagellates, CRYPTO; large dinoflagellates, 
DINO; and large euglenoid flagellates, EUGLEN) to a gradient of sediment loading in - 
field experiment I. Data are given as mean cell numbersn (or, for blue-greens, as me 
filament numbersn) + 1 SE from duplicate enclosures at each clay concentration. 

0 10 20 3 0 
C L A Y  (rnglL) 

0 
--7 

10 C L A Y  (mglL) 2 0 3 0 



Figure 11. Short-term response of dominant phytoplankton Merisrnopedia punctata 
(MERIS) and gymnodinoid dinoflagellates (GYM) to a gradient of clay loading (0, 50, 100, 
250, 500, and 1000 pg/L  clay). Data are given as the mean cell number + 1 SE (n = 3) 
remaining suspended after 1 hour in the upper 5 cm of 30 cm-laboratory water columns. 
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28 cells. By comparison, at ( 100 pg clay/L only 22% of the colonies included ( 10 

cells, and about 40% of the colonies contained 28 or  more cells. 

Hence, two apparent mechanisms for phytoplankton sunival of episodic sediment 

loading were formation of temporary cysts (dinoflagellates) and colony fragmentation 

(Merirmopedia). Rapid fragmentation of Merismopedia colonies likely enabled more cells 

to avoid coflocculation, thus enhancing sunival of a larger residual population for re- 

establishing dominance under more favorable conditions. Colonial forms that do  not 

fragment easily, especially larger algae with extensive outer mucous sheaths such as 

colonial greens Elakatothrir and Sphaeroqsrir, were strongly attracted to clay particles (by 

surface charge; Avnimelech et 01. 1982) and, because of their weight, rapidly settled out 

to b e  buried in the sediment. The appearance of gpnodino ids  aggregated with clay 

particles suggested a similar fate -- that dinoflagellates which were unable to avoid direct 

contact between the clay and the delicate outer cell membranes subsequently could not 

detach, and would eventually die and settle out with the clay particles. Unlike the 

mucilaginous colonial greens, however, many dinoflagellates use outer mucilage as a 

temporary protective structure from which they easily dissociate (Taylor 1987, Doucett et 

al. 1989, Burkholder 1992). Using light microscopy with live samples subjected to  clay 

additions, we observed that dinoflagellate cells with thick mucilaginous coverings were 

able to avoid direct contact with clay particles, thereby preventing strong adherence to  

the particle surface and subsequent damage to the outer membranes (including rupture 

of the plasmalemma) upon attempts to detach. As long as one area of the cyst was free 

of clay, the cell within remained protected. With aid of light microscopy we watched 

dinoflagellates form these mucilaginous cysts and then re-emerge after the sediment 

settled out, somewhat analogous to the more favorable conditions that would occur in the 

natural habitat between sediment loading events. In shallow systems such as Durant 

Reservoir, even the encysted cells with adsorbed clay that settled out to the hypolimnion 

or the sediment surface would not have been far from the upper water column upon 

excystment. 

Phosphate Partitioning Among Phytoplankton, C la j  and Aggregates 

Assessment of categories of common particle types (algal taxa, clay) to be  

considered in data analysis for the phosphorus-partitioning experiments revealed that 



samples from clay treatments actually contained few free clay particles (Burkholder 

1992). Certain other amorphous particles from controls and treated field enclosures 

were flocculent, somewhat pigmented, and consisted of 7-10 gymnodinoid dinoflagellates 

adsorbed to clay particles. This observation was confirmed with fresh phytoplankton 

samples after a storm with moderate runoff during the following growing season. In 

contrast, individual dinoflagellates in aggregates from the field clay treatment had little 

pigment and were not easily discerned; most of these aggregates likely had formed 7 days 

earlier when the previous clay treatment was added. A third type of amorphous particle, 

dinoflagellate temporary cysts, was abundant among phytoplankton from the short-term 

clay exposure, and less common from treated field enclosures. About 85% of these cysts 

were aggregated with clay particles. 

Unlike the quantitative procedure for total phytoplankton community analyses, the 

gentle filtrations used to prepare TLM autoradiographs left some cells on the filters but 

preserved many delicate unarmored dinoflagellate cells intact (Burkholder 1992). Many 

of these cells were associated with extracellular extensions such as peduncles and 

cytoplasmic web- or net-like extensions which frequently have been reported to function 

in phagotrophic and saprotrophic nutrition (Hofeneder 1930, Spero & Moree 1981, 

Jacobson & Anderson 1986). Most unarmored cells with diameter 2 15 pm were 

observed with peduncles or nets; occasionally cells were found with both extensions, 

indicating heterotrophic nutrition. 

Although the clay treatments added TP to the receiving water (Gama 8: Burkhol- 

der 1992) (Table 9, the suspended particulates were active in sequestering dissolved 

phosphate as indicated by adsorption of the 3 3 ~  radiolabel (Fig. 12). Both background 

suspended clay particles fiom control enclosures and sediment added to the low-clay field 

enclosures 7 days before assay adsorbed appreciable 33~-phosphate on the basis of 

particle number. Evaluation of phosphate partitioning between suspended clay and 

phytoplankton during sediment loading was complicated, however, by aggregation of 

algae with clay. Adsorption of 33~-phosphate by the few free clay particles was fairly low 

on the basis of surface area, considering communities from both controls and the low-clay 

field treatment. The highest per-cell uptake of 33~-phosphate was by free gyrnnodinoids, 

followed by Merirmopedio and aggregated gymnodinoids from the treated enclosures. In 



Figure 12. Uptake of 33~-phosphate by common phytoplankton (Merismopedia - MERIs, 
Aphanothece sp. - APH, Elakutorhrir - ELAK Sphaerocystis - SPH, Dinobr)ton - DM, and 
gymnodinoid dinoflagellates - GYM), free clay particles (CLAY), clay particles aggre- 
gated with gymnodinoid dinoflagellates (c+G), and temporary dinoflagellate cysts alone 
(uncommon) or aggregated with clay particles (c+Gc).* 
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* Data are given as the mean number of tracks 2 1 SE (n = 3), on the 
basis of particle number (cell, clay, or algal / clay aggregates; upper 
panel) or surface area (lower panel), considering control communities 
from field experiment I (CONTROL), control communities under short- 
term laboratory exposure to clay (CLAY~H),  and communities from 
treated field enclosures (lowest clay concentration, 2 mg/L treatment) 
7 days after the most recent clay addition (CLAYJD). 



contrast, on a surface-area basis, Merirmopedia took u p  significantly more 33~-phosphate 

than other particle categories (p < 0.01) (Fig. 12). The long-term, low-clay field 

treatment stimulated additional uptake by Merismopedia and gymnodinoids, considering 

both free-swimming and aggregated dinoflagellate cells collectively. 

Short-term (2-hour) laboratory exposure of control phytoplankton communities to  

even low concentrations of clay (50 pg clay/L) sigmficantly stimulated uptake of 3 3 ~ -  

phosphate by all algal taxa analyzed (significantly greater than without clay additions; p < 

0.05), with exception of free-swimming gymnodinoids that maintained similar 3 3 ~ -  

phosphate uptake wi thk thou t  clay (Fig. 12). On the basis of particle number, uptake of 

radiolabel was greatest for the abundant aggregated and encysted dinoflagellates (both 

usually associated with clay). In contrast, on a surface-area basis 33~-phosphate uptake 

under short-term exposure to clay was greatest for Merismopedia. Substantial radiolabel 

also adsorbed to free clay particles although they rarely were found. 

Overall partitioning of 33~-phosphate among dominant algal taxa, clay particles, 

and algal-clay aggregates from controls and clay-treated communities was estimated 

based on the total surface area of each particle type within each sample, as an index of 

the potential membrane or surface area available for uptake or adsorption of labeled 

phosphate. Among communities from field controls, about 70% of the particle- 

associated "P-phosphate was taken u p  by free-swimming gymnodinoids, with most of the 

remainder taken up by Merirmopedia (Fig. 13). Within 2 hours of laboratory exposure of 

control communities to the low clay concentration, most of the radiolabel was associated 

with free or aggregated dinoflagellates; other algae, although highly labeled, had settled 

out or were low in contribution to total surface area. The highest proportion of the  3 3 ~ -  

phosphate (-45%) was associated with the gymnodinoid-clay aggregates, which were 

highly labeled and also contributed most of the total particle surface area. Dinoflagellate 

cysts, also generally in association with clay, were more highly labeled on a particle basis 

but contributed less surface area and, hence, were intermediate in overall 33~-phosphate 

acquisition. 

In contrast, among phytoplankton subjected to clay loading 7 days earlier in the 

field low-clay enclosures, 33~-phosphate was partitioned among Mericmopedia (25%) and 



Figure 13. Relative 33~-phosphate partitioning among algae, clay, and aggregates on the 
basis of surface area. Data are presented as in Fig. 12. 
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both free and aggregated gymnodinoids (-75%) (Burkholder 1992) (Fig. 13). Uptake or 

adsorption of radiolabel by gymnodinoid-clay aggregates was significantly less in the 

treated field communities than in communities under short-term exposure to clay (p < 

0.05), but the aggregates again represented the major sink for 33~-phosphate because 

they contributed most of the total particle surface area. Hence, 7 days after the last clay 

addition, the phytoplankton from treated field enclosures resembled the c o n t r ~ l  

communities in 33~-phosphate partitioning as well as community structure, except that 

uptake of radiolabel among dinoflagellates was mostly by free-swimming gymnodinoids in 

controls versus by gymnodinoid-clay aggregates in treated field enclosures (Fig. 13). 

All phytoplankton taxa examined in this study sequestered 33~-phosphate when 

exposed to suspended sediment. The widespread response likely reflected an attempt to 

increase cellular P supplies and associated energy reserves for use in suniving adverse 

conditions imposed by episodic sediment loading. The common occurrence of 

extracellular cytoplasmic nets and peduncles among pigmented as well as colorless 

dinoflagellates provjded strong evidence that heterotrophy is another mechanism used to 

enhance algal sunival in the turbid resemoir environment (Gaines & Elbr'achter 1987, 

Burkholder 1992). Subsequent experiments have documented that many of the blue- 

green taxa in Durant Reservoir readily consume glucose and other organic substrates 

(Burkholder, unpublished data). This information suggests that in turbid reservoirs 

heterotrophy, rather than autotrophy, may supply a substantial portion of the energy for 

production at the base of the food web which becomes available to support higher 

trophic levels (Burkholder 1992). 

Field Experiment I1 -- Response to Sediment Loading +/- High P Enrichment 

In both field experiments, temperatures were comparable among all mesocosms 

(Fig. 14, Appendix 111). However, in field experiment I1 water clarity declined from 2.2 

m to 1.6 m or < 1.0 m after the first LC and treatments, respectively (Fig. 15) 

(significantly lower Secchi depths with clay; p < 0.01). Clarity in HC+P was not as 

severely affected as in treatments alone during the first half of the experiment 

(significantly higher at p < 0.01), suggesting that accompanying P enrichment may have 

promoted more rapid settling by accelerating clay/clay or algal/clay coflocculation. In 

addition, the treatments with phosphorus, alone or with either clay concentration, had 



Figure 14. Depth profiles of enclosure temperatures over the June - early Sept. growing 
season (example using field experiment 11, with triplicate controls [CON] and treatments 
low clay [L& 2 ma], high clay [HC, 15 mg/L], high phosphate enrichment [PHOS, > 250 
P ~ / L  PO,'~P], low clay with high phosphate enrichment [LC+P], and high clay with high 
phosphate enrichment [HC+P]). Data are given as the mean 2 1 SE for each depth, 
considering all enclosures over the entire growing season.* 
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* Note that temperatures among the enclosures from field experiments 
I and I1 were within + 1°C, and comparable to temperatures in the 
reservoir water column (see Fig. 3). 



Figure 15. Secchi depth transparency in the enclosures of field experiment I1 over the 
growing season, plotted to indicate before / after clay treatment effects (so that the time 
scale axis is disproportionate). Data are given as the mean + 1 SE (n = 3 replicate 
mesocosms per treatment). 
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less transmitted light because of high algal biomass (i.e., high biological or biogenic 

turbidity). Near the water surface, light availability was actually highest in the treatments 

with because of increased refraction by suspended sediment particles (Cuker et aL 

1990)(Fig. 16). As expected, at depths of 0.5-1.5 m, PAR was significantly less in 

treatments than in "non-clay" enclosures (i.e., controls or PHOS; p < 0.05 to O.Ol)(Fig. 

16). At depths > 1.5 m, available light was comparably low among all enclosures. 

Daily measurements were taken for SS during the first week of July to document 

settling of the natural clay over time between treatments (Fig. 17). These data yielded 

some surprising results. At 1.5 hours after treatment, < 50% (I& +/- P) or only about 

15% (z +/- P) of the clay added still remained in suspension. The loading effected by 

HC maintained SS above background between treatments at a 7-day frequency but not at - 
a 14-day frequency, and SS declined to background in 3 days in E. 

We expected clay additions to add TP and TPP to the experimental systems, but 

in the epilimnion of treatments this trend was clearly s h o w  only in the first few 

weeks (Fig. 18, Appendix 111). Instead, the clay rapidly settled into the hypolimnion 

where TP and TPP were generally much higher than in controls (p < 0.001). With & 

however, we observed significant increases in SRP and TDP as well as TP in both the 

epilimnion and hypolimnion (p < 0.01). In clay+P treatments, the high P O ~ ~ P  additions 

generally maintained TP and SRP at 2 250 &L and obscured any additional TP contri- 

bution by the clay particles. 

Most of the living algal biomass was found in the epilimnion or upper 2 m of the 

water column during the latter pan  of the experiment (Fig. 19). During July the LC+P 

enclosures as well as one HC+P enclosure developed phytoplankton blooms, mostly as 

noxious filamentous blue-green algae such as Anabaena spp. Secchi depth was not 

appreciably altered by clav+P treatments in that month, but water clarity was significantly 

reduced by clay or clav+P treatments during August as the changing phytoplankton com- 

munity apparently increased in susceptibility to coflocculation and settling out with clay 

particles (p < 0.01) (Fig. 15). Dissolved oxygen concentrations indicated increased net 

productivity among P-enriched treatments by August (signif cantly higher than in enclo- 

sures without P additions; p < O.Ol)(Fig. 20, Appendix 111). This stimulator). effect of P 

was temporarily suppressed immediately following clay additions (Fig. 20). 



Figure 16. Depth profiles for available light (photosynthetically active radiation, PAR, as 
percent incident light or %I,) during July and August in the enclosures of field 
experiment 11. These profiles were taken 2 hours after adding clay treatments Data 
are  presented as in Fig. 14 (n = 6 times for each month). 
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Figure 17. Suspended solids concentrations (SS) in the upper 2 m (epilimnion) of the 
enclosures in field experiment 11, representing the range in clay concentrations used 
(controls, LOW CLAY and HIGH CLAY treatments). Data are given as the mean + 1 SE.* 
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Figure 19. Phytoplankton chlorophyll a concentrations (corrected for pheopigment 
degredation products) in the epilimnion and hypolimnion (upper and lower panels, 
respectively) under sediment +/- high phosphate loading in field experiment 11. Data are  
presented as in Fig. 14. 
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Figure 20. Representative depth profiles of  dissolved oxygen concentrations (DO) in field 
experiment I1 on clear, warm dates during July (upper panel) before clay additions, and in mid- 
Auyst 1 day before versus 1 day after clay additions (mid and lower panels, respectively). Data 
are given as the mean + 1 SE for each depth. 
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As in field experiment I, low sediment loading (LC) supported growth of 

gelatinous colonial green algae and small colonial blue-greens (mostly inedible by 

zooplankton) as well as large euglenoids (2 40 pm length) and dinoflagellates (Figs. 21 

and 22). Moderately high sediment loading further enhanced development of large 

flagellates. Epilirnnetic phytoplankton production showed early stimulation after two 

additions (algal chlorophyll a significantly higher than in the other treatments; p < 0.05) 

(Fig. 19). Thereafter, however, the majority of the primary production in both and 

HC was contributed by periphyton (Burkholder & Cuker 1991; Burkholder, unpublished - 
data). Phytoplankton clearly were stimulated by high P enrichment in July - August 

(significantly higher chlorophyll a than in treatments without P; p < 0.01; a similar trend 

indicated by total algal biovolume among controls and treatments in late summer) (Fig. 

21). During July the PHos enclosures developed phytoplankton blooms, mostly as 

noxious filamentous blue-greens such as Anabaena spp. High P enrichment with 

promoted dramatic, sustained increases in phytoplankton production (Fig. 19). PHos  

alone supported smaller surface blue-green blooms during August, whereas HC+P 

promoted blooms of blue-greens with less abundant colonial green flagellates (Figs. 19- 

22). Hence, all treatments with phosphate enrichment eventually showed high stimula- 

tion of surface phytoplankton growth, although variable in timing and dominant species. 

Higher (controls, PHOS, both clay+P) or comparable (treatments with clay alone) 

phytoplankton biomass was measured in the hypolimnion than in the epilimnion during 

most of the study, except for much higher surface bloom development in LC+P during 

July - August. General trends from the data indicated that high phosphate loading can 

ovemde the effects of moderate-high sediment loading and support nuisance algal 

blooms. Only with frequent, high sediment loading (e.g., 25 mgL added at Zday 

intervals) is the stirnulatory effect of P effectively reduced (Cuker et al. 1990). 

Among zooplankton, the cladoceran Diaphanosoma was stimulated by P ennch- 

ment +/- clay loading (significantly higher numbers than in controls; p < 0.05) (Fig. 23). 

Bosmina increased in all treatments except LC (significantly higher numbers than in 

controls during July at p < 0.05)) whereas clay loading resulted in declines of Chydoncr 

except in LC+P. At the midpoint of the experiment, copepod nauplii were also 

stimulated by P enrichment withhthout clay loading, and rotifer abundance (especially 



Figure 21. Total cell number and total biovolume (upper and lower panels, respectively) 
of late August phytoplankton communities in the epilimnion (upper 2 m) of field 
experiment I1 under sediment +/- phosphate loading. Data are given as the mean + 1 
SE for controls (CON) and treatments PHos (high phosphate enrichment), (low clay, 
mean daily concentration 5 mgIL), (high clay, mean daily concentration 15 ma), 
LC+P, and HC+P (n = 3 replicates per treatment). 
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Figure 22. Relative contribution of algal divisions (blue-green algae or Cyanophyta, 
BLUE-GRNS; green algae or Chlorophyta, GREENS; chrysophytes or Chysophyta, 
CHRYSOS; dinoflagellates or Pyrrhophyta, DINOS; crypt omonads or Cryptophyta, 
CRYPTOS; and euglenojd flagellates or Euglenophyta, EUGLENOS) to total cell number 
and total biovolume (upper and lower panels, respectively) in late August phytoplankton 
communities from the upper 2 m (epilimnion) under sediment +/- phosphate loading in 
field experiment 11. Data are given as in Fig. 21. 
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Figure 23. Zooplankton communities from controls and treatments of field experiment I1 during late July and 
early September (left and right panels, respectively). The upper panels show the response of calanoid and 
cyclopoid copepods, their nauplii, and rotifers (mostly Poljarha). Lower panels summarize the response of 
cladocerans (Bosmina, Ceriodaphnia, Chydorw, and Diaphanosoma). Data are ~ iven  as mean number of indivi- 
iduals/L + 1 SE (from Chapter 1 of Ph.D. dissertation% preparation by M. Grsen). 
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for the genus Polyanhra) was higher in clav+P loading. However, both copepods and 

rotifers were similar in abundance by the end of the experiment in controls and all 

treatments, except for increases in nauplii in HC+P. 

Development and Evaluation of a Model to Predict Reservoir Water Quality 

After inventorying and evaluating available lake water quality models, we selected 

MINLAKE for modification and application to piedmont reservoirs. A description of the 

MINWCE model and summary of the processes simulated is provided in Appendix IV. 

We first developed a framework of realistic input parameters for Durant Reservoir, by 

summarizing the range of possible parameter values for the Piedmont region of North 

Carolina (Tables 6-16). Estimates for these parameters were derived primarily from on- 

site experimental observations supplemented by the MIhZAKE manual and other 

available literature for conditions in Nonh Carolina or, more generally, in the Southeast 

(Appendix V). For example, Weiss & Kuenzler (1976) and Smith (1987) were consulted 

in determining ranges for some phytoplankton variables; zooplankton-related parameters 

were developed from Mallin et al. (1985), Mallin (1986), and Mallin & Partin (1989). 

Daily weather data for the study area were provided by NOAA (1990), including 

daily mean air and dew-point temperatures, precipitation, wind speed, and direction / 

percent sunshine. Solar radiation was estimated from the percent sunshine data using 

the procedures of Jensen (1975), and including the station latitude, time of year, and 

expected clear-sky solar radiation. Input parameters describing the characteristics of the 

surrounding watershed are provided in Table 14; these parameters could be varied on 

the basis of time and location. Other data parameters were selected using the ranges 

given in Riley (1988). 

MIlhTLAKE was modified to account for varying inflows from surface flow, based 

on the hypothesis that the timing and magnitude of water flow and chemical transport to 

the reservoir should affect biological dynamics and reservoir water quality. Procedures 

were added to simulate the Soil Conservation Sewice (SCS) curve number method 

(Coffey et al. 1989; typical values for curve numbers are included in Table 6, using the 

following equations to estimate direct runoff: 

S = 25400 / CN - 254 

Q = (P - 0.2 s ) ~  / (P + 0.8 S) , 



Table 6. Curve numbers for runoff coefficients based on land use and soil group, used for 
input to the modified M m ?  model (United States Department of Agriculture 
- Soil Consen~ation Senice 1975, Coffey el 01. 1989). 

Runoff Cume Number 

Land Use I Soil Group 
D 

79-83 

77 

88 

100 

78 

95 

93 

91 

89 

92 

87 

85 

84 

Soil Group 
A 

Soil Group 
B 

Soil Group 
C 

- -- 

Woodland 

Forest with heavy litter 

Urban (21%-27% 
impervious surfaces) 

Parking lots, roof, driveway 
areas (1 00% impenious) 

I Meadow - grass 

Commercial and business 
areas (85% impervious) 

Industrial districts (72% 
impervious) 

I Gravel roads 

I Dirt roads 

I Residential: 

118 acre or less (65% 
impervious) 

1 1.4 acres (38% irnpenious) 

I If2 acre (25% impervious) 

I 1 acre (20% impervious) 



Table 7. Parameters used in the modified MINLAKE model to characterize the 
morphometry and hydrology of Durant Reservoir. 

w 

DBL 

PARAMETER DESCRIPTION 

Width of the inflow channel 

Maximum width of the  Durant  
perpendicular t o  t he  inflow 
channel 

Elevation of the lake bottom 

Initial stage of the lake 

Downstream d o p e  of inflow 
channel 

Manning's friction factor of inflow 
channel 

Elevation of outflow channel 
bottom 

Side slope of the outflow channel 

Bottom width of t he  outflow 
channel 

VALUE 

MSL = mean sea level. 



Table 8. Parameters related to light and dissolved oxygen in the modified MIMAKE 
model. 

I PARAMETER I PARAMETER DESCRIPTION 1 VALUE 

I Light extinction coefficient due to chla 
(m2/g Cbla) 

I Maximum hypoIimnetic diffusion coefficient I 0.08-12.00 
(m2/day, for reservoir size 0.08- 12.00 ha) 

1.0 

I 

I BoDK20 

Detrital demy rate (/day for mean BOD in 0.03-0.10 
range of 2-6 m a )  I 

I 

XIU 

I S B ~  I Sediment oxygen depletion rate (gtrn2/day) I 0.8 

Light extinction coefficient without 
suspended solids or chlorophyll a (Chla; /m) 

l BRR I Sediment P release coefficient (g/m2/day) 1 0.01 

I Ft730D I Detrital settling rate (alday) 1 0.06 

' From Riley (1988). 



Table 9. Parameters in the modified MINLAKE model related to algal nutrient 
acquisition and population dynamics, with algae denoted as blue- 
greens (BG), greens (G), and dinoflagellates (D).' 

UPMAX 

GROMAX 

I TOPT 

HSCPA t- 

I 

Maximum P uptake rate (mgP/mgChla/day) 
I (control, 35) 

i 
PARAMETER DESCRIPTION 

I 10-20 
(control, 20) 

! 
Maximum nutrient-saturated growth rate 
(/day) 

ALGAL 
CLASS 

I 0.1-0.5 
(control, 0.5) 

VALUE 

I 0.4-0.75 
(control, 0.75) 

Temperature at which growth is reduced to 
90% (OC) l l BG 1 30-31 

- - -- - 

Optima1 temperature for growth (OC) 1 1 BG 1 26-27 

Algal respiration rate (/day) 
I l B G  I 0.12ahigh clay; 

0.15 @ high clay 

1 2 G  I 0.12 0 high clay; 
0.15 $ high clay 

Half-saturation constant for P uptake (rng/L) I 1 BG 1 0.05 

Algal mortality rate (/day) 

3 D 

1 BG 

2 G 

0.12ohigh clay; 
0.15 $ high clay 

0.065 

0.05 



Table 9, cont'd. 

I 

PARAMETER 

HSCl 

PMIN 

-- 

FVCHLA 

1 PARAhlETER DESCRIPTION 

Half-saturation constant for Light-limited 
growth (pEinst mJ sef'') 

Light inhibition coefficient (pEinst me* sec-*) 

Minimum algal cell quota of P to Chla 
(m gPlm g Chla) 

Maximum algal cell quota of P to Chla 
(mgPlmgChh) 

- -  -p 

Algal settling rate (m/day) 

ALGAL I VALUE 
CLASS 

I 10 * PMIN 

' From data collected at Durant Reservoir, supplemented by data from Weiss 8. Kuenzler (1976) 
and Smith (1987). 



Table 10. Maximum P uptake rate (UPMAX, mgP/mgChla/day, from Table 9), derived 
from the Durant Reservoir empirical data set. 

I TREATMENT 1 BLUE-GREENS 1 GREENS I DINOFLAGELLATES I 
Low Clay + High P 
High Clay + High P 
High Clay - P 
Low Clav - P 

25 
15-20 

20 
35 

15 
10 
10 
20 

20 
12 
15 
25 



Table 11. Maximum nutrient-saturated growth rate (GROMAX, /day, from Table 9), 
derived from the Durant Reservoir empirical data set. 

I High Clay + High P I 0.75 0.2 1 0.75 I 
DINOFLAGELLATES 

0.60 
TREATMENT 

Low Clay + High P 
BLUE-GREENS 

1 .OO 

0.40 
0.75 

High Clay- P 
Low Clay - P 

GREENS 
0.3 

0.30 
0.50 

0.1 
0.5 



Table 12. Parameters in the modified MINLAKE model related to zooplankton 
(ZP, as one group) including zooplankton herbivory ( p z i n g )  on phyto- 
plankton, and predation (camivory) on zooplankton by higher trophic 
levels (e.g., fish) in the food web. 

PARAMETER PARAMETER DESCRIPTION VALUE 

Initial whole-resen~oir conmntration of 
migrating ZP (individuals3/m3) 

ZPM IN Minimum ZP concentration for predation to 
occur (individuals/m3) 

Minimum seasonal daytime predation rate o n  
ZP (individuals!day) 

PRMAX Maximum seasonal daytime predation rate o n  
ZP (individuals/day) 

PREDMIN Predation rate on ZP during vertical migration 
(individuals!day) 

XIMIN Minimum light level for predation on ZP 
()rEinst m" sec-') 

Optimal light level for predation on ZP 
(pEinst m'2 sec-I) 

MINDAY Julian day for end of minimum predation rate 
o n  ZP 

Julian day for beginning of maximum predation 
rate on ZP 

Zooplankton respiration rate (/day) 

REPRO Zooplankton reproduction rate (/day) 

Fraction of ingested nutrients assimilated by 
grazing of ZP on algae 



Table 12, cont'd. 

PARAMETER 

HSCFRAZ 

GRAZMAX 

I Half-saturation constant for ZP grazing on 
aIgae (mgChlal ZP individuallday) 

PARAMETER DESCRIPTION 

Maximum grazing rate by ZP on algae 
(mgChla/individual/day) 

VALUE 

' From literature on North Carolina conditions including Mallin et aL (1985), Mallin (19%) 
and Mallin & Partin (1989). 

CHLAMIN Minimum algal density for ZP grazing 
(mgChkL) 

0.001-0.010 



Table 13. Yield coefficients used in the modified M M W ( E  model.' 

I YCBOD I Mass ratio of Chla to  detritus (mg~hlolmgBOD)'  I 0.083 

PARAMETER 

YCH02 

1 YZW I Weight of average individual ZP (rnglindividoal) I 0.003 

PARAMEER DESCRIPTION 

Mass ratio of DO produced from Chk in photo- 
synthesis and oxygen utilization in respiration 
(mgChWmg03 

YPBOD 

YZDO 

' Information specific to  the Piedmont was not available; hence, estimates were taken from Riley 
(1988). 

-- 

DURANT RESERVOIR, 
NC PIEDMONT 

0.0083 

' BOD = Biological oxygen demand (i.e., oxygen utilization in respiration by decomposers 
such as bacteria and fungi, and by other living organisms in the system. 

Mass ratio of P produced from detrital decay 
(mgP/mgChla) 

Mass of detritus in oxygen equivalents per unit mass 
of zooplankton in ZP mortality (mgO jmgZP) 

0.0091 

1.04 



Table 14. Watershed parameters used in the modified MINLAKE model that influence 
runoff and-chemistry of surface inflows. 

PARAMETER DESCRIPTION 

- -- - - -- - -- I NAREAS ( Number of sections in the watershed 

MONCN 

MDAYCN 

I AREA I Area of this section of the watershed (ha) 

Month for new parameters to take effect 

Day of month for new parameters to take effect 

( VCN I scs curve number based on land use for this section 

VSSCN Suspended sediments (SS) in runoff from this section I b s U  
I VDSCN I Dissolved solids in runoff from this section (mgL) 

I VOPCN I SRP (POi3P) concentration in the runoff (mgL) 
- - - 

VBODCN 

- 

BOD concentration in the runoff (mgL) 

W 0 3 C N  

W H ~ C N  

N0i-N concentration in the runoff ( m o )  

NH,+N concentration in the runoff (m@) 



Table 15. Watershed land use inputs to the modified MINWCE model for baseline data 
sets (ma) with area 1 (industrial park, 14 ha) and area 2 (mixed forestfresi- 
dentjal, 120 ha). Curve numbers were selected for hydrologic group A soils. 

Organic 
Phosphorus 

I 

I 

Beginning 
Date 

311 

411 
I 

L 

5/1 

I 

5/15 

L 

7/1 

I 

8/1 

9/1 

10/1 
L 

Area 

1 
Industrial 
Park 

2 
Wooded/ 
Residential 

1 

2 

1 

2 

1 

2 

1 

2 

1 

2 

1 

2 

1 

2 

Cunre No. 

100 

70 

100 

70 

100 

70 

100 

70 

100 

70 

100 

70 

100 

70 

100 

70 

Suspended 
Solids 

50 

5 

- - 

50 

5 

50 

5 

50 

5 

50 

5 

50 

5 

50 

5 

50 

5 

Dissolved 
Solids 

100 

50 

- - -- 

100 

50 

100 

50 

100 

50 

100 

50 

100 

50 

100 

50 

100 

50 



Table 16. Total dissolved solids concentrations (TDS, m a )  for each of the simulations in 
the modified MINI&& model. 

Scenario 

1 
I 

2 

3 
r 

4 

~ n d u s k a l  Park 
f . ,  1 I *  , 
.L.. .-a. 

50 

100 
< L. . 

200 
.. i 

300 

Fores ted-Urban 
(Residential) w 

5 

50 

100 

150 



wherein P = rainfall (cm), S = potential abstraction (this form of the SCS curve assumes 

an initial abstraction of 0.2S), CN = curve number, and Q = direct runoff depth (cm). 

A constant curve number (or time-varying values) representing the area associated with a 

given land use could be specified. In addition, the modifications allowed flexibility in 

specifying time-varying or constant values of dissolved and suspended sediment 

concentrations, SRP, NO& NH,+N, and DO. 

Outflow equations were also added to the former MINW(E model kamework to 

simulate water losses fiom the reservoir when stage levels exceeded the elevation of the 

emergency spillway. We computed outflows based on the weir equation, 

Q = 0.552 C L ~ ( ~ ' 1  , 
wherein Q = the outflow (m3/sec), C = the weir coefficient (assumed to be 3.2 for the 

Durant Reservoir spillway), L = the length of the weir (m, assumed to be the uidth of 

the base of the spillway), and I! = the difference between the reservoir stage and the 

bottom emergency spillway (m; base elevation = 75 m). The chemical and biological 

quality of the outflow water were assumed to represent general reservoir water quality. 

The 1990 rainfall data for Raleigh, NC (Fig. 24) were used to simulate the effects 

of varying TP, SS, and dissolved solids (DS) in the runoff (Table 13) on resemoir TP, 

algal biomass (as chlorophyll a), SS and DS. The first set of simulations vaned 

watershed runoff TP concentrations from 0.1-8.0 rn& in accord with the range reported 

from literature values and in our empirical obsenrations (Figs. 25-29). As expected, 

reservoir water-column TP increased with increasing P content in runoff, with maximum 

concentrations under polymictic conditions in May and September. Suspended solids in 

watershed runoff were vaned from 50-500 mglL, using TP concentrations of 1 m a  to 

represent inputs from the wooded-urban area and 0.1 m g 5  to represent inputs from the 

industrial park. Trends in total water-column SS followed levels in the runoff (Fig. 30), 

with maxima in early June and late August corresponding to rainfall / runoff patterns. 

Dissolved solids in the watershed runoff were varied from 50-200 m& using organic P 

concentrations of 1 m a  and 0.1 mg/L for inputs from the wooded-urban and industrial 

park areas, respectively, and assuming natural background dissolved solids concentrations 

of 50-100 m a .  Selected dissolved solids values for each of the simulations were 

estimated from Weiss 8: Kuenzler (1976)) Simmons & Heath (1979), and Smith (1987). 



Figure 24. Daily rainfall in the Raleigh, NC area (NOAA 1990). 

1990 Raleigh, NC 

Day of  Year 



Figure 25. Simulations of the effect of varying inflow total phosphorus (TP, key) 
on reservoir TP concentrations. 
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Figure 27. Simulations of the effect of varying inflow total phosphorus (TP, key) 
on the abundance of nuisance blue-green algae (as chlorophyll a). 

Date 



Figure 28. Simulations of the effect of varying inflow total phosphorus (TP, key) on the 
abundance of green algae (as chlorophyll a). 

Date 



Figure 29. Simulations of the effect of varying inflow total phosphorus (TP, key) on the 
abundance of dinoflagellates (as chlorophyll a). 
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Figure 30. Simulations of the effect of varying inflow suspended solids concentrations 
(SS, key) on reservoir SS concentrations. 

Date 



Reservoir water-column TP was inversely related to SS during May (Fig. 31), but 

this trend was reversed in September. Total algal biomass (as chlorophyll a) was 

predicted to be maximal in May and September (Figs. 26, 32), and runoff P content of 4 

m g L  simulated blooms with > 200 p g k  all other levels of P simulated in the watershed 

~ n o f f  yielded < 150 &L total chlorophyll a. For runoff P at 4 m g l '  blue-green algal 

biomass (chlorophyll a) exceeded 50 p g L  from July to the end of the simulations. 

Highest blue-green algal abundance (as chlorophyll a) coincided with high SS late in the 

g r o ~ j n g  season (Fig. 33). At one point model predictions were inconsistent with our 

observations, namely, a simulated blue-green decline during late September followed by a 

significant increase in October. 

In contrast to simulations for blue-greens, green algae and dinoflagellates were 

predicted to be most abundant under low sediment loading in April (Fig. 34) and late 

August (Fig. 35). Across all simulated P concentrations in the watershed runoff, green 

algae were mad'mal in April (Fig. 28), coinciding with highest concentrations of runoff 

nutrients (P but likely more importantly, N) (Wetzel 1983). Dinoflagellates vaned in 

timing of maximal abundance. Early in the simulation (before June), runoff P concentra- 

tions of 4 m g l l  yielded highest dinoflagellate abundance, but at the end of the growing 

season (September - October), similar P content yielded sparse dinoflagellate populations 

(Fig. 29). Dissolved solids concentrations did not substantially affect algal biomass; 

maximum chlorophyll a was predicted at 200 m g L  dissolved solids during May. 

Process-based models such as MINL4KE are complex, and reliable input data 

sets for the many included parameters require considerable effort. Our simulations 

demonstrated the model's sensitivity to errors in determining input parameters both for 

the reservoir and from the watershed. The model shows promise and our experimental 

data set is being used for extensive testing / modifications. The overall influence of 

mnoff suspended solids on reservoir biological / water quality is also being examined in 

greater detail during a subsequent year of this research, including phytoplankton loss 

factors associated with coflocculation and settling with sediment particles. 



Figure 31. Simulations of the effect of varying inflow suspended solids (SS) on 
reservoir total phosphorus concentrations (TP). 



Figure 32. Simulations of the effect of varying inflow suspended solids (SS) concen- 
concentrations (key) on total phytoplankton biomass (chlorophyll a). 



Figure 33. Simulations of the effect of varying inflow suspended solids (SS) on the 
abundance of blue-green algae (as chlorophyll a).  



Figure 34. Simulations of the effect of varying inflow suspended solids (SS) on 
green algal production (as chlorophyll a). 



Figure 35. Simulations of the effect of varying inflow suspended solids (SS) on 
dinoflagellate production (as chlorophyll a). 

Date 



OVERALL INTERPRETATIONS 

The characteristics of high mineral turbidity, high nutrient loading, dissected 

morphometnes, variable internal mixing, and variable flushing rates make reservoirs 

complex systems to approach from a predictive standpoint. Cycling of important 

nutrients for algal growth is complicated by adsorption / desorption with suspended 

sediments. The influence of episodic sediment loading on phytoplankton communities 

vanes with the composition, aging, chemical history and loading rates of the incoming 

soil, and with algal species, physiological condition, and ionic content of the water. There 

are conflicting conclusions in the published literature about the influence of sediment 

loading on phytoplankton communities, and uncertainty about the overall effects of 

suspended sediments on the community structure and physiology of phytoplankton in 

receiving waters. 

Given the fundamental characteristics that distinguish reservoirs from clear-water, 

dimictic lakes -- namely, rapid flushing and high abiogenic turbidity -- it is not surprising 

that empirical models with simplified predictions based on phosphorus content cannot 

reliably predict the water quality of turbid impoundments (Kuenzler et al. 1986, Smith 

1987). Models to predict water quality in these complex systems will be successful only 

when they are developed to incorporate parameter coefficients which adequately describe 

the dynamics of major controlling processes for nutrient availability and phytoplankton 

growth. These coefficients must be sufficently flexible to incorporate both short-term and 

long-term changes that would be expected with changing land use and, consequently, 

changing sediment and nutrient loading to the receiving water. Construction of such a 

dynamic, process-based model is a formidable task, in part because so few reliable 

empirical data are available to quantify many of the processes that influence net 

phytoplankton production. 

Based on solid empirical information from multiple approaches involving both 

large-scale field experiments and short-term laboratory manipulations, we have obtained 

a large data base of information about the response of aquatic communities to sediment / 

phosphorus loading in a small Piedmont reservoir. Our data demonstrate that 

phytoplankton communities respond in predictable patterns to a gradient of sediment 

loading. Large-sized flagellates with heterotrophic nutritional capabilities are successful 



at avoiding adsorption to clay particles, and are most favored under increasing sediment 

input, whereas zooplankton tend to decline. Residual nuisance blue-green algae can 

sunive to serve as an innoculum for blooms during calm periods when turbidity subsides. 

Phosphorus enrichment imparts high variability in terms of both maximal algal abundance 

and the timing of blooms. h w  sediment loading with high P enrichment supports 

noxious blue-green blooms, but high P can also overTjde the adverse effects of high clay 

inputs and stimulate blue-greens, as well. Resilient phytoplankton taxa use mechanisms 

such as colony fragmentation and temporary encystment to suni've and regain dominance 

following turbid events. 

This research has strengthened our initial impression that reservoirs are a 

"pioneer" area of aquatic ecology, and are poorly understood in comparison to clear 

natural lakes. One startling and fascinating new finding from our experimental effort is 

the existence of major components of the food web that had not previously been 

reported in these turbid ecosystems. We predict that limnologists will soon find it 

necessary to re-evaluate fundamental concepts about how reservoir food webs function 

because reservoirs likely are based as much (or more) on heterotrophy as on autotrophy. 

In characteristics of dominance by flagellated mixotrophic algae, relatively rapid flushing 

rates, and high abiogenic turbidity, reservoirs are more analogous to estuaries than to the 

clear lakes with which they are most often compared (Ford 1990, Mallin et al. 1991, 

Burkholder 1992). Realistic appreciation of food web interactions in reservoir 

ecosystems inevitably will require that some of the "cornerstone" traditional paradigms of 

food web structure and function that were developed from studies in clear, natural lakes 

be abandoned in favor of concepts based on more solid understanding about complex, 

interactive controlling influences on communities in turbid ecosystems. 

The experimental efforts on the Durant project have provided extensive data 

relating suspended sediment and phosphorus concentrations to biological response. The 

data have been / are being used, in combination with supporting published information, 

in comprehensive tests of a simulation model that we have modified for predicting water 

and biological quality for Piedmont reservoirs in urbanized watersheds. With incorpora- 

tion of daily precipitation data for this region, we have run simulations of the effects of 

varying inflow phosphorus or sediment concentrations (with variable flow inputs) on total 



phosphorus, algal biomass, and abundances of common algal groups. Thus far, the 

model has shown promise in yielding reasonable predictions from the simulations. As we 

continue to gather water quality data during storm events for reservoirs in both urban 

and agricultural watersheds, we are also improving process coefficients and strengthening 

our model so that it will provide a valuable tool for assessing the effects of land use on 

reservoir dynamics. This model is key to any comprehensive modeling effort, which must 

include the necessary watershed hydrology / water quality parameters for simulating daily 

sediment and nutrient loadings. The first and most important step has been to test the 

reservoir model on one reservoir-watershed system with available detailed data. The 

eventual ability to provide users with multi-year simulations will enable improved 

evaluations of the effects of changes in watershed land use on the water quality and 

biological community dynamics in turbid Piedmont reservoirs. 
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GLOSSARY 

Abbreviations 

A. Units of Measurement 

Degrees Celsius (or degrees Centigrade) 

P @  Micrograms per liter 
Milligrams per liter 

mgChla /d ay Milligrams of chlorophyll a per day 
mL hfilliliter (= cubic centimeter) 
g/m2/d ay Grams per square meter per day 

~ E i n s t  m" sec" MicroEinsteins per square meter per second (light 
quantity) 

meq/100 cm3 Milliequivilents per 100 cubic centimeters (Note: 
1 milliequivilent = the amount of material that will 
combine with or replace 1 milligram of hydrogen) 

B. Parameters 

Secchi 
depth 

Square micrometers per milliliter 

per square centimeter (specific conductance, 
or conductivity) 

Foot (feet) 
Meter(s) 
Kilometer(s) 
Square kilometer 
Hectare (lo4 m2) 

Suspended solids concentration (units, mgL). 

Measure of the transparency (light penetration or clarity) of 
the water (units, m). 

Chlorophyll a concentration, corrected for pheophytin break- 
down products (rough estimator of phytoplankton biomass; units, 
clg/L)* 

-1og(H+), or minus the log of the hydrogen ion concentration ; 
measure of the acidity of the water (no units). 

Dissolved oxygen concentration (units, ma). 












































































































































































































