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ABSTRACT

B. Everett Jordan Lake is a new flood-control reservoir
capable of providing other services if it does not become
hypereutrophic. Runoff from the clay soils of the Piedmont
causes its water to be turbid with suspended clays; effluents
from cities in its watershed provide abundant plant nutrients.

A year of field data was collected approximately monthly at
three major stations: Station 5 was in the relatively shallow NE
end of the lake most influenced by New Hope River water, Station
10 was near the middle and was least affected by river
discharges, and Station 30 was in the NW end of the lake which
was dominated by heavy flows of turbid and nutrient-rich Haw
River water,

Algal abundance, as indicated by concentrations of
chlorophyll-a and particulate N, was highest in summer, the
period of highest primary productivity. Nutrient concentrations
were lowest at that time, often below detectable levels.
Nutrient concentrations tended to be highest at Stations 5 and
30.

Concentrations of total P (TP) were high, averaging 121
Bng/l. Highest TP levels occurred in winter when rivers
delivered large amounts of particulate P (PP) and filterable
reactive P (FRP). Although FRP concentrations exceeded 120 ug/1
on three dates at Station 30, the mean lake concentration was
only 22 ug/l because of depletion of FRP in surface waters by
phytoplankton during summer,

FRP turnover times were long during the cool months at all
stations, but decreased to <1 h in the New Hope River arm in
summer when FRP levels were low and algal biomass and activity
were high, The small size fraction (0.45-8.0 um) of suspended
matter, including algae, bacteria, and suspended clay-sized
sediments, dominated biotic uptake of FRP (mean = 87.6%)
throughout the year at all stations., At Station 10, procaryotic
organisms appeared responsible for most summertime uptake.
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Abiotic uptake often dominated the uptake at Station 5 and 30
during winter when the water was turbid with suspended
sediments. Suspended sediments carried by the Haw River during
spates can remove large amounts of FRP from solution and, as
they settle in the lake, transport not only PP but also FRP from
the water to the bottom. Algae grown with suspended sediments
as their only source of P were able to utilize a small amount
(mean = 11.3%) of the sediment-bound P.

Total N in lake water was measured as dissolved nitrite,
nitrate (NO3), ammonium (NH4), organic N (DON), and particulate
N (PN). Nitrite occurred at low concentrations, averaging only
6.7 pg/l. NO3 and NH4, the most important nutrient forms, were
present in highest concentrations at the upstream stations in
the cool seasons but generally decreased to undetectable
concentrations in surface waters during June to August. NO3
concentration averaged 203 ug N/1, about eight times higher than
NH4. DON concentrations remained more nearly constant from
station to station throughout the year, ranging from 206 - 684
ug/l. Particulate N averaged 342 pg N/1. It tended to be
higher during the algal growing season, giving a strong positive
correlation with chlorophyll concentration, but the spatial
pattern was not distinct,

The rates of uptake of NO3 and NH4 by phytoplankton were
highest in summer. There was little spatial variability on a

annual basis. Although NO., concentrations were higher than NH

3
levels, phytoplankton took up NH

4
more rapidly: NH4 was the

major N source for growth, Turnéver times for NO3 and NH4 in
the water were usually days or weeks in winter but hours during
the warm months,

Algal assay experiments indicated that neither N nor P alone
generally controlled phytoplankton growth., The normal
utilization of these nutrients caused their concentrations to
decrease together,

Gross primary productivity was mostly <1 g C/m2d during
December to April. During summer most stations had rates >2 g
C/mzd and Station 30 exceeded 3 g C/m2d during June - August.
Although gross productivities in the euphotic zone were
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relatively high in Jordan Lake, the net productivities, obtained
by subtracting respiration over the entire water column, were
generally low. Of possible factors controlling primary
productivity, temperature showed the strongest statistical
relationship. Correlations with nutrient concentrations were
negative, indicating that algal growth was controlling nutrient
concentrations rather than the reverse, Although the lake
should be classified as eutrophic, it has not yet showed signs

of serious blue-green algal blooms.
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CONCLUSIONS AND RECOMMENDATIONS

B. Everett Jordan Lake is a new impoundment constructed for
flood control but capable of serving several other purposes if
water quality does not become degraded by eutrophication. Its
Piedmont watershed supplies abundant suspended sediments,
causing the lake water to be turbid with suspended clays.
Sewage and other discharges from upstream cities provide large
quantities of plant nutrients. Its water comes from two
important rivers, complicating the hydrology, chemistry, and
biology of the lake. This study aimed to advance the
understanding of its nutrient status and productivity by
including measurements of nitrogen and phosphorus uptake rates
in relation to algal abundance and primary productivity.

Perhaps the most striking set of patterns in Jordan Lake are
the seasonal patterns, suggesting that changing light and
temperature may be the major controlling factors. Greater
insolation in summer provided more heat as well as more light
for algal photosynthesis than in winter, Surface water
temperature varied from 4 to 29 C in response to the annual
changes in insolation and air temperature, Temperature has
direct effects on algal metabolism and growth and natural
phytoplankton typically show higher rates of primary
productivity in summer, as occurred in Jordan Lake. The water
was well mixed vertically during the cool seasons. Surface
warming in summer resulted in some density stratification,
reducing turbulent mixing and permitting phytoplankton to remain
in the euphotic zone,

Algal abundance, as indicated by concentrations of
chlorophyll-a and particulate N, was highest in summer, the
period of highest primary productivity. Although algal
abundance was poorly correlated with temperature, gross
productivity showed a strong correlation. In spite of low
nutrient concentrations, the rates of uptake of FRP, nitrate,
and ammonium were strongly correlated with temperature,
apparently a necessary condition for rapid summertime growth of

phytoplankton.
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Although rainstorms may produce high river discharges of
turbid waters into the lake in any season, they tend to be more
frequent in winter., At that time, 99% of incident light may be
absorbed in the upper meter of lake water. Summer temperatures
decrease water viscosity, resulting in more rapid settling of
seston, Light extinction in the water, however, did not show a
clear seasonal pattern and there was no correlation with
temperature, presumably because of the confounding effects of
river discharge and algal biomass. The euphotic zone was
generally 1.5-3 m deep during most of the growing season,
permitting photosynthesis throughout a deeper zone than in
winter and contributing to the increased productivity per unit
area. Suspended sediments brought in by the rivers also tend to
reduce concentrations of FRP in the lake by adsorbing
substantial amounts and carrying it to the bottom when they
settle.

Thermal stratification has another important effect upon
phytoplankton growth in the epilimnion. It probably was the
major factor preventing nutrients regenerated on the bottom or
in the hypolimnion from returning to surface waters. Nutrient
concentrations in the epilimnion were lowest in summer, often
being undetectable.

The spatial and temporal distributions of nutrients bear
upon the growth and abundance of phytoplankton. There was a
clear spatial pattern of higher nutrient concentrations at
Stations 5 and 30; correlation with river discharge may
partially explain FRP concentration, but not nitrate and
ammonium concentrations, The well-established Michaelis-Menten
relationship between nutrient concentration and nutrient uptake
might suggest that uptake rates and phytoplankton growth would
be positively correlated with concentrations. First order
kinetics probably do hold for a part of the year when
concentrations are relatively low, but for the lake as a whole
the correlation with nutrient concentrations was negative for

uptake of FRP, NO and NH, as well as for productivity. The

3f 4
growth of the phytoplankton controlled the quantities of

nutrients in the euphotic zone rather than the concentrations of
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nutrients controlling the algae. Nutrient concentrations were
clearly depleted by algal growth in surface waters; correlations
with turnover times were all strong.

Turnover times of FRP were long during the cool months at
all stations. In summer, however, when FRP levels were low and
algal biomass and activity were high, turnover times decreased
to <1 h in the New Hope River arm. The ability of the
phytoplankton to maintain high rates of nutrient uptake and
productivity when nutrients are at low concentrations implies a
very high rate of regeneration in the euphotic zone.

The small size fraction (0.45-8.0 um) of suspended matter
dominated biotic uptake of FRP (mean = 87.6%) throughout the
year at all stations, At Station 10, procaryotic organisms
appeared responsible for most summertime uptake. Only during
the winter months when the water was turbid with suspended
sediments did abiotic uptake dominate total FRP uptake.
Experiments in which algae were grown with suspended sediments
as their only source of P suggested that they could utilize only
a small amount of the sediment-bound P.

Kinetics of N nutrition by phytoplankton is complicated by
the fact that both nitrate and ammonium may be used. Their
sources, their chemical properties, and their uptake
characteristics are different., Although on the average NO, was

3

about 8 times more abundant than NH there was strong selection

4'
for NH4 and the latter was the more important source of N. As

was the case with FRP, the uptake rates of NO, and NH4 in summer

were usually very rapid and their turnover tiies were therefore
short. The ability of the phytoplankton to maintain high
productivity rates in spite of low NO3 and NH4 concentrations
implies a rapid, but unmeasured, regeneration rate, as was
suggested also for FRP. This rapid regeneration capability,
with nutrients being cycled repeatedly, might result in non-
linear effects on biotic activity with changes in nutrient load;
this effect has not been studied. Particulate N, because of its
correlations with chlorophyll, nutrient uptake rates, and

productivity, appeared to be a useful index to phytoplankton
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abundance. Jordan Lake supports a large phytoplankton standing
crop which can reduce ammonium, nitrate, and phosphate to very
low levels when gross primary productivity is high during the
warm months, There was seldom clear evidence that one nutrient
or the other was severely limiting growth in the whole lake,
although there was evidence of occasional N limitation in the
Haw River arm and occasional P limitation at the other stations.

Gross primary productivity was higher in summer than in
winter; temperature showed a strong positive correlation.
Correlations with nutrient concentrations were negative,
indicating that algal growth was controlling nutrient
concentrations rather than nutrients controlling algae.

Although respiratory rates per unit volume were lower than
photosynthetic rates, the greater extent of the aphotic zone
relative to the euphotic zone resulted in an approximate net
balance between production and consumption of organic matter.
Jordan Lake is eutrophic by present standards, but blue-green
blooms have not developed and there have been no complaints
about water quality.

Based on the present study the following recommendations may
be made:

1. Jordan Lake should be used for as wide a variety of
purposes and to the maximum extent possible compatible with its
primary function as a flood-control reservoir. Our results show
that the lake is eutrophic, but its present phytoplankton status
should impose few restrictions on other uses of the lake water.
Its value as a recreational fishery lake, primarily based on
phytoplankton productivity, should be maintained. Rapid
development in the region may be expected to exert continuing
pressure for use of Jordan Lake for municipal water supply.

2. For Jordan Lake to remain a mul tipurpose reservoir, the
water quality must not be allowed to decline. Specifically,
nutrient concentrations and algal densities must be monitored in
order to detect downward trends in quality. Appearance of
surface blooms of blue-green algae in summer should be regarded

as a clear warning of deterioration, Extensive or long—lasting
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anoxia in the hypolimnion should also warn of excessively
eutrophic conditions and potential for fish kills.

3. Our study showed high total N and total P concentrations
in lake water during most of the year. The concentrations of
inorganic N and P remaining in solution during the algal growing
season, however, usually became quite low. Accordingly, any
management decisions which reduce the inputs of nitrogen and
phosphorus to the lake any time of year are desirable. The most
effective times for nutrient input controls, however, would be
early spring through summer, before and during the period of
maximum algal abundance. Because many of the least desirable
species are nitrogen—-fixing cyanobacteria (=blue-green algae)
which thrive in P-rich waters, control of P inputs will probably
be more effective than controls of N inputs. This suggests that
particular attention be given to the Haw River arm of the lake
where N:P ratios tend to be low, especially if low runoff during
summer and the resulting longer residence time creates
conditions otherwise favorable for algal blooms. Conditions
that may foster blue-green blooms are not fully understood in
Piedmont lakes, but reduction of P loading would generally be
considered prudent,

4. Contingency plans should be prepared, and updated
periodically, so that action can be taken if evidence of
worsening conditions appears. The plans should consider the
entire watershed, taking into account not only point sources,
such as sewage treatment plants, but also non-point sources such
as agricultural fields, livestock operations, and urban runoff.
The inordinate rate of population growth in the watersheds,
especially in the New Hope River basin, will require great
effort by the Division of Environmmental Management to cope with
ever increasing nutrient loads. 1In the absence of breakthroughs
in wastewater treatment technology, we can expect continuing
increases in nutrient removal costs as population increases.

5. Research is needed on the effectiveness of the riparian
and swamp forests in the New Hope River flood plain for nutrient

and sediment removal. They cannot be expected to strip out and
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thereby control all nutrient and sediment loads, but actions
which would decrease their partial effectiveness should be
avoided. The functioning of the greentree reservoirs currently
being constructed is particularly worthy of study. They are to
be flooded during the winter when the river is usually turbid;
they thus may remove some suspended sediment as well as
nutrients, although the magnitude of such removals is yet to be
measured, Additional study of the effectiveness of set-backs of
new developments away from streams should also be undertaken.

6. Because clays appear to be carrying phosphate to the
bottom of the lake, research seems appropriate to determine the
capacity of bottom sediments for long-term storage of P. Anoxia
in bottom sediments and bottom waters can release some phosphate
that is bound to iron., If large amounts of phosphate stored in
the sediments are released during bottom water anoxia and then
mixed into the epilimnion, nutrient conditions may permit

development of noxious blue-green algal blooms.
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NUTRIENT CYCLING AND PRODUCTIVITY OF A NORTH CAROLINA
PIEDMONT RESERVOIR

INTRODUCTION

Dams constructed on streams and rivers have created
reservoirs which now comprise most of the lakes in the Piedmont
Province of North Carolina. These reservoirs have been
constructed for flood control, for municipal water supply, for
hydroelectric power, for water to cool electrical power plants,
or for a combination of purposes., The reservoirs also are used
for recreational swimming, boating, and fishing. Good water
quality is necessary for a reservoir to provide many of these
services, Weiss and Kuenzler (1976) suggested that water
quality of most lakes in North Carolina is reasonably good
although many are turbid and some are eutrophic. It is
important that water quality improvements be made where possible
and economically feasible, and that continuing efforts be made
to prevent further degradation. This is a continuing challenge
to water-quality management personnel in view of pressures to
increase urbanization, industrialization, agricultural
intensity, recreation and tourism, and total population density
in the state.

Eutrophication is a term for the process of water quality
deterioration which occurs when surface waters become enriched
with plant nutrients, especially nitrogen (N) and phosphorus (P)
to the extent that they support undesirably large algal growths.
The enrichment may come from point sources such as sewage
treatment plants or industrial effluents, or from non-point
sources such as’agricultural runoff. The symptoms often include
increased phytoplankton abundances, shifts in the species
composition, large swings in dissolved oxygen concentrations in
surface waters, low dissolved oxygen concentrations in the
hypolimnion in summer, surface scums of algae, fish kills, and
foul odors.



Water quality assessment and trophic status have usually
been based on physical and chemical characteristics of the water
along with determinations of the kinds and abundances of
phytoplankton (Weiss and Kuenzler 1976; Carlson 1977; Division
of Environmental Management (DEM) 1982). Another approach has
been experimental examination of water by algal assay to
determine whether one or another of the nutrient elements is in
short supply. These measurements are still essential, but
measurements of functional processes in lakes, such as
productivity and nutrient cycling, are necessary to improve our
understanding of water quality and to permit greater success in
management of reservoirs, especially mul ti-purpose reservoirs.

Growth of phytoplankton requires that several environmental
factors be within certain ranges; many of these factors have
been studied in the laboratory and in the field. The major
factors controlling phytoplankton growth in nature are usually
temperature, light, or one of a few nutrient elements., Higher
temperatures generally permit planktonic algae to grow more
rapidly (Eppley 1972). The summer vertical temperature gradient
creates thermal and density stratification which reduces
vertical mixing (Wetzel 1975). Phytoplankton in the epilimnion
achieve higher average illumination for growth, but nutrient
fluxes from the hypolimnion are restricted. Light intensity and
duration vary seasonally, but the light available for
photosyntheis depends also on the transparency of the water.
Colored or turbid waters permit light to penetrate only a short
distance, thereby restricting production to only a shallow
surface layer. Of the many nutrients which are essential for
algal growth and which are sometimes in short supply, phosphorus
and nitrogen are the most frequently limiting. Temperature,
light, and nutrients must therefore be included as independant
variables in any study of natural waters which aims to

understand phytoplankton dynamics,



Water Quality and Phytoplankton in North Carolina Lakes

Several studies in North Carolina have related envirommental
factors to phytoplankton nutrition and growth. The report on
water quality in North Carolina lakes by Weiss and Kuenzler
(1976) examined more than 20 physical, chemical, and biological
characteristics of 69 lakes, reservoirs, subsegments of
reservoirs and river segments. That study also developed scales
of trophic status from oligotrophic to hypereutrophic based on
total phosphorus concentration, conductivity, and Secchi depth.
Most Piedmont lakes and impoundments were oligo-mesotrophic to
alpha-eutrophic. The N. C. Division of Environmental Management
(DEM 1982) has more recently developed a trophic state index and
lake classification scheme, Weiss (1976) conducted 345 algal
assay experiments in surface waters from many parts of North
Carolina to determine nutrient limitations in lakes, rivers, and
impoundments, An intensive one-year study of a Piedmont
water-supply impoundment (Kuenzler and Greer 1980) showed that
phytoplankton is not the only agent removing phosphorus from the
water; for most of the year "bacterial" uptake and uptake by
suspended sediments was very important, A large amount of
excellent limnological research in North Carolina is being
conducted by power companies such as Duke Power and Carolina
Power and Light, but most of the results do not become published
in the open literature. One example of the quality of such work
is the report by Rodriquez (1985) on nutrient dynamics of Lake
Norman, an oligo-mesotrophic reservoir, It is hoped that more
of the unpublished limnological research will become published.

Intensive studies have been made of phytoplankton nutrition
and growth in the Chowan River, N.C., the sluggish, tidal, lower
end of which frequently produces unacceptable blue-green algal
scums,., Several reports (Stanley and Hobbie 1977; Sauer and
Kuenzler 1981; Balducci 1982; Kuenzler et al. 1982; Paerl 1982)
have demonstrated that either N or P may at times limit algal
growth, but that species composition and algal abundance of ten

are controlled by other factors such as light, temperature,



salinity, or humic substances. The study by Sauer and Kuenzler
(1981) showed that when N and P are simultaneously in short
supply, large increases of one or the other gave only a slight
increase in algal growth. Furthermore, the study showed that
native species from the river often gave a response different
from that of the laboratory-grown algal assay species;
specifically, Nz—fixing blue-greens responded more to P

additions than did the test alga Selenastrum capricornutum.

In spite of their value for resource management decision-
making, we found no other studies of phytoplankton nutrient
limitation, of nutrient uptake, or of physical and nutrient-
kinetic controls of algal growth in any Piedmont lakes of the
Southeast., The results of this study therefore extend the study
by Kuenzler and Greer (1980) of phosphorus cycling and also add
the dimensions of nitrogen cycling, nutrient limitation, and

primary productivity and respiration of the seston.

Nutrient Cycling in Lakes

Eutrophication increasingly stresses the ability of surface
waters to maintain adequate water quality. Anthropogenic inputs
often contain N and P in quantities and ratios that not only
stimulate production but also upset normal balances and thereby
affect species composition. Phosphorus, generally considered to
be limiting to algal growth in freshwater systems, may not be so
when nutrient inputs have a low N to P ratio. The Redfield
ratio (Redfield 1958) predicts N:P atom ratios greater than 16
can produce P limitation while ratios less than 16 can produce N
limitation., cConditions of N limitation can promote the
dominance of blue-green algae (Reynolds 1984) which can form
nuisance surface scums,

Phosphorus is also an important factor in freshwater systems
(schindler 1977) because it is present in relatively small
amounts compared to other plant nutrients. In some regions it
usually limits the system's primary productivity (Wetzel 1983).

Increased loadings of P into lakes and rivers often accelerates



the natural successional processes, prematurely creating
eutrophic conditions and associated poor water guality.
Understanding of both N and P dynamics in surface waters is
important in order to develop effective strategies for water

quality management,

Phosphorus Cycling in Lake Water

Most models of phosphorus-microorganism (phytoplankton,
bacteria, zooplankton) interactions confine themselves to
epilimnetic waters, where steady-state conditions are assumed to
exist, at least for short time periods. Although steady-state
conditions are rarely found, the steady-state assumption does
not greatly hinder interpretation (Rigler 1973) because P
cycling within the epilimnion is usually rapid relative to its
movement through the epilimnion,

Rigler (1956) proposed a simple two-compartment model of
epilimnetic phosphorus cycling, involving exchange between
soluble and particulate phosphorus, Uptake kinetics which were
often inconsistent with the two-compartment model suggested a
four-compartment model consisting of (1) particulate P, (2)
orthophosphate, (3) a low molecular weight organic P compound
(XP), and (4) a high molecular weight colloidal P compound (Lean
1973). Lean proposed that the majority of the exchange occurs
directly between particulate P and orthophosphate, but that an
excreted compound termed XP rapidly complexes with the large
colloidal P compound, releasing small amounts of orthophosphate.
During periods of phosphate deficiency phytoplankton and
bacteria can develop phosphatase enzymes that allow for the
utilization of dissolved organic phosphorus compounds which are
analogous to the XP fraction (Kuenzler and Perras 1965; Paerl
and Downes 1978).

Physiological adaptions of microorganisms to low ambient P
concentrations add complexity to the cycle. Many phytoplankton
species can take up P in excess of their metabolic needs and

store it within the cell as polyphosphate (Perry 1976). Low P



concentrations in the water may lead to assumptions of P
limitation when, in reality, the algae may have sufficient
internal stores of polyphosphate for significant additional
growth., Lean et al. (1983) suggested that phytoplankton from
Lake Erie had enough stored polyphosphates to sustain them for
at least one month despite ambient nutrient concentrations that
clearly indicated P limitation,

Fractionation of biotic P uptake in freshwater lakes
generally indicates that the bacterial fraction, which may also
include nannoplankton if separation of biotic uptake is done by
size fractionation (Lean 1984), dominates uptake (Rigler 1956;
Berman and Stiller 1977; Kuenzler and Greer 1980; Currie and
Kalff 1984a). Laboratory work by Rhee (1972) and Currie and
Kalff (1984b) supported bacterial superiority in competition for
P, but Fuhs et al. (1972) found evidence indicating
phytoplankton should outcompete bacteria at concentrations
typically found in nature. Field studies by Faust and Correll
(1976), Kuenzler and Greer (1980) and Lean (1984) found
bacterial domination of uptake for most of the year, although
during periods of high algal biomass the relative fraction of
algal uptake significantly increased.

zooplankton excretion can be an important route of P
regeneration, especially when ambient phosphate concentrations
are low (Lehman 1980; Rigler 1973). Rigler (1973) estimated
that direct P release from ultraplankton was equal to
zooplankton excretion,

Nutrient dynamics in lake waters cannot be understood simply
by measuring concentrations. Periods of maximum biotic activity
often correspond with periods of low P concentrations that
should, if recycling is ignored, limit further biological
activity. However, the continuation of biotic activity during
these periods emphasizes the importance of measuring nutrient
flux through the system. Interpretations of static measurements
are also hindered by the use of operationally defined P
fractions that often do not accurately reflect the forms of P

that are being cycled (Kuenzler and Ketchum 1962; Rigler 1966).



Consequently, studies emphasizing flux rates and pathways of
phosphorus, in addition to measurements of concentrations, have
evolved (Hutchinson and Bowen 1947; Rigler 1956).

Rates of P uptake are most often measured from the rate of
disappearance of radioactive phosphate (32P) added to water
samples in amounts small enough not to affect the assumption of
steady-state (Rigler 1956). This technique measures gross rates
of phosphorus uptake. Net uptake should be zero if steady-state
conditions exist.

The rate of P uptake by micro-organisms is affected by many
factors including: nutritional status (Fuhs 1969; Rhee 1972);
presence or absence of light (Chisolm and Stross 1976; Kuenzler
et al. 1979) and light intensity (Nalewajko et al. 1981); pH
(Healey 1973); cell size (Fuhs et al. 1972); temperature
(Kuenzler et al. 1979); diurnal cycle (Richey et al. 1975;
Currie and Kalff 1984b); and phosphate concentration (Fuhs et
al. 1972; Halmann and Stiller 1974; Kuenzler et al. 1979).
Nalewajko and Lean (1980) provided an extensive review of
factors affecting P uptake kinetics and algal growth.

Distinct seasonal cycles of P uptake have often been
observed., During the winter when algal and bacterial biomass
and metabolic activity decrease and P concentrations increase,
uptake rates are usually low (Halmann and Stiller 1974; Faust
and Correll 1976; Kuenzler and Greer 1980). In the summer when
phytoplankton are abundant and P concentrations are low, rapid
turnover rates are found in most lakes, apparently regardless
of trophic state (Rigler 1973). Algal blooms in summer (Faust
and Correll 1976) or winter (Kuenzler et al. 1979) have been
shown to increase uptake rates greatly.

Suspended sediments carried into lakes may be important to
the P cycle (Hutchinson 1941; Kuenzler and Greer 1980; Jones and
Redfield 1984; Cuker 1986), especially when the sediments are
fine clays which have high P binding capacities and long
retention times in the water column (Golterman 1973; Syers et al
1973). Piedmont rivers and lakes are subject to large influxes
of silt and clay from the surrounding watersheds during



rainstorms. The soils of these watersheds consist primarily of
fine clays (Daniels et al. 1984) which settle very slowly
(Williams et al. 1980). However, the shortage of data on
biological and chemical effects of the addition of sediment to
lakes and rivers has hindered water resource management (Ongley
et al. 1982).

The P desorption/adsorption capacity of suspended sediments,
hereafter referred to simply as sorption capacity, affects the
phosphorus cycle (Syers et al. 1973). Several studies have
shown the importance of sorption reactions between P and bottom
sediments (Olsen 1964, Pomeroy et al. 1965, Harter 1968, Meyer
1979, Klotz 1985) and others the importance of suspended
sediment-phosphorus exchange reactions in rivers (Taylor and
Kunishi 1971; Green et al. 1978), in lakes (Kuenzler and Greer
1980), and in estuaries (Carritt and Goodgal 1954).

While most studies have found that the sediments act as a
sink for phosphate (Syers et al. 1973), the complexity of the
sorption reaction combined with the large variability found
within and between aquatic systems makes generalizations
concerning the sediment's role difficult. The sorption
mechanism is a function primarily of the solution phosphate
concentration and the pH (Chen et al. 1973a), but ionic
strength, substances competing for the same reactive sites,
temperature, organic matter, retention time, and particle size
are also involved (Beek and vanRiemsdijk 1982).

The factors controlling the chemical reactions of phosphate
ions with clay mineral surfaces are not well understood,
especially with naturélly occurring clays (Beek and vanRiemsdijk
1982). Reactions are clearly associated with the presence of
aluminum hydroxides and iron oxides near the clay surface (Chen
et al. 1973a; Edzwald et al. 1976), and are not necessarily
based upon simple exchanges of the phosphate ion for the
hydroxide ion bound to the aluminum and iron complexes of the
clay surface, as has often been suggested (Golterman 1973).
Phosphate adsorption isotherms, which relate the amount of
phosphate adsorbed per gram dry matter to the concentration of



phosphate in the water (Olsen 1964) are often constructed to
evaluate the sorption mechanisms. These have shown the uptake
of phosphate by clay to be biphasic, consisting of a rapid
initial adsorption of the phosphate onto reactive sites of the
clay followed by a much slower phase which may involve the
formation of new solid phases (Carritt and Goodgal 1954; Pomeroy
et al. 1965; Chen et al. 1973b; Edzwald et al. 1976). The
initial adsorption step is usually complete within 12 hours
(Edzwald et al. 1976; Huang et al. 1976; Green et al, 1978) and
is readily desorbable (Carritt and Goodgal 1954; Ryden and Syers
1977). The slower step can extend to over 60 days and is not
easily reversed since it involves the formation of a solid phase
(Chen et al. 1973b).

Quantification of the amount of P bound to suspended
sediments that is available for algal utilization may help
explain the role of these sediments in the P cycle of lakes.
Estimates of the relative availability of P associated with
these sediments as they enter a water body are very important if
we wish to determine the most cost effective control strategies
for regulating P inputs (Sonzogni et al. 1982). For example, an
extensive study on P-management strategies for the Great Lakes
(PLUARG 1978), which receive high loadings of sediment-bound P,
examined the bioavailability of various sources of inputs.,

While diffuse tributary inputs contributed up to 53% of the
total P entering the lake, they were relatively unavailable
{<40%). This affected the decision that the most cost-effective
management strategy would be removal of municipal point source
P. The sediment entering the lakes from eroding bluffs
surrounding the lake was found to be essentially unavailable and
congidered unimportant for phosphorus management (Williams et
al. 1980).

Estimates of the biocavailability of sediment-bound P,
hereafter referred to as algal available P (AAP), are also
necessary to improve empirical input/output models. These
models attempt to predict algal biomass based on, among other
factors, total P loadings, (Vollenweider 1968; Dillon and Rigler



1974) . Nicholls and Dillon (1978) claim that the assumption
behind the use of total P is that it is all potentially
available for algal utilization. The limited success of these
models is possibly related to a rough relationship between total
P and AAP (Sonzogni et al. 1982). Increased incorporation of
biocavailability values into these models, as was done by
Schaffner and Oglesby (1978), should decrease some of the
uncertainty associated with their predictions.

Laboratory experiments attempting to quantify the amount of
sediment P available to algae have primarily used modifications
of standard algal biocassay methods. Basically, algae are grown
with sediments as the sole P source while all other conditions
affecting growth are kept at optimum. Consequently, the
biocavailability values obtained are usually considered to
represent the maximum biocavailability obtainable under
laboratory conditions (Lee et al. 1980).

The availability of P to algae under natural conditions is a
function of many factors including: the forms and amounts of P
in the particulate fraction, the residence time of the particle
in the lake water, the abundance, species composition, and
nutrient status of the algal population, the solution phosphate
concentration, and other factors controlling particulate-P
solubility, such as pH and Eh (Armstrong et al. 1979). Other
factors such as sediment resuspension (Williams et al. 1980) and
retention time in the photic and/or mixing zone may also be
important.

Measurements of AAP have shown variation between and within
various sources, partially due to the number of factors
affecting the availability but also because of the various
methods used (Lee et al. 1980). Estimates of AAP have varied
from 0 to 55% with an estimated mean AAP of 25 to 30% (Golterman
et al. 1969; Fitzgerald 1970; Chiou and Boyd 1974; Golterman
1977; Cowen and Lee 1980; williams et al. 1980; Klapwijk et al.
1982).

Inorganic sediment P consists of an apatite fraction and/or

a non-apatite inorganic P (NAIP) fraction, mainly composed of
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phosphate adsorbed onto oxides of aluminum and iron, but it also
may include actual iron and aluminum minerals and non-apatite
calcium phosphate (Sonzogni et al. 1982). Correlations between
these fractions and the amount of AAP determined by bioassay
have recently been made based on modifications of extraction
techniques developed by Chang and Jackson (1956) to relate the
extracted P fraction to the amount of plant growth. The apatite
fraction has often been essentially unavailable due to its low
solubility (wWilliams et al. 1980), although some studies
indicate small amounts may be available (Premazzi and Zanon
1984). 1In some experiments, an extraction using NaOH, which
removes the majority of NAIP, predicted the AAP accurately,
suggesting ready availability of the NAIP (Williams et al. 1980:
Young and DePinto 1982). However, Klapwijk et al. (1982) found
that the NaOH extraction severely overestimated (2-10x) the AAP,
whereas Dorich et al. (1982) found the NaOH fraction comprised
only 36 percent of the AAP.

Nitrogen Cycling in Lake Water

Dugdale and Goering (1967) were among the first to use 1SN
stable isotope tracer techniques to study N assimilation. They
felt nitrogen possessed advantages over phosphorus or carbon in
providing a fundamental measure of primary productivity. Both P
and C are involved in cellular energetic processes, This
involvement produces "scatter" in the relationship between the
uptake of these elements and phytoplankton productivity
measurements, Study of nitrogen, primarily a structural
component of the cell, should avoid some of this interference.
Consequently, Dugdale and Goering proposed a primary production
model based on a simplified N cycle. In this model, newly
available N enters the system as nitrate, Phytoplankton
assimilation of nitrate is therefore associated with "new
production" which, coupled with the rate of export of organic
matter from the system, determines the size of the phytoplankton

standing crop. Nitrate taken up by algae must be reduced to
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ammonium before it can be incorporated into organic molecules.
This reduction is mediated by the enzymes nitrate- and nitrite-
reductase and requires an energy expenditure by the cell
(Falkowski 1983).

Ammonium is made available as a nutrient to the
phytoplankton by regeneration from organic matter, by
zooplankton excretion, bacterial remineralization, or leakage
from the phytoplankton cells themselves (Brezonik 1972).
Primary production associated with ammonium assimilation is
therefore termed "regenerated production." Ammonium is
energetically favored as the N source for phytoplankton because
it does not require reduction prior to utilization by algae as
does nitrate., The phytoplankton preference for ammonium is so
strong that even when nitrate concentrations are many times
higher, ammonium assimilation still remains high (McCarthy et
al. 1977; Kuenzler, et al. 1979; Kiefer and Atkinson, 1984 ).

Since Dugdale and Goering's work many studies have shown
regenerated N to be primarily responsible for maintenance of
high rates of primary production and large standing crops in
coastal and estuarine waters (Harrison 1978; McCarthy and
Goldman 1979; Paasche and Kristiansen 1982). There have been
comparatively few studies of regenerated N in lake systems
(Alexander 1970; Brezonik 1972; Toetz and Cole 1980; Axler et
al. 1981). These works all indicate that ammonium assimilation
is very important and may even control primary production,
especially during algal blooms (Toetz and Cole 1980). Liao and
Lean (1978) estimated that zooplankton excretion could account
for 21% and remineralization 63% of phytoplankton demand in Lake
Ontario. Axler et al. (1981) reported 56% to 190% of the daily
phytoplankton N demand could be supplied by ammonium
regeneration processes in N-limited Castle Lake.

Static measurements of nutrient concentrations or biomass
levels do not allow estimates of phytoplankton productivity
rates., Ambient dissolved inorganic N concentrations can be very
low when a dynamic balance exists between ammonium removal and

regeneration, In this quasi-steady state, N turnover times can

12



be very rapid. Toetz and Cole (1980) found particulate N
turnover times were often less than a day while ammonium
turnover times were less than 10 hours in a Minnesota lake.
Recently it has been realized that N uptake kinetics are
much more complicated than proposed by the models of Dugdale and
Goering (1967). Nitrogen uptake measurements are a function of
incubation time during the tracer study, physiologic condition
of the cell, light levels, and temperature as well as N
concentrations. Glibert et al. (1982) also reported that N
uptake rates based on ammonium pool losses differed from rates
based on PN accumulations. This difference was due to a lack of
15N mass balance between the two fractions (Laws 1984) and
suggests that unknown processes may play an important role in
the nutrient cycle. One of the largest problems in calculating
N-uptake rates accurately is the inability to measure very low
concentrations of N accurately. Goldman and Glibert (1983)
provide a comprehensive review of the kinetics of nitrogen

uptake.

Nutrient Control of Phytoplankton Growth

The use of the algal assay technique to determine possible
nutrient control of phytoplankton productivity has been recently
reviewed (Sauer and Kuenzler 1981). Studies of a large number
of lakes have usually shown that either N or P is the element in
shortest supply at any one time. The most extensive study of
lakes and rivers in North Carolina is probably that of Weiss
(1976). He related the results of his assays to the chemically
measured concentrations of N and P, and to the N/P ratios. P-
limited waters had N/P ratios of >16 (by weight), N-limited
waters had ratios of 5-7, and N- and P-limited waters had ratios
of 9-11 (Weiss 1976). He judged that an increase in algal
abundance of >5.1 mg dry wt,/1l after addition of a nutrient
demonstrated a significant response to that nutrient. On this
basis, his data obtained from experiments in which the water was

pretreated by filtration show that 11 stations on 9 Piedmont
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impoundments within 125 km of Jordan Lake were all P limited
rather than N limited. Furthermore, assays indicated that
about 40% of surface waters in North Carolina were P-limited,
20% were N-limited, and 40% were both P- and N-limited.

No reports have been seen which attribute algal nutrient
limitation in North Carolina waters to an element other than N
or P,

Primary Productivity

Primary productivity of lakes is the rate at which plants,
mostly algae in moderate to deep lakes, grow photosynthetically,
fixing the energy of sunlight into organic matter for growth,
This fixation of carbon for metabolism of the plants and for
transfer to other trophic levels (zooplankton, fishes, benthos,
decomposers) is necessary for normal system functioning. Many
factors can affect primary productivity, but light, temperature,
nutrient availability, and grazing seem to be the major controls
(Kremer and Nixon 1978; Wetzel 1983). Although algal abundance
affects in the rate of primary production, there are many
instances in which an algal population with a high rate is kept
at low density by grazing, or altermnatively a large biomass of
slow-growing algae accumulates because the species is
unpalatable,

A large number of measurements of primary productivity in
lakes all over the world has shown very great differences from
the most oligotrophic to the most eutrophic. An attempt to
evaluate factors controlling these rates was made by Brylinsky
and Mann (1973) using data collected during the International
Biological Program. Multiple regression analysis of the IBP
data suggested that variables related to solar energy input were
more important than variables related to nutrients. An
extension of this study using additional data on nutrient
inputs, however, showed a strong relationship between P
availability and productivity in those lakes where N was not
limiting (Schindler 1978).

14



Measurements of primary productivity in North Carolina lakes
by Weiss and Kuenzler (1976) constitute an extensive set of data
on Piedmont lakes of North Carolina. The nine lakes within 125
km of Jordan Lake (Belews, Hyco, Burlington, University, Michie,
High Rock, Tucker Town, Badin, and Tillery) in June-August
showed productivities ranging from 3-188 mg C/m3 h. This wide
range prevents designation of any narrow range of productivities
as typical rates for the Piedmont region.

Aim

The aim of this research was to gain insight into the
envirommental factors and nutrient cycling which control
abundance and productivity of phytoplankton in B. Everett Jordan
Lake (hereafter called Jordan Lake). The focus was on Jordan
Lake because the reservoir has been recently constructed and the
changes during the first few years are of both basic and applied
interest, there have been controversies regarding the water
quality of this reservoir, and the lake has become important for
recreation and may in the future be used for municipal water
supply. Because of high concentrations of algal nutrients in
tributaries to the lake, it was predicted even before
construction that the lake would become eutrophic. It is now
important to follow the changes in water quality and in
phytoplankton abundance, productivity, and nutrient cycling
during this first decade as the lake matures and as water
quality of the influent rivers changes. It is also of practical
value to obtain data on lake metabolism in order to verify
predictions made for this lake and to improve our ability to

make more accurate models in the future,
The Research Site.
B. Everett Jordan Lake, in Orange and Chatham Counties south

of Chapel Hill, N.C., was constructed by the U.S. Army Corps of

Engineers by damming the Haw River just below the confluence
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with the New Hope River (Fig. 1). The lake is much longer than
wide; the water which extends up into several important
tributaries, especially on the New Hope River arm, increases the
surface area and the length of shoreline. The narrow valley
between the dam and Station 20 and the bridge causeways
constrict the cross-sectional area, and therefore mixing, at
several places. Most of the flow into Jordan Lake is provided
by the Haw River and the New Hope River. The U. S. Geological
Survey has stream gauging stations on the Haw River and on three
streams (Morgan Creek, New Hope Creek, and Northeast Creek)
which empty into the upper end of the New Hope River arm of the
lake. Discharge measured at these stations varied more than two
orders of magnitude in each river system (Fig 2), resulting in
pulse inputs not only of water but also of nutrients and
suspended sediments. Most large storm events (spates) showed up
as distinct increases in discharge by both rivers, but the Haw
River discharge was typically about 5-10 times greater than the
New Hope River flow (Fig 2). Note, however, that the three
gauged creeks of the New Hope River drain only 40% of the New
Hope River watershed; consequently, based on total flows into
the lake, the Haw River delivers about four times the amount
delivered by the New Hope River (Moreau 1985). Finally, because
of differences in the volumes of the two arms of the lake and
differences in discharges into the arms, there frequently are
large backflows from the Haw River into the New Hope arm and
from the lower end of the New Hope arm northward into the middle
of the lake (Moreau 1985).

Although the major function of the impoundment is to
provide flood control for the Cape Fear River downstream, the
lake and its waters are also used for recreation and have
potential for municipal water supply. Water quality is
therefore an important consideration. The area of the lake
varies from 58 to 130 kmz, depending on the stage of the lake
surface; the depth also varies depending on the amount of water
in the impoundment and the location of the station, but is in

the range of 5-10 m. The lake is often stratified in summer,
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KILOMETERS

B. EVERETT JORDAN LAKE
CHATHAM CO., NORTH CAROLINA

Fig. 1. Map of B. Everett Jordan Lake showing sampling stations
and area of lake when filled to top of conservation pool (Elev.

216 ft.); additional contour line shows area at top of of flood

control pool (elev. 240 ft.).
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Fig. 2. Hydrographs o§ gauged streams entering Jordan Lake,
1984-85. Discharge (m”/s) of (A) Haw River and (B) sum of three
streams (Morgan Creek, New Hope Creek, and Northeast Creek) of
the New Hope River basin (Hill et al. 1984; USGS file data).
Note different scales for (A) and (B).
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with the amount of deoxygenation of the hypolimnion depending on
the productivity of the epilimnion and the duration of
stratification. Both the Haw and the New Hope River carry
substantial levels of plant nutrients from sewage treatment
prlants and from non-point sources in their watersheds; there is
also a variety of wastes from industries. Weiss and Francisco
(1985) calculated that total P and total N loadings averaged
over the whole lake amounted to 8-17 g P/m2y and 38-68 g N/mzy;
loadings this high have been judged undesirable in natural
temperate lakes (vVollemweider 1968). Pearse (1983), however,
found that turbid South Carolina reservoirs had chlorophyll
concentrations lower than predicted by recent P-loading models.

An extensive limnological investigation of physical and
chemical characteristics, nutrient concentrations, metal
concentrations, and algal composition and abundance has been
underway for about three years (Weiss and Francisco 1984, 1985).
Their data show an impoundment rich in nutrients and high in
productivity. Although algal nutrients (nitrate, ammonium, and
phosphate) were sometimes at low levels or were undetectable,
total P and total N levels were high. For example, total P was
usually more than 40 pg/l everywhere. The amounts of
phytoplankton were also high in summer especially in the New
Hope River arm of the lake, with chlorophyll-a levels sometimes
exceeding 100 ug/l. Chlorophyll concentrations in 1983 were
only about half as high as in 1982 (Weiss et al. 1984); except
in the upper end of the New Hope River arm, concentrations were
below 40 ug/l even during summer 1983 (DEM 1984). The high
productivity of the epilimnion contributes to low dissolved
oxygen in the hypolimnion when the lake is stratified during
warm seasons (DEM 1984). The bottom waters showed relatively
high levels of phosphate and ammonium in summer (DEM 1984).
These attributes place the lake in the eutrophic categories
defined by Weiss and Kuenzler (1976) or by the North Carolina
Trophic State Index (DEM 1984).
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METHODS

Lake Sampling and Measurements,

Sampling trips were made approximately monthly to three
stations which represent different water types (Stations 5, 10,
and 30), and less frequently to another (Station 20). Station 5
was in the shallow upper reaches of the New Hope River arm and
Station 10 was toward the middle of the lake. Station 20 was
in an area which received a mixture of water from both rivers
and Station 30 was in the narrow, deep valley of the Haw River
(Fig. 1). Stations 5, 10, 20, and 30 were in segments 4, 3, 2,
and 1 of Weiss et al. (1984, 1985) and several reports of the
Division of Environmmental Management. Field sampling,
filtrations and incubations were done aboard the "Ibis," a 20-
foot Wellcraft inboard-outboard. In situ measurements were made
of temperature, conductivity, and dissolved oxygen using a
Hydrolab Surveyor Model 6D. Underwater light intensity was
measured with a Lambda Instrument Co. submarine quantum meter.
Extinction coefficients (-k) were calculated by linear
regression of natural logarithms of underwater light intemsity:
the 1% light depth = 1ln 0.01/-k. Water samples for algal assay,
nutrient concentration measurements, and nutrient uptake were
collected from the euphotic zone (0.5m), primarily because this
is usually the region of greatest biological activity.
Hypolimmetic waters at Station 10 were studied during intensive
studies in March and May 1985. Most samples were taken between
0800 and 1400 hours. Water was collected from selected depths
using a nommetalic pump (Jabsco Inc.) equipped with a plastic
intake hose covered with 360 um netting to exclude most
zooplankton, During the intensive studies at Station 10, water
was collected from five depths throughout the water column,
Water was pumped into 20 1 polyethylene carboys and shaded until
use.

Filtrations of lake water for nutrient and pigment analyses

(chlorophyll-a and phaeophytin) were done on board using acid-
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rinsed glass fiber filters (Whatman GF/F for phosphorus
analyses, GF/C for nitrogen and pigment analyses). Filtered and
unfiltered water samples were dispensed into acid-washed
polyethylene bottles and stored on ice in the dark until return
to the laboratory where they were refrigerated until analyses.
Filters for pigment analyses were stored in a dessicator on ice
until they could be frozen in the laboratory. Pigments were
spectrophotometrically determined using an alkaline acetone
extraction (Wetzel and Likens 1979).

Stream discharges are from USGS gauging stations. The Haw
River station is near Bynum, just to the left of the map, Figure
1. The New Hope River data are sums of discharges from New Hope
Creek, Northeast Creek, and Morgan Creek.

Chemical Analyses

Chemical analyses for nutrient concentrations were performed
using spectrophotometric techniques. Phosphorus was determined
by the phosphomolybdate blue technique (Murphy and Riley 1962).
Filterable reactive phosphate (FRP), probably mostly
orthophosphate, was measured within 24 hours on samples which
had passed through Whatman GF/F glass-fiber filters, using the
method of Strickland and Parsons (1972). Corrections for
turbidity were necessary in samples collected during winter and
spring. Samples with FRP concentrations below the 1 ug/1l
detection limit were assigned concentrations of 0.5 jpg/l.
Total-P was determined on unfiltered (TP) and filtered samples
(TFP) following persulfate digestion in an autoclave (Wetzel and
Likens 1979). Filterable unreactive phosphorus (FUP) was
defined as the difference between TFP and FRP concentrations.
Particulate phosphorus (PP) was defined as the difference
between TP and TFP concentrations.

Four chemical analyses were performed to determine nitrogen
content of samples. Kjeldahl N analyses (Strickland and Parsons
1972) were done on unfiltered (TKN) and filtered (FKN) samples;
the difference between these analyses was considered to be
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particulate nitrogen (PN). Ammonium concentrations (NH4+),
obtained by the Solarzano (1969) technique (Strickland and
Parsons 1972), were subtracted from FKN concentrations to obtain
an estimate of dissolved organic nitrogen (DON). Total oxidized
nitrogen (Nox) was measured after cadmium=-column reduction to
nitrite (NO2 }) (Strickland and Parsons, 1972); subtraction of
the nitrite concentration, measured separately, yielded the

). The sum of NO_ plus TKN was the

estimate of nitrate (NO

3
estimated total nitrogen (TN) in the water sample. Samples with
NOX or NH4+ concentrations below their detection limits (5 or 10

ug/l, respectively) were assigned concentrations of 2.5 and 5

ug/l, respectively.
Nutrient Uptake Rate Kinetics.
1. Phosphate uptake by seston

Gross phosphate uptake rates were measured on board the boat

. . 32
via the use of carrier-free

P-labeled orthophosphate tracer
(New England Nuclear). Uptake rates were measured using water
samples from 0.5 m; however, during intensive samplings at
Station 10, in situ measurements of uptake rates throughout the
entire water column were performed. Samples of lake water (100
ml) were dispensed into Pyrex bottles to which one drop (1 uCi)
of tracer was added., Samples were then incubated in the dark at
the approximate lake water temperature, Subsamples (5 ml) were
removed after periods of about 5, 10, 15, 30, etc., minutes and
gently filtered through 0.45 ym Gelman and 8.0 um Nuclepore
membrane filters to separate particulate matter from solution.
Subsampling continued for at least 3 hours, longer when uptake
was slow. Both filters and filtrate from the 0.45 uym filters
were placed in plastic scintillation vials. Upon return to the
laboratory, 5 ml of distilled-deionized water was added to the
vials containing the filters and the radioactivity of all
samples was counted using Cerenkov radiation (Haberer 1965) on a

Packard Tricarb Model 3320 liquid scintillation counter.
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The rate coefficient for phosphate uptake, K, is described

by the equation:

-K = 1n (At/Ao) / At
where Ao = initial activity of filterable 32P (determined from
the sum of the filter and filtrate activity from the first
subsampl ing), At = activity at time t, and At = elapsed time
(h). This equation assumes that the removal of phosphate from
the water is a first-order reaction and that a steady state
exists between soluble and particulate phosphorus. The rate
coefficient, K (h_l), indicates the relative fraction of
phosphate that is being transferred to particulate matter per
unit time, K was estimated by calculating the slope of the
regression line of the natural logarithm of filtrate activity vs
time. Often K was not linear throughout the entire experiment
and an asymptote was reached. This necessitated the use of the
equation:

-K = 1n ((At—Am)/(AO-Au))/ At
where A, is the activity present at the asymptote (Riggs 1963 in
Stone 1982). From the uptake coefficient, the phosphate
turnover time (Tt = 1/-K) was calculated., The turnover time is
the time required for the amount of phosphate in the water to be
completely replaced, assuming steady state conditions exist.

The gross phosphate uptake rate, v (ug P/1 h), was
calculated by multiplying the uptake rate coefficient by the
ambient filterable reactive phosphorus (FRP) concentration:

v = (-K) (FRP)

The phosphate uptake attributable to abiotic uptake was
measured by poisoning water samples with formaldehyde (2.5 ml of
37% formaldehyde into 100 ml sample). After 20-25 minutes,
tracer was added and uptake measured as described above.

Abiotic uptake was subtracted from uptake in untreated samples
to estimate biotic uptake, Filters with different pore-sizes
(0.45 and 8.0 um) were used to differentiate between "large"
particle (algal) uptake, and "small" particle (bacterial)
uptake. At Station 10, the biotic uptake was further
fractionated into eucaryotic (algal) uptake and procaryotic
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(blue-green algal and bacterial) uptake by treating the samples
with antibiotics (Gentamycin/Kanamycin at 300 ug /ml).
Fucaryotic uptake was calculated by subtracting the uptake in
the killed sample from the uptake in the antibiotically treated
sample; procaryotic uptake was calculated by subtracting uptake
in the antibiotically treated sample from uptake in the ambient
sample,

Measurement of phosphate uptake rates as a function of
phosphate concentration were performed twice at Station 10. The

resulting values were analyzed using the Michaelis-Menton

equation:
A" . S
max
v =
K + S
s
where v = the measured uptake rate, V = the maximum uptake

max
rate, and S = the phosphate (substrate) concentration, from

which KS, the half-saturation coefficient or the phosphate
concentration where v = 1/2 Vmax' was calculated.

Net phosphate uptake rates were occasionally obtained by
measuring the change in FRP concentration over time. Lake water
samples were incubated under conditions identical to those of
the trace experiment and for the same time period, except that
no tracer was added. The FRP at the beginning and at the end
of the incubation was measured, the difference between them

corresponding to the net uptake or efflux by seston.

2. Phosphorus sorption by suspended sediments

Water samples for study of P sorption on suspended sediments
were collected from the Haw River at Bynum, N.C., near the peak
of the stream hydrograph during five major spates from January
to May 1985. Stream discharge rates were obtained from the USGS
gauging station there. During the storms of January 1-2 and

February 1-2, the stream was sampled twice in order to evaluate
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inter-event variability. On May 23 the upper Haw River arm of
Jordan Lake was also sampled. Grab samples (20 1) were
collected in polyethylene carboys at 0.5 m depth,

Samples were immediately returned to the laboratory and
filtered through a 360 um plankton net screening to remove large
particulate material and detritus. Centrifugation of the
samples was generally begun within 12 hours, except for the May
16 sample which was centrifuged after 72 hours. A Sorvall RC-5B
superspeed refrigerated centrifuge with a continuous flow-
through unit was run at 18,200 rpm at a flow of 180 ml/min.

This removed approximately 90% (by weight) of the particulate
material retained on a 0.2 um membrane filter. The resulting
slurry was stored in glass beakers in the dark at 4 C.

Total residue (TR) and total centrifugable residue (TCR) (as
opposed to total filterable residue) were measured by drying 100
ml samples of unfiltered and centrifuged stream water,
respectively, in evaporating dishes for 36 to 48 hours at 104 C.
Repeated weighings were later made to ensure that no further
decreases in weight occurred. Total noncentrifugable residue
(TNCR), which is closely related to the suspended solids
concentrations, was calculated by the difference between TR and
TCR. Loss on ignition (LOI) was calculated by the difference
between weights of dry and ashed (3 hours at 550 C) residues.

Total P, total centrifugable P, and FRP in river water were
analyzed using methods described earlier. Particulate P was
directly measured using a modification of the digestion step of
the total P analysis. One ml of sediment slurry was diluted to
10 ml with 4% persulfate in glass centrifuge tubes. The tubes,
placed on their sides to maximize contact of sediment with
oxidant, were autoclaved for 1 hour at 15 psi. They were then
placed on a rotary shaker for 18 to 24 hours, centrifuged, and a
2 ml aliquot of centrifugate was diluted to 10 ml with distilled
water for analysis for FRP. Standards and blanks were processed
in the same manner. Spikes showed good recovery, gdgenerally 90-
110%.
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Base—-extractable P was measured by extracting the sediment
slurry with 0.1 N NaOH in 0.1 N NaCl for 18 hours in
polyethylene centrifuge tubes on a rotary shaker (Williams et
al. 1980; Armstrong et al. 1979). Sediment (15 mg dry Weight
equivalent) was made up to 30 ml with extraction solution,
resulting in a sediment-to-solution ratio of approximately
1:2000 by weight, Following extraction, the samples were
centrifuged, an aligquot of centrifugate was removed and
neutralized to pH 7, and FRP was measured,

Experiments to determine whether sediments were a source or
sink for soluble P in the river and lake were performed using
methods similar to those of White and Beckett (1964), Taylor and
Kunishi (1971), and Kuenzler and Greer (1980). Sediment slurry
(50 mg dry weight equivalent) was placed in flasks with 40 ml of
0.01 M CaCl2
suspensions were equilibrated on a shaker (2.3 cps) in the dark

containing from 0 to 500 pg P/1l. These

for 12 hours at approximately the ambient temperature of the
stream when sampled. Samples were then centrifuged, filtered
through a 0.45 um Metricel TCM membrane filter and analyzed for
FRP. The amount desorbed or adsorbed was calculated from
changes of the initial phosphate concentrations in the flask.
From the resulting curves, the equilibrium phosphate
concentration (EPC), the concentration where no net desorption
or adsorption occurs, was calculated. The amount of P that
could be adsorbed by suspended sediments at ambient stream FRP
concentrations, termed the instantaneous sorption capacity index
(1sc), was determined by measuring the height of the sorption
curve above the x-axis (solution phosphate concentration).
Samples from January and February 1985 were initially used
within 3 to 5 days of collection; however, later realization
that failure to maintain a constant ionic strength in all test
flasks produced erratic results, necessitated repetition of
experiments on the remaining sediment slurrys that had been
stored frozen for several months., All other sorption isotherms
were performed within 3 to 5 days of collection. On the May 3rd
samples, the amount of abiotic activity was measured by

poisoning some sediments with 5 drops of chloroform.
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3. Bioavailability of sediment-bound phosphorus

The amount of suspended sediment-bound P available to algae
was measured via a modified version of the Selenastrum
capricornutum Printz Algal Assay Bottle Test (Miller et al.

1978). Selenastrum was grown with sediments as the sole source

of P and the resulting growth was compared to a series of
standards grown with known amounts of orthophosphate, assumed to
be completely available. Eight- to ten-day old cultures of

Selenastrum were concentrated and used as inoculum. Cultures of

this age were deemed o0ld enough to minimize carry-over of luxury
P but young enough to avoid physiological harm from P starvation
(Shiroyama et al. 1975). Sediment was resuspended in P-free
medium to give an initial total-P concentration of 317 ung P/1
(19 pug P/60 ml). Standards were prepared with known amounts of
KH2P04 (0-50-100-150-200-250 ug P/l). Three or more replicate
flasks were used, with initial algal counts of 1 x 104 cells/ml.
Flasks were incubated at 24 C under continuous fluorescent
lighting of approximately 400 foot-candles and rotated daily on
the shaker table to ensure equal light exposure. Flasks were
stoppered with cotton plugs and shaken at 1.8 cps. Every three
days at least 300 cells were counted with a hemacytometer on a
American Optical microscope. Clumping of sediments frequently
occurred several days after incubation began. However, counts
before and after gentle grinding with a tissue grinder showed no
significant differences., Assays were terminated when cell
densities had peaked, usually after 15 days.

Phosphorus limitation was ensured in the flasks by
maintaining a N:P ratio of 17:1 by weight. In the sediment
flasks, this ratio is maintained if the maximum phosphorus
biocavailability is 80% or less. Malone et al. (1976) found that
the minimum ratio to ensure phosphorus limitation for

Selenastrum was 10:1. Flasks were also spiked with phosphorus

at the end of the assays to confirm P limitation.
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Sediment P bioavailability was calculated by comparing the
average cell count per unit P of standards (100% available) to
the cell counts achieved from P on the sediments.

4., Nitrate and ammonium uptake by seston

Nitrate and ammonium uptake rates were measured using 15N
stable isotope techniques (Fiedler and Proksch 1975). Water
samples were pumped from 0.5 m through a 360 um screen into
15N—labeled nitrate or
ammonium (99 at-%) (5-120 ug/l) were made to 500 ml samples of

carboys as described above. Additions of

water, Incubations took place on board in darkness at ambient
surface water temperature, Incubation was stopped by filtering
250 ml through washed, pre-combusted GF/C glass—-fiber filters
(Kuenzler et al. 1982). Filters were dried overnight at 80 C
and stored in a dessicator until isotope analysis. The amount
of label incorporated into the particulate fraction (15N at-%)
was determined using a Jasco Model NIA N-15 Analyzer. 15N at-%
is the percentage which heavy nitrogen atoms comprise of all of

15N at-% is calculated by:

14

the nitrogen atoms in a sample.
158 atoms) (100) /(17N +
Calculations of nitrogen uptake rates were usually performed as

{(no. of N atoms).

described by Kuenzler et al. (1982). Ammonium and nitrate
turnover times (Tt) were calculated by dividing ambient nutrient
concentrations by the measured uptake rates.

For intensive time course uptake studies, samples were
incubated in clear bottles at the depths from which they had
been collected for periods ranging from several minutes to
several hours, The filtrates were retained for analysis of
ammonium concentrations in addition to the filters for 15N
analysis,

Certain assumptions were made in calculating N uptake rates.
Ammonium, nitrate, and PN concentrations were assumed to be
constant over the course of the uptake experiments except during
the ammonium long-term incubations in March and May 1985 where

actual concentrations were measured, The effects of isotope
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dilution on the 15N at-% enrichment of the agqueous ammonium pool

were not considered. Analytic limitations reduced precision at
NH4 concentrations below 10 ugN/l; (Eppley et al. 1979); they
were estimated to be 5 ug N/1. Uptake rates are higher than
reported if actual NH4 concentrations were >5 ug N/1, lower if
actual NH4 concentrations were <5 ug N/1. Real uptake rates
when NH4 concentrations are low, then, may be twice as high to
much lower than reported.

Nutrient Control of Phytoplankton Growth.

Algal assay procedures to determine nutrient limitation
consisted of inoculation of a standard test alga, Selenastrum

capricornutum, into filtered lake water, some flasks of which
had been enriched with nitrate (2 mg/l), phosphate (0.1 mg/l),

both N and P, or all of the nutrients in the standard culture
medium (Miller et al. 1978; Sauer and Kuenzler 1981). Each
treatment was performed in triplicate. Growth potential of the
water relative to controls (lake water alone) was established
from final cell counts (>300 cells/flask) after ten days
incubation on a shaker table under fluorescent lights. Assays
were conducted on 5 dates at Stations 5 and 30 and on 7 dates at
Station 10. Significance of differences among treatments,
stations, and dates was determined by ANOVA using ln-transformed
cell count data. Final cell counts on +N and +P treatments were
normalized among stations and dates by dividing by the control

cell counts.

Primary Productivity

The vertical distribution of primary productivity was
measured using the light- and dark-bottle technique (Wetzel and
Likens 1979). This method provides sufficient sensitivity for
primary productivity measurements and, in addition, measures
respiration rate. "Initial" and "light" bottles were prepared

in duplicate, whereas only single "dark" bottles were used.
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Bottles were hung at five depths in and below the euphotic zone
during mid-day. After about four hours of incubation the
bottles were retrieved and changes in the dissolved oxygen
(D.0.) determined by Winkler analysis (Wetzel and Likens 1979).
Seasonal and spatial differences in productivity and respiration
were assessed from changes in dissolved oxygen in bottles
incubated at 0.5 m (or interpolated from samples incubated just
above and below 0.5 m); the results are given in units of mg
02/1 per hour of incubation. Insolation rates (Weather Measure
pyrheliometer) were recorded in Chapel Hill. To obtain a
prediction of total daily productivity, increases in D.O. during

incubation were multiplied by the factor I /1. , Where

total’ "inc.
I was total insolation during the day and I. was

total inc.

insolation during the incubation period, to give a prediction of
total daily productivity. Gross and net productivities were
integrated down through the photic zone (to about 1% Io) to
calculate daily productivities per square meter. Daily
respiration rates were calculated by multiplying the dark bottle
decreases in D.O. by 24/t, where t was the incubation period
({h). Respiration was then integrated down through the water
column to the mean water depth of the lake segment (Weiss and
Francisco 1984) represented by each station (2.6, 4.5, and 6.8 m
for stations 5, 10, and 30, resp.). Production and respiration
rates were then converted from oxygen to carbon units assuming

PQ = 1.2 and RQ = 1.0 (Wetzel and Likens 1979).
Data Handling

Data handling was done mostly on an IBM-PC computer using
the Lotus 1-2-3 spreadsheet for data entry, sorting, and
graphics, and Walonick StatPac program for statistical analyses.
Sample standard deviations are shown with the means (x + SD).
Significance of correlations is shown with asterisks: (* = P <

0.05; ** = P < 0.01; *** = P< 0.001).
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RESULTS

Although measurements of physical and chemical conditions
and of nutrient kinetics and productivity of Jordan Lake were
made from September 1983 through May 1985 at from one to four
stations (Appendix), the data presented here will emphasize one
annual cycle (February 1984 through January 1985) at Stations 5,
10, and 30.

Temperature, Conductivity, Light, and Dissolved Oxygen

Surface water (0.5 m) temperatures showed the expected
"sinusoidal curve", the mininum (4.0 C) occurring in January
1985 at Station 5 and the maximum (29.4 C) in July 1984 at
Station 30 (Fig. 3). The 11-12 C temperatures in February
followed a period of unusually warm weather. The differences
between stations on the same date are attributed in large part
to differences in time of day when measured. Vertical profiles
of temperature showed little difference (usually 0-3 C) between
surface and bottom waters during the cool months. During
summer, however, the surface waters were 4-7 C warmer than at
depths of 5-6 m (Fig. 4), providing thermal stratification of
the water column.

Conductivity of surface water also varied seasonally:; values
were low in April 1984 at all stations, and tended to increase
until December (Fig. 5). On each sampling date the conductivity
was usually highest (66-206 pmho/cm) at Station 30 in the Haw
River arm of the lake and lowest (65-160 ymho/cm) at Station 10
toward the middle of the lake., Higher conductivities than shown
in Figure 5 were found in December 1983, ranging from 226 to 303
umho/cm at Stations 30 to 10, respectively.

Light was rapidly attenuated in the water column as
evidenced by the often shallow depth at which only 1% of surface
light remained (Fig. 6). Station 5 and, to a greater extent,
Station 30, were subject to heavy loadings of suspended clays in
February and April, giving 1% light levels at less than 1 m
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depth. Since Station 10 was further from stream inputs, it was
less affected by heavy suspended sediment loadings and usually
had the deepest photic zone, generally >2 m. Spatial
variability and overall light attenuation decreased during the
summer months when the amount of suspended clays in the water
column appeared to decrease, although phytoplankton abundance
increased,

Dissolved oxygen was usually abundant in water at 0.5 m
depth; the lowest mean annual concentration was 89 + 8.5%
saturation at Station 5 in the New Hope River arm of the lake.
Concentrations at greater depths were lower than in surface
water during summer (Fig. 7) when thermal stratification was
strong. Because of our emphasis on processes in surface waters,
measurements of D.O. were not routinely made to the bottom.
Concentrations < 1 mg/l were found at greater depths at Station
10 in May and Stations 5 and 10 in August 1984 and probably
occurred elsewhere during summer as in previous years (Weiss and
Francisco 1984, 1985). Low oxygen content in summer is
indicative of a highly productive euphotic zone.

Chlorophyll-a Distribution

Chlorophyll-a concentrations, an index of algal abundance,
were high throughout the year, with an overall three-station
mean from April 1984 - January 1985 (Fig. 8) of 40 + 36 jug/l.
Station 5 had the highest annual chlorophyll-a concentrations
(mean + standard deviation = 59 + 49 ug/l), followed by Station
10 (34 + 26 ug/l) and Station 30 (26 + 21 ug/l). Although
highest chlorophyll concentrations occurred during August and
September, concentrations exceeding the North Carolina standard
of 40 ng/l were also found in samples collected in July,
November, December and January.
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Phosphorus Distributions, Uptake Kinetics, Sorption, and
Biocavailability

1. Phosphorus distributions

The distributions of phosphorus fractions in Jordan Lake
appeared to be controlled largely by hydrologic events but were
also affected by biological processes. During the cool seasons
FRP and PP tended to be more abundant because high river
discharges delivered nutrient-rich water and suspended sediments
into the lake (Fig. 9). The FRP concentrations were lower, and
sometimes undetectable, during the warm seasons when lower
stream discharges and longer retention times in the lake allowed
sedimentation and biological uptake to reduce nutrient
concentrations, (The Appendix shows FRP concentrations when
they are not visible in Fig. 9.) Total phosphorus (TP) averaged
120 ug/1l, clearly indicating the enriched status of the lake.
Spatial variability of phosphorus in the lake was very
pronounced (Fig. 9, 10). Station 30 always had the highest TP
concentrations (198 + 141 ng/l), followed by Station 5 (118 + 93
ng/l), and then by Station 10 (69 + 50 ug/l), showing the trend
of decreasing TP with distance from the ends of the reservoir.
Total P was dominated by the particulate-P fraction in February
1984 when the rivers delivered abundant suspended sediment.
Spatial and temporal variation was less pronounced from June
through November 1984 during which time TP concentrations ranged
from 31 to 171 ug/l. Except at Station 30, PP usually comprised
the largest fraction of total P (Fig. 10). Filterable reactive
P (FRP), generally considered to be mostly orthophosphate, was
abundant during the winter of 1983-84 but often decreased to
undetectable levels (1 ug/l or less) at Stations 5 and 10 during
the warm months (Fig. 9, 10). Concentrations of FRP at Station
30 often exceeded 50 ug P/1 but decreased to undetectable levels
in October 1984. There was usually more filterable unreactive P
(FUP) than FRP and it had less spatial variability (Fig. 10).
The spatial and temporal cycle of FUP can not be explained
because neither its chemical composition nor its production and

consumption rates are known,
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2. Phosphate uptake coefficients and turnover times

The relative rate of FRP uptake (K) tended to be low during
winter at all 3 stations and high during the warmer months at
Stations 5 and 10 (Table 1). Long turnover times, 4 to 500 h,
occurred throughout the lake from December 1983 to April 1984
(Fig. 11). Short turnover times were found at Stations 5 and 10
from May to December 1984, reaching a low of 0.06 h at Station
10 in August 1984. Station 30 turnover times remained long
throughout the study period, ranging from 11 to 143 h, except
for one decrease to 1.2 h in October 1984 when FRP levels
dropped to less than 1 ug/1.

3. Gross phosphate uptake rates

Total gross uptake rates, v, varied from 0.007 to 9.8 ug P/1-
h (Fig. 12). Uptake rates were lowest and most nearly constant
at Station 30 where TP concentrations were highest., Rates at
Stations 5 and 10 had significantly more variation with time and
tended to be higher during the warmer months.

Abiotic uptake rates were highest at Station 30 (1.08 + 1.25
ug P/1-h) (Fig. 12) where there were often high concentrations
of suspended clays and FRP. Abiotic uptake there accounted for
all of the measurable uptake in December 1983, February, May,
and November 1984, and January 1985. Station 5 abiotic uptake
(v = 0.50 + 0.87 pg P/1-h) was relatively low, except for slight
increases in April 1984 and January 1985 (Fig. 12). Station 10
had still lower abiotic uptake rates (0.09 + 0.13 ug P/1l-h);
they comprised less than 1% of total uptake from June through
October 1984, and only in February 1984 did they contribute
more than 50% of total uptake (Fig. 12).

Biotic uptake was separated into two size fractions, a 0.45
to 8.0 um fraction, (small particle) initially assumed to be
mostly bacterial, and a >8.0 um fraction (large particle),
assumed to be mostly algal. These assumptions are discussed
below, Biotic uptake was dominated by the small size fraction

(Fig. 12), averaging 87.6 + 7.9% of total biotic uptake.
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Table 1. Distribution of phosphate uptake coefficiepts (K) in
surface waters of Jordan Lake. Units = h ~.

Date Station 5 Station 10 Station 30
18 Dec 83 -—- .230 .068
20 Jan 84 - .031 -—=
22 Feb 84 .002 .040 .017
06 Apr 84 .039 .091 .012
05 May 84 1.29 2.99 .014
07 Jun 84 2.03 9.78 .074
12 Jul 84 2.59 3.09 .030
14 Aug 84 2.30 11.86 .095
17 Sep 84 1.82 7.40 .017
18 Oct 84 6.61 9.54 .838
17 Nov 84 1.55 .88 .007
16 Dec 84 1.59 6.03 .024
19 JAN 85 .034 1.82 .020
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Uptake attributable to the large fraction, while always
measurable, never comprised more than 20% of total biotic uptake
at any station, except in February 1984 at Station 10 when it
comprised 42% of the biotic uptake during a period of very low
total uptake.

At Station 10, antibiotic treatment of water samples was
used in addition to size fractionation, to try to distinguish
algal and bacterial uptake. However, since it is likely that
antibiotic treatment inhibits the P-uptake capabilities of both
blue-green algae and bacteria, a more accurate description of
the uptake fractionation may be eucaryotic and procaryotic
uptake. Small particles (<8 um) accounted for most of the
phosphate uptake in both ambient and antibiotic treatments
(Table 2, Col. 5). Eucaryotic uptake (after antibiotic
treatment) comprised from 2 to 99.9% of total uptake and was
always greater than the uptake in the large size fraction (Table
2, Col. 6). Eucaryotic uptake often comprised most or all of
the uptake in the small size fraction (Table 2, Col. 6)
indicating that either the coarse (8.0 um) filter did not
effectively retain most of the phytoplankton or the antibiotic

was unsuccessful in eliminating all of the bacterial uptake.

4. Net P uptake, vertical profiles, and effect of substrate

concentration

Uptake rates down the water column in March at Station 10
decreased nearly threefold, from 24.8 ug P/1-h at 0.2 m to 8.3
ug P/1-h at 4 m (Table 3). The May vertical profile showed
higher uptake rates, especially above 0.5 m where FRP
concentrations were somewhat higher. Below the metalimnion (3
to 4 m depth) uptake rates decreased dgreatly. Size
fractionation and antibiotic treatment were not performed at the
various depths, hence relative algal and bacterial uptake cannot
be estimated, However, samples from 0.5 m incubated in darkness
indicated that >97% of uptake in the euphotic zone was biotic
(Appendix) . About 90% of the biotic uptake was insensitive to

antibiotics in March and 58% in May (data not shown), suggesting
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Table 2. Effect of antibiotic treatment and size fractionation on biotic uptg!e of phosphate

in surface waters at Station 10. K, = biotic uptake coefficient (h « Calculated
percentages exceeding 100% are showl as (100). '

Size % of Biotic

—Percentage Uptake
Date Treatment (um) l(b Uptake Eucaryotic Procaryotic
18 DEC AMBIENT >8 .014 7 10 90

<8 <177 93 2 98

ANTIBIOT >8 .0014 4

<8 .0036 96
20 JAN AMB IENT >8 .002 11 62 38
<8 .017 89 (100) 0

ANTIBIOT >8 .001 7

<8 .018 93
22 FEB AMB IENT >8 .001 42 16 84
<8 .004 58 {100) 0

ANTIBIOT >8 .0004 7

<8 .006 93
06 APR AMB IENT >8 .006 7 45 55
<8 .078 93 (100) 0

ANTIBIOT >8 .003 k]

<8 .081 97
05 MAY AMBIENT >8 .347 12 4 96
<8 2.62 88 4 96

ANTIBIOT >8 .013 10

<8 .102 90
07 JUN AMBIENT >8 .264 3 27 73
<8 9.52 97 4 96

ANTIBIOT >8 .071 14

<8 .428 86
12 JuL AMB IENT >8 .124 4 (100) 0
<8 2.97 96 97 3

ANTIBIOT >8 .198 6

<8 2.90 94
14 AuG AMBIENT >8 .58 5 73 27
<8 11.3 95 32 68

ANTIBIOT >8 .427 11

<8 3.56 89
17 SEP AMBIENT >8 .544 7 14 86
<8 6.83 93 22 78

ANTIBIOT >8 .078 5

<8 1.52 95
18 ocT AMBIENT >8 506 5 28 72
<8 9.00 95 20 80

ANTIBIOT >8 .140 7

<8 1.78 93
17 nov AMBIENT >8 .125 15 (100) 0
<8 .712 85 76 24

ANTIBIOT >8 .204 27

<8 542 73
16 DEC AMB IENT >8 .547 9 24 76
<8 5.46 91 8 92

ANTIBIOT >8 .130 22

<8 457 78
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Table 3. Distribution of filterable reactive P (FRP), phosphate
uptake coefficients (K), phosphorus uptake rates (v),
and chlorophyll-a with depth at Station 10.
- Depth Temp.  FRP K, v Chl-a
Date (m) (¢} (ug pP/1) (h 7)) (ug P/1-h) (pg/l)
1985:
25 March 0.2 14.3 6 4.14 24.8 43
0.5 14.2 5 2.88 14.4 69
1.0 11.9 4 2.94 11.8 57
2.0%* 11.5 5 3.48 17.4 35*%
4.0 11.5 6 1.38 8.3 22
23 May 0.2 24.3 4 13.9 55.6 24
0.5 24.3 5 21.2 106 22
1.4 24.2 2 14.7 29.4 25
3.0%* 23.7 2 13.5 27.0 19
5.0 20.1 2 2.9 5.8 10

*Approximate 1% light level
**Might include a low value
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that most uptake was procaryotic. The uptake rates from these
vertical profile experiments cannot be strictly compared to the
many other rates we measured at about 0.5 m depth because of
different incubation conditions and the different method of
calculating the uptake rate (using only the initial and final
filtrate activities to calculate K). The considerably higher
rates in May compared to March 1985, despite lower algal biomass
and similar FRP concentrations (Table 3), probably reflects
faster growth rates attributable to the higher temperature,
although changes in species composition may also have been
important,

The effect of additional phosphate substrate on uptake rates
was measured in August 1984 and May 1985 at Station 10.
Increments of 1 to 20 pug P/1 were added to lake water and the
resul ting uptake rates were measured. The uptake rates were
plotted using a Lineweaver-Burke transformation of the
Michaelis-Menton equation to obtain the half saturation
concentration (KS), the concentration at which uptake is equal
to one-half of the maximum uptake. The Ks was 3.3 ng P/1 in
August 1984 and 3.8 ug P/l in May 1985. Ambient FRP
concentrations (0.5 and 2.0 ug P/1l, respectively) were below the
Ks values on both occasions, indicating that the rates of biotic
uptake were limited by the available P. Additional attempts at
measuring Ks values in May and October 1984 were unsuccessful in
that uptake rates at different P concentrations did not conform
to the Michaelis-Menton equation and generally had no clear
pattern,

Changes in the FRP concentrations during 3-4 h incubations
were occasionally measured to provide an indication of net
phosphate uptake (Belensz 1985). Low ambient FRP concentrations
of ten made detection of changes in concentration impossible,
emphasizing the difficulties inherent in trying to estimate
uptake rates using chemical techniques. In only two instances
were there discernable changes in the FRP concentration: a
decrease of 1 pg P/1 in December 1984 at Station 10 and an
increase of 4 ug P/1 in August 1984 at Station 30.
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5. Phosphorus sorption by suspended sediments

Phosphorus sorption was measured in January and February
when the Haw River water temperatures were about 5 C and again
in May when it ranged from 17 to 23 C (Table 4). Estimated lake
temperatures on stream sampling dates, interpolated from lake
measurements made within about 10 days, are 5 C and 18-21 C,
respectively. Densities of stream and lake water were therefore
similar, permitting some mixing of lake and river water.
Instantaneous discharges (Table 4) were much higher during
January and February (mean = 15,450 cfs, or = 438 m3/s) than in
May (mean = 2960 cfs, or 84 m3/s). Total residue (TR) and total
nonfilterable residue (TNFR) were usually high and varied
considerably. Total filterable residues (TFR) (not shown)
ranged only from 61 to 164 mg/l. The dry weight lost upon
ignition (LOI), an indication of organic content, ranged from 11
to 15% on the sediment slurry samples used for experiments
(Table 4). Percentage LOI was higher on TR samples (data not
shown) than on the slurry samples, indicating a higher
percentage of the organic content was contained in the TFR
(colloidal-sized) fraction,

High TP concentrations in the Haw River presumably were due
to the high P content of suspended clays in combination with the
numerous agricultural and industrial sources of P in the Haw
River watershed. Total phosphorus (412 to 1236 ug P/l) and
filterable reactive phosphorus (87 to 479 ug P/1l) (Table 5) were
both high but not correlated with each other. FRP was inversely
correlated with flow (r = -0.80, P = 0.05). The difference, TP
minus TPF, did not always equal the PP concentration measured
separately (Table 5), probably because of differences in
methods; PP was determined on subsamples of sediment slurry
obtained by centrifugation,

Suspended sediment samples readily adsorbed phosphate from
solution (Fig. 13). The equilibrium phosphate concentration
(EPC), the point where the sorption isotherm curve crosses the
x-axis, ranged from 1 to 77 ug P/l (Table 6). The EPC was
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TABLE 4. Temperature, Haw River discharge, total and total
nonfilterable residue (mg/l’, and percent loss on
ignition of suspended sediment slurries. Water
samples from Haw River at Bynum and Haw River arm of
Jordan Lake; discharges from USGS file data.

Total Loss on
Date Temp. Discharge Total Nonfilter Ignition
1985 Site (C) (cfs) Residue Residue (%)
1-3 River 5 10,000 337 231 15
1-4 River 5 11,200 284 199 14
2-1 River 5 20,100 681 601 11
2-2 River 5 20,500 278 217 12
5-3 River 17 2,220 242 138 11
5-16 River 22 1,020 212 48 15
5-23 River 23 5,650 1330 1200 11
5-23 Lake 23 - 957 820 11

Table 5. Total P, total filterable P, filterable reactive P,
and particulate P (ug P/l). Water samples from Haw
River at Bynum and Haw River arm of Jordan Lake.

Total Total Filterable Particulate
Date Site P Filterable P Reactive P P
1-3 River 791 329 235 462
1-4 River 485 143 92 342
2-1 River 613 120 95 493
2-2 River 407 99 87 308
5-3 River 436 275 254 161
5-16 River 604 492 479 112
5-23 River 1528 268 195 1260
5-23 Lake 1153 300 232 853
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Table 6. Stream and estimated lake filterable reactive P (ng
P/1), equilibrium phosphate concentration (ug P/1),
instantaneous sorption capacity (ug P/g sed.), and net
potential sorption capacity (pg P/g). Haw River at
Bynum and Jordan Lake, 1985,

Stream Lake
FRP FRP EPC 1SC NPS1
(ng P/1) (pg P/1) (nug P/1)

03 Jan 235 200 37 52 340
01 Feb 95 125 1 52 1780
02 Feb 87 125 6 50 633
03 May 254 120 25 99 86
16 May 479 310 77 199 28
23 May 195 390 11 122 2350
23 May (Lake) 232 390 6 135 ~
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always less than the ambient stream FRP and the estimated lake
FRP, indicating that the sediments were adsorbing phosphate in
all experiments,

Direct comparison among instantaneous sorption capacities
(ISC) is possible because the same amount of sediment was used
in all experiments. The average ISC of the May stream samplings
(140 pg P/g sed.) was significantly higher (P = 0.05) than the
average ISC of the January and February samplings (51 ug P/g
sed). The ISC showed a weak inverse correlation with flow (r =
-0.75, P = 0.10). A new parameter, the net potential sorption
index (NPSI), was developed to compare the sorption-potential of
a stream at different times (Table 6). The P potentially sorbed
per second is the product of ISC and suspended sediment
transport (TNFR X Flow):

NPSI = (ISC) (TNFR) (Flow).
The NPSI (ug P/s) represents the rate of sorption at one
location on a stream. The high NPSI value on February 1
resulted mostly from high stream flow while the high NPSI on May
23 resulted mostly from high TNFR (Table 4). Low NPSI values
occurred on May 3 and May 16 despite having high ISC values.

Two samples collected on successive days of a February storm
event had similar values of EPC and ISC (Table 6). However,
since the TNFR on Day 1 was nearly three times higher than on
Day 2 whereas the streamflows were similar, the NPSI of the
first sample was three times that of the second sample. This
demonstrates the large errors that may occur when estimates of
the net effect of suspended sediments are made using data from
only one sampling during high flow conditions.

The May 23 sampling of both the Haw River and the Haw River
arm of the lake showed a relatively small decrease in the EPC
(11 to 6 ug P/1) and a small increase in the ISC (122 to 135 ug
P/g sed,) (Table 6). TP and TNFR decreased from the stream to
the lake, indicating that some of the larger particulates may
have sedimented, increasing the percentage of finer particulates
with higher sorptive capacities and consequently higher ISC

values, Such direct comparison of samples must be done with the
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understanding that the samples taken from the lake resulted from
an earlier parcel of stream water which may have contained
sediments and water with different sorption-related
characteristics, Neither EPC nor ISC changed when chloroform
was added in some of the May 3rd sorption experiments,
demonstrating that biotic uptake of phosphate was not
significant,

6. Bioavailability of sediment-bound phosphorus

The algal available P (AAP) associated with suspended
sediments ranged from 5.1 to 18.6% (mean = 11.3%) of the total
sediment P (Table 7). Selenastrum's growth curves (Fig. 14)

using sediment-bound P showed an initial phase of exponential
growth which closely paralleled the growth of standards
containing orthophosphate, generally considered 100% available.
This first three to six days of rapid growth was usually
followed by one to three days of slower growth, after which
little growth occurred. The maximum cell numbers were reached
between 9 and 12 days on all but two samples. Native algae
present in the sediment slurry never comprised more than 5% of
the total number of algae present and appeared to be outcompeted
by the Selenastrum. Under phase-contrast microscopy, some

bacteria were visible, but they did not appear to flourish
during the experiment., Their importance in algal utilization of
the sediment P could not be quantified but is assumed to be
small,

The 0.1M NaOH extraction removed from 43 to 60% of the
sediment P (Table 7). This is significantly more than the 5 to
19% of sediment P utilized by the algae, indicating that the
NaOH extraction was a very poor indicator of AAP.

Nitrogen Distributions and Uptake Kinetics

Ammonium concentrations declined in both arms of the lake
from February 1984 through August 1984, with levels at or near
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Table 7. Selenastrum cells produced by equal amounts of
sediment-bound P and orthophosphate, percentage of
bioavailable sediment P, and percentage of NaOH-
extractable P. Mean + SD.

Cells Produced Algal
Sedinpent P Ortho-P Available P NaOH Extr. P

Date (10 cells/pg P) (%) (%)

03 Jan 7.27 + .58 39.1 + .27 18.6 52.6
04 Jan 6.06 +. 88 " 15.5 51.6
01 Feb 3.86 + .30 " 9.9 52.0
02 Feb 2.92 + .41 " 7.5 46.0
03 May 1.99 + .48 " 5.1 43.2
16 May 5.07 + .97 " 13.0 59.5
23 May 4.91 + .73 " 12.6 46.1
23 May(L) 3.97 + .89 " 10.2 45.6

55



107
.
...ooooooo.o
i 200 ug P/I
- .‘...
5 e’
3 —— e *3-JAN
108 ...i‘.onoo.oc.ocouo.oogopgp/'
. > - 1-FEB
= e ——
-
£ i . —
~ 3-MAY
/7] 5
-l
-l
w
5] =
105}
=
.....'......‘-...........ooooooo.oooooooooo.OugP/l
4 L e®® " 1 ! ! | ' ¢ n 1 1 . + L I 1
10 1 3 5 7 9 11 13 15
DAY

Fig. 14. Examples of growth curves of Selenastrum when grown
with sediment (solid lines) or with orthophosphate (dotted
lines).

56



AMMONIUM CONCENTRATIONS

_ N o S
Z&M&WMWMWMMWRWM&W&%&M&WMMVrm © WMWRWMWMWM%MMWWMMMWMYW
ECCOCSNSSONSRSSNSSSSSSSSSYN » ko EOSOUSSESSKSSSN
u .
== o n DUANINNANINAARNNNAN RSN NN NN NN
8 5 SIS SSSSSITSCSSSSSS
o 0 AR RN NN NRRUEEENUNANNRN NN RN
-8 " § P22l
E:
©
s g =
RISy o 3] 2
P2 227" u 5 g
A s} m
g B § Y
S CE- I
- o S
< 8c M
WT M 1] m3 m
©
fs2 *
- o ® ANINRNNNNNNRNNNNNNNY
- 3 o
[~ =}
> i R SS
T < 'S ‘\\
S £ ; o ST
<
- m g -ﬂl—a.m -
, 3L
mw E®
[l
sy DE
i 1 1 I 1 L i 1 1 1 1 T [ - I i ] | 1
mmmmmmmmmmmmmmn a ® 8 g Q g 8 8 e
e @
(1/8r) NOLLVRINIONOCD WNINONNY m_.i.w_v (1/60)  NOUVMINIONCO 31VHLUN
e

MONTH
22 s 30

KY sw 1o

57

Annual patterns of nitrate concentrations in surface
10, and 30.

71 s s

16.
waters at Stations 5,

Fig.



detection limits during the summer (Fig. 15). Following a small
autumn increase at all stations, ammonium levels again dropped
to below the detection limits. Ammonium concentrations at
Stations 5 and 30 increased in January, whereas they remained
low at Station 10. Additional spring sampling in March and May
1985 at Station 10 showed ammonium had increased to
concentrations similar to those found during the previous fall
and spring,

Nitrate levels in the New Hope arm were very high during the
cold months but decreased to below detection limits during the
warmer months (Fig. 16). The Haw River station had nitrate
levels below detection limits only during the months of July and
August 1984; otherwise levels were very high in this arm of the
lake, Nitrate was more abundant than ammonium in Jordan Lake
whenever these nutrients were detectable (Fig. 17). Overall
mean nitrate concentration was 203 + 189 ng N/1, whereas overall
mean ammonium concentration was only 26.1 + 35.3 pug N/1. The
Haw River arm (Station 30) generally showed higher nutrient
levels (nitrate = 296 + 200 pg N/1; ammonium = 40.3 + 43.6 ug
N/1l) compared to the New Hope River arm, Dissolved inorganic N
generally decreased down the New Hope arm of the lake from
Station 5 to Station 10 during this study. Station 5 had a mean
nitrate concentration of 188 + 206 ug N/1, whereas Station 10
had only 124 + 125 ug N/1; Station 5 had a mean ammonium
concentration of 25.9 + 39.3 jug N/1 compared to Station 10 with
12.2 + 10.9 pg N/1.

Particulate N concentrations were generally high at all
stations (Fig. 18). Station 5 had the highest mean PN
concentration (444 + 186 ng N/1); concentrations exceeded 249 nug
N/1 on all dates except April 1984. The mean PN concentration
at Station 10 was 308 + 100 pg N/1; levels exceeded 200 nug N/1
on all dates except December 1983 and June 1984. Station 30 had
the lowest mean PN concentrations, 274 + 154 ug N/1, but
exceeded 170 on all dates except April 1984. Overall mean PN
for the lake was 342 + 164 ng N/1.

The largest fraction of nitrogen present in the epilimnion

was usually the dissolved organic N (Fig. 17). 1Its
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concentration was fairly similar at all stations; the lake had a
mean of 454 + 119 ug N/1.

Nitrogen uptake rates were very rapid during the warmer
months (Table 8). Ammonium uptake rates in the Haw River arm
(Station 30) steadily increased from May until October when
rates peaked at 26 ug N/1'h(Fig. 19). The New Hope arm also
experienced high rates from May until October, peaking at 10.7
ng N/1-h at Station 5 and 16.8 ug N/1 h at Station 10 in May
(Fig. 19). Ammonium uptake rates in winter were typically much
lower than in the warmer months. Nitrate uptake was also rapid,
but generally slower than ammonium uptake., Spring and fall
uptake maxima occurred in both arms of the lake with peaks from
8 to 12 ng N/1:-h (Fig. 20). Summer and winter rates were lower
but still of substantial magnitude,

Ammonium and nitrate turnover times varied seasonally (Table
8). Turnover times during winter were on the order of days or
weeks, whereas during the warm months they were only about a
half an hour to a few hours. Mean nitrate turnover times were
4-10 times longer than mean ammonium turnover times (Table 8).

Time course studies in situ in transparent bottles were
undertaken to determine the constancy of uptake rates during
incubation, Tracer experiments from February 1984 to January
1985 often showed that 3-h incubations (not shown) gave lower
15N at-%$ in the particulate fraction than did 1 h incubations
(Table 8). Rapid uptake rates and short turnover times (Table

15

8) suggest that recycling of previously assimilated NH4 in the

3-h incubations (Harrison 1983) may have caused this reduction
in 15N at-$ in PN, Because this violates a major assumption of
the tracer study, the 3-h uptake rates are not reported here.
In-situ time course uptake experiments, with samples
collected at 10, 60 and 120 minutes, were conducted at Station
30 from August to December 1984 (Table 9). Except for the 120-

minute sample in December, the 15

N in particulate matter
increased, although not linearly, with time. There tended to be
rapid ammonium uptake in the first 10 minutes on dates when

ambient ammonium concentrations were low (Table 9). Uptakes
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Table 8. Nitrogen uptake rates and turnover times based on N-tracer experiments. Surface water incubated at ambient
temperature in darkness for about 1 hour. ND = no data.

DATE Sta. S Sta. 10 Sta. 30 Sta. 5 Sta. 10 Sta. 30

Uptake rates (ugN/1l:h)

Ammonium Nitrate

22 Feb 84 1.88 2.21 0.40 2.07 1.93 1.02
06 Apr 84 ND 5.23 ND 0.74 0.91 ND
05 May 84 10.7 16.8 4.44 3.36 8.78 12.1
07 Jun 84 6.02 8.93 6.13 3.35 1.68 2.51
12 Jul 84 1.21 3.70 10.6 0.58 1.16 3.16
14 Aug 84 8.75 9.47 11.8 1.59 1.51 2.99
17 Sep 84 7.25 2.67 12.0 1.94 1.44 7.29
18 Oct 84 8.09 4.72 26.0 8.78 2.62 10.9
17 Nov 84 0.52 0.81 0.28 ND ND 0.13
16 Dec 84 4.25 0.89 0.12 ND 0.66 0.33
19 Jan 85 1.98 0.02 0.24 ND 1.69 0.15

Mean 5.00 5.04 7.19 2.80 2.24 4.06

sD 3.66 4.98 8.23 2.63 2.36 4.47
Turnover time (h)

Ammonium Nitrate

22 Feb 84 23.9 2.3 155 161 179 361
06 Apr 84 ND 6.7 ND 374 250 ND
05 May 84 1.2 1.1 1.1 8.9 10.3 46.0
07 Jun 84 0.8 0.6 0.8 0.6 1.2 101
12 Jul 84 4.1 1.4 0.5 3.4 1.7 0.6
14 Aug 84 0.6 0.5 0.4 1.2 1.3 0.6
17 Sep 84 0.7 10.0 9.4 1.2 4.5 42.5
18 Oct 84 2.4 4.0 1.1 7.0 11.0 9.2
17 Nov 84 25.4 6.20 17.9 ND ND 3830
16 Dec 84 1.20 5.60 187 ND 316 1640
19 Jan 85 69.7 90.0 456 ND 132 2630
Mean 16.3 12.0 82.6 69.8 90.7 866

SD 31.8 25.9 148 135 120 1371
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Table 9. T1me course of ammonium uptake in situ at Station 30.
= incubation duration (min). [NH4] = initial
céncentrat1ons (ug/1). ND = no data.

Date [NH4] Tio Teo T120
15N at-%
14 Aug 84 1.62 1.99 2.10
17 Sep 84 0.39 ND 0.590
18 Oct 84 0.788 1.49 2.18
17 Nov B84 0.469 0.774 0.828
16 Dec 84 0.732 0.941 0.932
Uptake Rate (ugN/1-h)
14 Aug 84 5 45.4 9.30 5.23
17 Sep 84 112 4,94 ND 3.35
18 Oct 84 28.6 34.1 21.7 17.3
17 Nov 84 5 1.36 1.01 0.59
16 Dec 84 22.1 11.3 3.04 0.7




continued at reduced but substantial rates for the remainder of
the experiments, suggesting rapid regeneration of ammonium in
the bottles (Harrison 1983b). Low uptake rates in November were
an exception to this trend. When ambient ammonium levels had
been higher (September), this initial uptake stimulation was not
seen (Table 9). The high uptake rate (12 ug N/1-h) at Station
30 in September after 1 h dark incubation (Table 8) is suspect
because of noisy signal on that sample and because the rates
after 3 h were much lower (Appendix).

Time course incubations were extended to 7 hours in March
and May 1985 (Table 10). The 15N~content continued to increase
in both ammonium and nitrate experiments, although not linearly
with time. After 3 to 5 hours, the 15N at-% values of the
ammonium experiments reached a plateau, suggesting uptake had
ceased or 15N was being recycled (Table 10). Initial uptake
rate stimulation in March ('I‘10 vs. T60) was not observed,
perhaps due to ample nitrogen stores accumulated during the
previous night. Berman et al. (1984) suggested daily
fluctuations in nitrogen uptake rates could be partially

explained by light intensity.

Vertical Profile of Nitrogen Uptake
Depth profiles of ammonium and nitrate uptake rates and
primary productivity were measured at Station 10 in May 1984 and

March 1985. NH4 uptake rates in March were approximately equal

{3.54-3.85 pug N/1-h) down to 1 m depth, but were <2 pug N/1-h in

deeper samples (Table 11; Fig. 21). In May, maximum NH4 uptake

occurred at 0.5 m and declined by almost 50% in deeper samples

(Table 11). NH4 uptake rates were 5-6 times higher in May than

in March at all depths measured.

Rates of NO3 uptake on 26 March were more than twice as high

at 0.5 m depth than in shallower and deeper samples (Fig. 21).

At 2 m, NO3 uptake rate was only about 5% of the maximum rate.

Similarly in May, NO3 uptake rates decreased from about 15 ug
N/1 h at 0.5 m to about 5 ug N/1-h at 1 and 2 m depths (Table

11). No rate measurements were made in May at 0.2 m to detect
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Table 11. Vertical profiles of nitrogen uptake and productivity at Station 10.
in situ. Photosynthetically available radiation (P.A.R.), temperature, Chlorophyll-a, PN, NH4, and
3 were measured initially. ND = no data. Chl-a data for 25 March 85 are in Table 3.

NO

Incubations were 1 to 2 hours

[NO3] Uptake (ugN/1l.h)
NH

NO3

Productivity (mg0§/1~h)

Gross

Net ReSp.

Depth Temp. P.A.R. [PN] [NH, ]

(m) (C) (UE/m®s) TIPS 28 D .
25 Mar 85
0.2 14.3 683 428 5 277 3.58
0.5 14.2 360 428 5 277 3.85
1.0 11.9 110 504 5 277 3.54
2.0 11.5 16 386 5 277 1.85
4.0 11.5 0.49 264 35 266 1.36
2l May 84
0.5 22.5 310 666 5 76 20.3
1.0 22.4 150 448 5 84 11.6

2.0 21.6 29 545 5 94 12.9

4.71
12.7
5.14
0.84
0.35

14.6
5.15
5.37

0.24
0.28
0.32
0.06

0.20 0.04
0.24 0.04
0.14 0.18
0.04 0.02
ND ND
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Fig. 21. Vertical profiles of ammonium and nitrate uptake on 26
March 1985 at Station 10. Also shown are in situ light

intensities as a percentage of surface irradiance. Note
different uptake rate scales.
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surface inhibition of NO3 uptake as was seen in March 1985. NO3
uptake rates down to 1 m were approximately equal in March and
May. In March, uptake rates of NO3 were greater than those of
NH4 down to 1 m. At 2 m and deeper in March and at all depths
in May, NH, was taken up more rapidly than NO

4
higher NO. concentrations.

3 in spite of

3

Nutrient Control of Phytoplankton Growth

The algal assay technique seldom indicated severe limitation
of phytoplankton growth by N alone or P alone. Algal assay
results on water collected in June 1984 and August 1985 (Fig.
22) illustrate the general pattern. The natural water without

added nutrients (CONTROL) usually produced lower Selenastrum

counts than the other treatments. In June, increments of 2 mg
N/1 (+N treatment) or 0.1 mg P/l (+P treatment) did not
significantly increase cell counts relative to controls (Fig.
22). Added nitrate alone increased cell counts by as much as
three-fold only at Station 30 in May and August (40% of dates
sampled) . Only at Station 5 in July and November (40% of dates
samples) and at Station 10 in November (15% of dates sampled)
did phosphate alone increase cell counts as much as three-fold
(not shown). When N and P were provided together (+N+P), or

when all nutrients were provided (+ALL), Selenastrum growth was

much better than in the CONTROL, +N, or +P treatments and was
similar to growth in standard algal medium (ALG.MED.) (Fig. 22),
suggesting that N and P were simultaneously limiting in lake
water. The water from Station 5 in May 1984 gave substantially
less cell growth in the +N+P and +ALL treatments than in algal
medium, whereas in December it gave substantially greater growth
than in algal medium (not shown).

Primary Productivity

Measurements of rates of change of dissolved oxygen in light
and dark bottles incubated in situ were used to estimate primary
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production and respiration rates, At most stations for most of
the year, both photosynthesis and respiration were highest in
the euphotic zone. Two examples, in March and May (Table 11,
Fig. 23), show high rates at 0.2 m, subsurface peaks at 0.5 m,
and then low rates, within the limits of error of the method, at
4 m depth.

Dissolved oxygen changes in water from about 0.5 m depth
incubated in situ in light and dark bottles showed large
seasonal effects, Station 5 (Fig. 24) illustrates the low gross
and net productivities of the cool seasons and high rates from
June through September. The same annual pattern occurred at
Stations 10 and 30. Net productivities were nearly as high as
the gross rates because respiration rates were relatively low,
exceeding 0.2 mg 02/1-h only at Station 30 in July and August
1984 (Fig. 24). Highest gross productivities also were found at
Station 30 in July and August, with a maximum of 1.4 mg Oz/l-h.
Station 10 generally showed the lowest productivity and
respiratory rates,

The seasonal changes and station-to-station differences
among gross productivities are also apparent when the rates at
each measured depth were integrated down through the euphotic
zone, corrected for day length, and converted to carbon units
({Fig. 25). Station 30 dominated the other two stations during
June - August when rates exceeded 4 g C/m2-d while the other
station showed rates <3 g C/mz»d. Rates at all stations in
February, April and December were <1 g C/mz-d. An entirely
different picture emerges, however, if the 24 hour respiration
of the whole water column is subtracted from the gross
production of the photic zone to obtain net water column
productivity (Fig. 26). Only Station 30 in August, Station 10
in October, and all three stations in September had net water
column productivities >2 g C/mz-d. Net water column
productivities were significantly negative at each station at
least 3 times during the study period, but excessive water
column respiration was usually greatest at Station 30 (Fig. 26),

reaching -9 g C/mz»d in February.
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Fig. 23. Vertical profile of productivity and respiration on 21
May 1984 at Station 10. Gross and net productivities are rates
during daylight; the difference between them represents daytime
respiration. The lower curve is respiration extrapolated to a
24-hour day.
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DISCUSSION

Physical and Chemical Factors Affecting Algal Biomass

Two external factors have major effects on water gquality of
Jordan Lake. River discharges into the lake fluctuate widely as
storm events (spates) cause sharp peaks in water flow (Fig. 2),
along with substantial changes in delivery of suspended
sediments and dissolved nutrients (Hill, et al. 1984).
Furthermore, the Haw River delivers several-fold more water than
does the New Hope River tributaries (Fig. 2) into a deeper,
narrower part of the lake. The discharge from the lake at the
dam is much closer to the Haw River input and therefore directly
draws off a portion of its flow. Spatial patterns of nutrient
concentrations, uptake rates, and productivities may be strongly
influenced by the differences in the entering river water.

The second external driving force is the seasonal change in
insolation., This affects phytoplankton directly through
provision of radiant energy for photosynthesis, but also through
the temperature effects on photosynthesis (Eppley 1972), and on
thermal stratification., Heating not only reduces viscosity,
thereby increasing sinking rates of seston (suspended materials,
including phytoplankton) but also causes water column stability,
reducing the vertical turbulence which would return seston to
the surface (Wetzel 1983). Loss of seston from surface waters
results in improved light penetration and photosynthesis at
greater depths. Water column stability, however, also restricts
vertical transport of nutrients, thereby preventing nutrients
regenerated in the hypolimnion from returning to the photic
zone, Temperature of Jordan Lake surface waters, however, did
not correlate significantly with light extinction, phosphorus
concentrations, or ammonium concentration, but showed a strong
negative correlation with nitrate (Table 12). The strong
correlations between temperature and biological rates are
discussed later,

Light penetration during the study period was relatively

poor, especially at Stations 5 and 30 in February through May
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Table 12. Linear correlation coefficients (r) between selected
physical and chemical variables. Temperatures and
nutrient concentrations were measured at 0.5 m depth.
Haw River discharges were correlated with variables
at Station 30 and New Hope River discharges with
variables at Station 5. (*P < 0.05; ** P< 0,01; **=*

P < 0.001).
Light 5-Day
Temp. Extinction Discharge FRP
Light extinc- NS - L6111 %% .559% k%
tion (-k)

[FRP] NS .559*** .606*%* -
[PP] NS .505*%* NS NS
[NO3] = T27*** NS NS .528**
[NH4] NS .506*%* NS .409*
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and again in December (Fig. 6). Poor light penetration is
characteristic of Piedmont lakes which receive substantial loads
of silt and clay from land runoff (Weiss and Kuenzler 1976).
There was clearly a correlation between Haw River and New Hope
River discharges 5 days prior to sampling and light extinction
(-k) at Stations 5 and 30, respectively (Table 12). Light
extinction was also clearly correlated with concentration of
FRP, PP, and NH4 (Table 12); this may be partly attributed to
materials brought to the lake by rivers, but other factors also
seem to be involved. The euphotic zone, defined here as the
zone through which >1% of surface light penetrates, was <2 m
thick in winter when river discharges were high; lower runoff in
summer allowed sedimentation of suspended solids and the water
became clearer (Fig. 6). Higher insolation rates, greater light
penetration, less rapid flushing of the reservoir, increasing
temperatures and a thermal stabilization of the water column
permitted an increase in phytoplankton growth in summer
following the pattern shown by Weiss and Francisco (1984). This
growth is evident in the chlorophyll and gross productivity
peaks from about July through September (Fig. 8, 25). Finally,
the warm-season increase in productivity together with thermal
stratification of the water column resulted in greater
consumption of dissolved oxygen; concentrations in the
hypolimnion just 1-2 m below the surface decreased to levels

well below saturation (Fig. 7).
Algal Biomass in Relation to Nutrient Concentrations

Linear correlation analysis was used to describe
relationships between algal biomass, as indicated by chlorophyll
and PN concentrations, and several forms of N and P.

Chlorophyll and PN were highly correlated in the data from all
stations between February 1984 and January 1985 (Table 13).
Neither chlorophyll nor PN was significantly correlated with
water temperature, light extinction, or ammonium concentration.

Both were negatively correlated with FRP concentration, and
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Table 13. Simple linear correlation coefficients (r) between physical factors, nutrient

concentration, indices of phytoplankton abundance, and measures of productivity and

nutrient uptake at all three stations during February 1984 - January 1985. (*P ¢

0.05; ** P ¢ 0.01; *** P < 0.001).

Light
Temp. Extinction [FRP] [PP} [NO3] [NH4] [PN]

Chlorophyll NS NS -.374* NS -.390* NS .585%%¢
Particulate N NS NS ~.470%** NS NS NS -
ln FRP Uptake .388%* —.469** - ~.496%*% - 664%**% - 4T74x*x* .357*
in FRP—Tt -.389* L470%* 697 *%% .496%* .664*%x <469%* -.357*
in NO3 Uptake .422% NS NS NS - NS .521**
in No3-‘rt -.836%** NS .599%%% NS SBTTHRE .401* -.565%*%
in NH, Uptake .688%%* NS =~.427%* NS - .557%%x - 485%*
in NH,-T, -.722%%* NS 475%* .416* .569%%* .602%%% - S5]15#%%
Gross Prod. .870%%* -.376* NS NS -.524** NS NS
ln Gross Prod. 762%%% - 607%x* -.548%** NS —.442%* -.382% .380*




chlorophyll also was a negatively correlated with nitrate (Table
13). The negative correlation coefficients reflect effective
removal of nutrients during times of phytoplankton abundance,
Finally, lack of correlation of chlorophyll and PN with PP
(Table 13) is consistent with the explanation that, after heavy
river discharge in winter, a major portion of PP is suspended
sediment whereas during warm months a major portion is
phytoplankton., Multiple regression analysis for chlorophyll
showed only PN contributing to the variance explained (R2 =
34%). Multiple regression for PN showed only a small additional
contribution by FRP to the relationship with chlorophyll, for a
total R2 of 40.3% (not shown). Table 13 is discussed further

below.
Phosphorus Distributions and Algal Biomass

The high TP concentrations in February 1984 at Station 5 and
Station 30 (Fig. 10) are largely attributable to inputs of P-
rich suspended clays during heavy flows of the Haw and New Hope
Rivers (Fig. 2) (Weiss and Francisco 1984). There were clear
correlations (P < 0.01) between stream discharges five days
before each sampling trip (Hill, et al. 1984; USGS file data)
and FRP concentrations at Stations 5 and 10 (Table 12).
Particulate P brought in by the rivers also affected the
concentrations in the lake; there were strong positive
correlations (P < 0.001) of PP with 5-day prior discharge at
Stations 5 and with 10-day prior discharge at Station 30 (not
shown), but a lack of correlation of PP with discharges 5 days
prior to sampling (Table 12) when data from both stations were
combined, Station 10 is further from tributary inputs and
therefore perhaps was less immediately affected by suspended
matter and nutrients from the watershed. University Lake, a
nearby lake which receives agricultural runoff but not
industrial or municipal wastes, had significantly lower values
of TP than Jordan Lake (Kuenzler and Greer 1980).

Because of lower stream discharges (Fig. 2), water residence

times increase in summer (Weiss and Francisco 1984) and allow
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greater accumulation of algal biomass (Fig. 8). The positive
correlation between temperature and chlorophyll was not
significant at P < 0.05 (Table 13) but at P < 0.10. Increased
biotic activity in summer probably accounted for the low FRP
concentrations at Stations 5 and 10. Station 30, however,
maintained significant levels of FRP throughout the warm season
(Fig. 9) when chlorophyll concentrations were moderately high
(Fig. 8) and productivity was at a peak (Fig. 25). Water-column
or benthic regeneration may have helped to maintain phosphate
levels at Station 30 in summer; there was no significant
correlation between FRP concentrations and Haw River flow (not
shown). FRP concentrations were strongly correlated with flow
at Station 5, and PP and TP were correlated with flow at each
end of the lake (not shown). Francisco (personal communication)
suggested that it usually takes more than 5 days for stream
discharges to affect these stations and that these higher P
concentrations in the water might originate from wind mixing and
bottom sediment disturbance. Mean annual chlorophyll
concentrations were highest at Station 5 (59.4 + 48.8 ng/1);
they were lowest at Station 30 (26.5 + 20.9 ug/1l) despite
abundant P there., These patterns are similar to those found by
Weiss and Francisco (1984) and indicate that P-limitation is
unlikely at Station 30.

FRP Uptake Rates and Turnover Times

Phosphate turnover times in Jordan Lake were often short in
summer and early winter at Stations 5 and 10 (Fig.11) when FRP
was scarce (Fig. 9) and N:P ratios were high (Fig.28); this also
implies P limitation. Similarly short turnover times (Tt) have
been reported for other lakes during periods of summer
stratification (Rigler 1973). Kuenzler and Greer (1980) found
seasonal uptake patterns similar to those at our Stations 5 and
10, but their turnover times were often shorter. Long turnover
times and high FRP concentrations at Station 30, however,
indicate that P-limitation was unlikely in this section of the
lake.
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Linear correlation coefficients help to quantify the
relationships between physical factors, algal abundance, and
phosphate kinetics. Transformation of FRP uptake rates (and
other kinetic rates) to ln(rate) consistently improved the
correlation coefficients. Since FRP uptake rates are equal to

[FRP]/Tt, a positive correlation coefficient, r, for T, may be

expected to yield a negative r for the uptake rate. Ngt only
was this true, but the size of r was always about the same
(Table 13). Temperature showed a positive correlation with 1n
FRP uptake (ug/l h); this may be partly attributable to
increased algal abundance (r for PN = 0,.,357) in summer. Note,
however, that chlorophyll was not significantly correlated with
FRP uptake rate, nor with productivity, nitrate, or ammonium
uptake rates (not shown). The strong positive correlation
between 1n FRP—Tt
turnover times of phosphate in surface lake water when

and FRP concentration reflects the longer

phytoplankton growth and nutrient uptake are slow and nutrients
are abundant in winter. Any direct effect of phosphate
concentration upon uptake at relatively low phosphate
concentrations, as expected by the Michaelis-Menten kinetic
model, cannot be seen in these field data. Similarly,
relatively high PP concentrations in winter when uptake rates
are low may account for that negative r value (Table 13).
Finally, the negative correlation coefficients of FRP uptake
with NO3 and NH4 concentrations apparently reflect the
simul taneous depletion of DIN during times of rapid FRP uptake.
Multiple regression analyses of nutrient uptake and
productivity data gave highest percentages of variance explained
(Rz) when the rates were ln-transformed. Furthermore the
turnover times for FRP in the water gave better results than the
uptake rates themselves, The variance in FRP—Tt was explained
mostly by the positive relationships to FRP and PP
concentrations (Table 14). The additional positive contribution
from NO3 concentration to 1ln FRP—Tt is probably not a direct
effect but the result of the strong positive correlation between

NO3 and FRP concentrations (Table 12). The interpretation is
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Table 14.

Stepwise multiple regressions. Variances of ln;
transformed rates of gross productivity (g 0,/m“d)
and nitrate, ammonium, and phosphate turnovef times
(h) explained by temperature and particulate N,
particulate P, FRP, nitrate, and ammonium
concentrations (ug/l). Analyses are for data from
all stations from February 1984 - January 1985.

Significant

Dependant Percentage of Total 2 Independant Varéables

Variable Variance Explained (R°) (Change in R“)

In FRP-Tt 68.9% FRP 48.6%; PP 15.1%;
NO, 5.2%

1n NH41—Tt 73.4% Temp. 52.1%; NH4 12.7%;
PN 8.6%

1n NO3—Tt 87.8% NO3 76.8%; Temp. 10.9%

In Gross Prod. 87.1% Temp. 58.1%; NO3 15.2%;
FRP 13.8%
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that FRP turnover times are increased when phosphate and
particulate P (including abiotic forms) are abundant. Total
variance explained was 68.9%, a relatively high value for
natural systems. The multiple regression equation is probably

of little use in predicting FRP-T however, because of a large

tl
standard error of the multiple estimate.

Algal vs. Bacterial Uptake of Phosphorus

Size fractionation generally showed higher biotic P uptake
rates by the smaller particles (Fig. 12). The domination of
uptake by smaller particles, including microalgae, free
bacteria, and clays with closely associated bacteria, also
occurs in other freshwater lakes (Rigler 1956; Lean 1973;
Kuenzler and Greer 1980; Currie and Kalff 1984a). Small
particle uptake was well correlated with large particle uptake
at Station 5 (r = 0.88) and Station 10 (r = 0.73), suggesting
that algal and bacterial uptake increased or decreased together
and that algae did not dominate uptake during periods of high
biomass and P-deficiency. Hickman and Penn (1977) and Faust and
Correll (1976) often found a positive relation between algal and
bacterial abundances, Lean (1984) and Currie and Kalff (1984Db)
found bacterial uptake rates in freshwater lakes were a
relatively constant percentage of total biotic uptake throughout
the year whereas Faust and Correll (1976) and Kuenzler and Greer
(1980) found distinct increases in the percentage of algal
uptake during the warm season. Fairly constant percentages of
bacterial and algal uptake rates correspond to the model
proposed by Currie and Kalff (1984b) in which algal P uptake is
dependent upon release of P from bacteria so that the rates
remain in phase, Culture work by Fuhs (1972) supports superior
algal utilization of phosphate at the low concentrations typical
of the summer months while Rhee (1972) suggested that bacteria
are superior to algae in competition for available phosphate.
Questions still remain concerning the importance of bacterial

uptake of a nutrient that potentially limits algal growth
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(Currie and Kalff 1984b) as well as the ecological mechanisms
controlling bacterial and algal competition for phosphorus.
Antibiotics significantly decreased P uptake (Kb) at Station
10 compared to uptake in untreated samples (Table 2), indicating
that much of the uptake was procaryotic. Total eucaryotic
uptake usually exceeded algal "large particle" uptake (Table 2).
Stone (1982) found similar results, whereas Kuenzler et al.
(1979) and Kuenzler and Greer (1980) found that biotic P uptake
in the large size fraction was somewhat greater than eucaryotic
uptake. Assuming that filtration accurately separated bacterial
uptake from algal uptake and that the antibiotics completely
prevented P uptake by the procaryotic fraction, eucaryotic
uptake should have been less than large particle biotic uptake
since antibiotic treatment would likely decrease P uptake by the
blue-green algae, Blue-greens with effective sizes > 8 um have
been a significant fraction of the algae in Jordan Lake (Weiss
and Francisco 1984). Analysis of the antibiotic-treated samples
(Table 2) showed that moderate-~to-rapid uptake often remained in
the small size-fraction of the water samples after antibiotic
treatment, indicating either the presence of small eucaryotic
algae there and/or incomplete suppression of procaryotic P
uptake. Eucaryotic algae, such as Cyclotella, Chlorella, and

Chlamydomonas, small enough to pass through a 8.0 um filter are

abundant in Jordan Lake (Weiss and Francisco 1985). Since small
cells often have greater relative uptake capacities than larger
cells (Fuhs, et al. 1972), the ratio of large vs. small particle
uptake rates is probably less than the ratios of their
biomasses,.

Several factors may reduce the effectiveness of the
antibiotic treatment, Suspended clays in the water may adsorb
the antibiotics or provide some type of physical protection for
the bacteria., Indeed, high biotic uptake rates frequently
occurred in the small size-fraction during winter when
concentrations of suspended clays tended to be high.
Furthermore, although Gentamycin and Kanamycin are broad-

spectrum antibiotics which are effective against many
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antibiotic-resistant bacteria (Davis et al. 1973), there may
have been resistant strains in our samples. The pre-incubation
with antibiotic and the dosage of antibiotic may have been
insufficient to stop bacterial activity before the tracer was
added. The low biotic uptake rates in January, February, and
March 1985 (Fig. 12), all of which showed high eucaryotic uptake
in the small fraction, probably reduced measurement accuracy
sufficiently to prevent satisfactory fractionation of rates.
The uptake rate attributable to the large fraction often
decreased after antibiotic treatment (Table 2), a result also
reported by Kuenzler and Greer (1980) and Kuenzler et al.
(1979). The larger particles probably contained numerous
bacteria, attached either to algae (Paerl 1975) or to clay
particles (Faust and Correll 1976), and blue—-green algae; a
decrease in the P uptake rates of these procaryotes by
antibiotics would proportionately decrease the uptake of the
large size-fraction, Finally, the antibiotic might affect P
uptake by eucaryotic cells; Kuenzler et al. (1979), however,
found that carbon uptake was not affected by the use of

streptomycin or penicillin,

Suspended Sediment Phosphorus Sorption Capacity

During 1981-82, about 88% of the total nonfilterable residue
and 75% of total-P load to Jordan Lake came down the Haw River
(Weiss and Francisco 1984). Much of the P enters over short
periods during high-flow conditions. For example, during a two-
day period in February 1984, an extremely heavy flow of the Haw
River delivered approximately 10% of the yearly total-P load for
all of Jordan Lake (Weiss and Francisco 1985). Our sorption
experiments, using suspended sediments from five periods of high
flow, showed that the sediment eqguilibrium phosphate
concentrations (EPC) (1-77 umg P/1) were always below those of
the ambient stream FRP concentrations (81-402 ung P/1) (Table 6).
It may therefore be assumed that the suspended sediments were a

sink for phosphate in river water during these periods of high
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flow. Another sorption experiment conducted with suspended
sediments from the lake also showed the sediments to be
functioning as a sink (Fig. 13). This is supported also by the
significant abiotic uptake of tracer in the Haw River Arm (Fig.
12) . Phosphate apparently sorbed onto suspended matter despite
considerable variability in TP, FRP, PP, TNFR, flow, and
temperature,

Kuenzler and Greer (1980) found similar EPC values (1 to 22
ug P/1) for suspended sediments from University Lake water.
They concluded that such particles were a sink for P in winter
but were a source in summer because of low lake FRP
concentrations then., The study of Kuenzler and Greer (1980),
however, examined the role of suspended sediment that had
already been in the lake for an undefined period of time rather
than their sorption potential before entering the lake. The EPC
values of suspended sediments from the turbid Colorado River
(Mayer and Gloss 1980) were similar to our values., However,
since the FRP of the Colorado ranged from 1 to 51 ug P/1l, the
authors concluded that the suspensions acted as a buffer,
adsorbing P at concentrations above the EPC and desorbing P at
lower concentrations. Others have also proposed the concept
that suspended sediments are a buffer for phosphate (Carritt and
Goodgal 1954; Pomeroy et al. 1965; Kunishi et al. 1972). 1In
most prior studies, however, there were much lower ambient
stream FRP concentrations which, despite similar EPC values,
lead to different conclusions concerning the role of the
suspended sediments.

Large differences existed between the EPC concentrations of
the suspended sediment and the ambient stream water FRP
concentrations (Table 6). The rate of adsorption of phosphate
from solution onto the surface of a clay particle tends to be
fairly rapid (<12 hrs) (Edzwald et al. 1976) and, when complete,
should render a quasi-equilibrium close to the EPC. The
experimental conditions affect determination of EPC and ISC
values., The ionic composition and concentration of the

contacting solution often affects the amount of P adsorbed
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(Ryden and Syers 1975; Ryden et al 1977). The 0.01 M CaCl2
contact solution used in this study, and by others (White and
Beckett 1964; Taylor and Kunishi 1971; Meyer 1979), increased
the amount of phosphate adsorbed at concentrations >100 ug 1—1,
by factors of 1.5 to 2.5 compared to the same soils suspended in
distilled water (Ryden and Syers 1975). Both higher ionic
strength and the presence of Ca+2 caused increased sorption.

The effect of 0.01 M CaCl2 on sorption capacity was less at
phosphate concentrations <100 pg P/1 and decreased to
essentially no difference at the EPC. Therefore the EPC values
reported here were probably not significantly affected by the
0.01 M CaCl2

capacity (ISC) of the suspended sediment was usually measured at

contact solution. The instantaneous sorption

P concentrations >100 ug P/1, where different ionic composition
of contact solutions do affect P sorption. Because the ionic
strength of Haw River water is probably much less than 0.01 M
and thus would exhibit less sorption capacity, ISC was likely
overestimated. However, the differences in sorption capacity at
different ionic compositions remain relatively constant at
concentrations >100 pg P/1; the different ionic compositions
would therefore not greatly affect the relative differences in
ISC obtained during different samplings.

The apparent lack of equilibrium indicates a relatively
short residence time of the sediments in the water column and
suggests that they are of local origin., They may have
originated from distant sources and been episodically carried
down the stream, periodically sedimenting into potentially
anaerobic conditions where phosphate may be released, and then
being scoured again from the river bottom during periods of high
flow,

Suspended sediment ISC (Table 6) was significantly higher (P
= 0.05) in the May samplings than during winter. This resulted
both from increased stream FRP values and higher absolute
sorption capacity of the sediments in May. The ISC was
inversely correlated with flow (r=-0.75, P=0.10), perhaps due to
a higher percentage of large particles with lower sorption

capacities carried by the stream at periods of high flow.
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Algal Utilization of Sediment-Bound Phosphorus

Algae used from 5.1 to 18.6% of sediment-bound P despite
indications from the sorption experiments that the sediments
were undersaturated with respect to phosphate, The shape of the
growth curves of algae grown with sediments resembled the curves
of algae grown with a soluble phosphate source (Fig. 14).
Apparently the algae rapidly assimilated some loosely-bound,
easily desorbed sediment P, After this initial phase, the rate
of desorption, or algal utilization, was insufficient to allow
significant additional growth.

The 0.1 M NaOH extraction of sediments overestimated AAP
(Table 7), probably because of the high iron and aluminum
content of Piedmont soils (Daniels et al. 1984) compared to the
high calcium soils upon which the NaOH-AAP relationship was
developed. For example, Williams et al. (1980) showed a strong
correlation between NaOH-extracted P and AAP in sediments in
which 50% of the P was in the apatite fraction, 31% was in the
nonapatite fraction, and 19% was in the organic P fraction. On
the other hand, two sediments in which AAP was poorly predicted
by the NaOH extraction and consequently excluded from discussion
had nonapatite fractions of 50% and 65%. Huettl et al. (1979)
suggested that the NaOH extraction may overestimate the AAP in
soils with abundant iron and aluminum oxides with high
capacity, low intensity sorption isotherms; these were
characteristics of the suspended sediments used here. Overall,
the NaOH extraction has been empirically correlated to AAP using
a small variety of soils and questionable methods of estimating
AAP (see Lee et al. 1980) and may not be applicable to soils or
sediments with chemical characteristics different from those

upon which the correlation was based.
Management Implications of Sediment Sorption and Bioavailability

The suspended sediment study concentrated on sorption
properties and bioavailability of P bound to Haw River suspended
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sediments shortly before they reach Jordan Lake. The net effect
of these sediments after entering the lake is a function of many
factors. The movement of the river water upon entering the lake
is important; it largely depends on the rate of discharge and on
the density difference (primarily temperature difference)
between the river and lake waters. Stream and estimated lake
temperatures were similar on all samplings, but conclusions
regarding mixing cannot be made without lake isopleths at the
time of sampling. Large particles entering the lake settle out
of the water rapidly, but clays do not, Fine clays settling at
30 cm/d would remain in a 3 m photic zone for 10 days in calm
waters (Williams et al. 1980) and longer during mixing
conditions (Reynolds 1984). Coagulation and encapsulation by
algae (Faust and Corell 1976; Avnimelech et al. 1982) increase
the settling rate, Severe reduction of the photic depth
resulting from the high light-scattering capacity of clays also
inhibits algal productivity., River water significantly colder
than surface water in the lake will sink to an intermediate
depth or to the bottom, Its load of nutrients and suspended
matter will therefore have much less immediate effect on the
epilimnion and on phytoplankton production

The sorption experiments indicate that suspended clays
scavenge P from the water as they slowly settle to the lake
bottom., Given the fairly rapid uptake of loosely-bound P, clays
should reach a state of quasi-equilibrium while in the photic
zone. This recently adsorbed P should be readily desorbable and
highly bioavailable. However, the high AAP on sediments in
contact with water rich in FRP is unlikely to be of immediate
importance for algal growth at that time., It appears, then,
that suspended sediments are not the ultimate source of easily
desorbable and available P, but are usually a sink for P during
times when P is abundant, High ambient FRP concentrations, and
often low algal biomass, immediately after high river flows
decrease the importance of sediment-bound P. However, as algal
biomass and photic zone depth increase and dissolved nutrient
supplies decrease, the bioavailability of P on the clay

particles remaining in suspension becomes more important.
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Cuker (1986) performed experiments relating phosphorus
loading and clay loading to algal growth in limnocorrals in a
N.C. Piedmont lake. Fertilization with phosphate not only
stimulated phytoplankton abundance and productivity, it also
shifted species dominance toward the Nz—fixing blue-green
Anabaena. Phosphate addition also resulted in more rapid
settling of suspended clay particles and clearing of the water.
Addition of Kaolinite clay reduced water clarity and
phytoplankton abundance and productivity in spite of relatively
large amounts of P associated with the added clay. Anabaena
counts were reduced relative to limnocorrals enriched with P.
When both P and clay were added, intermediate values of
turbidity, algal abundance, and productivity were found. These
results were interpreted as a close interaction between P and
clays (Cuker 1986). The phosphorus tended to stimulate algal
growth and algal growth tended to flocculate clays. Although
added clay brought P into the system, clay suspensions initially
shaded the phytoplankton and reduced productivity. However they
also acted as a sink for P already in the water and tended to
sorb P from the water and to carry it and some of the algal
cells out of the water column as they sank to the bottom.

Particles sinking through the water column may release P
back to the water. 1In many lakes ferric hydroxide on the
surfaces of sedimentary particles is reduced to ferrous iron
when the hypolimnion becomes anoxic in summer. The P which was
adsorbed to the hydroxide re-enters solution, resulting in
increased FRP concentrations in bottom water (Golterman 1973:
Rigler 1973). Unpublished Jordan Lake data (Weiss, personal
comm.) clearly show elevated FRP in the hypolimnion in summer.
In other Piedmont lakes the effect is smaller (Kuenzler and
Greer 1980; Rodriguez 1985), perhaps because of strong P binding
to the aluminum of the clays (Edzwald et al. 1976). Phosphate
in the hypolimnion returns slowly to the epilimnion except
during mixing after stratification weakens. Particles
accumulated on the bottom may be resuspended by turbulence from

storms or by boat traffic, thereby re-entering the sestonic
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system. Those which remain on the bottom may be buried with
their associated P, or the P may be released in soluble form to
the interstitial and then diffuse from the sediments to the
water column.

In spite of several mechanisms by which sediment-associated
P can be returned to the water and to the euphotic zone, large
amounts of P are lost each year to the lake bottom. Weiss and
Francisco (1985) calculated that 45-55% of TP transported by the
Haw River and 84-92% of TP transported by New Hope River were
lost in the lake, Losses of TN from river water were less than
losses of TP, 2-15% of Haw River TN and 57-66% of New Hope River
TN. They attributed these losses to sinking and retention of
particulate P and to denitrification of nitrate, Our results
are in agreement with these suggestions.

The interactions between suspended sediments and water are
complex. In the stream, sediment is probably a sink for
phosphate and should be important in binding soluble phosphate
that enters from both diffuse and point sources. Management
practices which remove sediment inputs into the stream without
concurrent measures to decrease inputs of soluble P might result
in negligible changes, or even increases, in soluble P delivered
to the lake due to the lack of clays for P stripping. Reducing
suspended sediment will also increase the depth of the photic
zone in the Haw River arm of the lake where light is often
limiting, perhaps contributing to increased algal growth and
biomass there. This is not an argument for maintaining or
increasing suspended sediment loads in Piedmont rivers, but
points out that the usual turbidity in our lakes may keep their
trophic status below that predicted from P loading alone (Pearce
1983).

Nitrogen Distributions
Total N concentrations were high in Jordan Lake, with summer

levels around 600-900 ng N/1 and winter levels often > 1,000 ug
N/1 (Fig. 17). Although there was significant correlation
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between total P and tributary discharge rates (r = 0.552%*%),
correlations between N03, NH4, or total N concentrations and
discharge were not significant (not shown). During autumn,
total N increased to levels similar to those of the previous
winter, in spite of low river discharges (Fig. 2). The declines
in productivity (Fig. 24), chlorophyll a (Fig. 8), and
temperature (Fig. 4) during this period suggest that reduced
algal activity permitted the increase in total N, although
increased benthic regeneration, increased N-fixation, or
decreased denitrification could also contribute.

The increase in total N concentrations in autumn was due
primarily to the increase in nitrate while particulate N
decreased and DON stayed the same. Perhaps when productivity is
high, more DIN is converted to particulate N which then settles
or is transferred to higher trophic levels, causing lower total
N concentrations. As productivity decreases, more DIN remains
in solution and total N concentrations increase.

At Station 30, NO3 concentrations remained high except
during July and August, when levels became undetectable (Fig.
16). It is in these months that net productivity, chlorophyll
a, and temperature all reached their annual peaks. Relatively
high FRP concentrations in July and August (Fig. 9) and algal
assay results for August suggested N may have been limiting at
Station 30 at that time. In September the lake became
destratified and mixed, causing a surge in DIN concentrations
at Station 30. Later in autumn, NO3 concentrations increased
across the lake as biological activity decreased. Weiss and
Francisco (1985) suggested that denitrification may be an
important pathway for N loss in the New Hope River arm because
it is shallow and has a high ratio of bottom surface to water
volume. This could contribute to the low NO3 concentrations
found there from May until October 1984.

We did not regularly measure nutrient vertical profiles;
Weiss and Francisco (1984) briefly discuss these distributions

in their report.
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Time Course of Nitrogen Uptake

Understanding nitrogen tracer experiments in relation to
primary productivity requires recognition that uptake and growth
processes are not tightly coupled. A portion of the DIN taken
up by phytoplankton may be subsequently excreted, leaked, or
stored by the cell (Wheeler 1983). Only under steady state
conditions, seldom found in natural environments, are growth and
uptake tightly linked (Goldman and Glibert 1983). However,
after 1n transformations, we found that NH4—uptake rates were
clearly correlated (r = 0.566**) with gross productivity whereas
NO3—uptake rates were not (not shown). When ammonium
concentrations were measured over a seven-hour time course, they
remained higher than expected considering the uptake rates based
on 15N measurements., It appears that NH4 was regenerated from
an intermal source of nutrients, thus maintaining uptake at
rates not otherwise possible,

The ammonium uptake experiments partially simulated
conditions occurring in the natural environment of
phytoplankton, Ammonium regenerated from sources in the water
column initially exists as concentrated microzones which
subsequently diffuse away (McCarthy and Goldman 1979).
Phytoplankton respond to these nutrient pulses by rapidly
elevating ammonium uptake rates for short periods of time
(Goldman et al. 1981). 1In tracer experiments, analytic

15NH which resulted in

4
substantial enrichments when ambient ammonium concentrations

limitations required additions of

were low. On such dates (August, October, December), increased
TlO' (Table 9)
may reflect stimulation of the phytoplankton by this enrichment.

ammonium uptake rates measured after 10 minutes,

Therefore stimulated T rates are probably potential rates

rather than actual estigates of natural activity. Samples
collected after 1 and 2 hours on these dates showed uptake rates
had declined in a non-linear fashion.

Ammonium uptake rates (Table 8) after 1ln transformation were

clearly correlated with PN concentrations (Table 13). Although
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part of this relationship may be attributable to a larger sink
for NH4 when algal and PN concentrations are high, part may be
due to the role of PN as a potential nutrient source for the
regeneration of ammonium. In December, when PN concentrations
were relatively low, NH4 uptake rates dropped off during

incubation more rapidly than in August or October (Table 10). A

decline in the 15N at-% from the T60 to T120 sample in December,

if significant, could be due to the effects of isotope dilution

or actual loss of 15N from the PN fraction (Harrison 1983b).

Isotope dilution occurs as regenerated 14NH is released to the

4
ambient pool, thereby reducing the percentage of 1SNH relative

4
to the total NH4 (15NH + 14NH4). Al though the actual number of

15 4

atoms of N in the PN still increases with time as uptake

continues, the proportionately larger increase in the total PN
results in a lower 15N at-g. The effects of isotope dilution
are especially important when NH4 concentrations are low and
regeneration rates are rapid. Glibert et al. (1982) and
Harrison and Harris (1986) state that NH, uptake is typically

4
underestimated by a factor of approximately 2 when isotope

dilution is not considered. Work is in progress measuring the

effects of isotope dilution on NH, uptake rates in Jordan Lake

495

(Rudek 1986). When the decrease in

of the 3 hour dark incubations (data not shown), actual loss of
15

N at-%$ is large, as in some

N from the PN fraction might be suspected. Laws (1984) noted
that up to 40% of the 15

balance when only PN and the ambient NH4 pool were considered
15

N could not be accounted for by mass

and suggested DO "N excretion as the fate for some of the lost

15N.

Ammonium turnover times, after 1n transformation, showed

strong correlations with temperature and with FRP, PP, NO NH

31 4!
and PN concentrations (Table 13). Stepwise multiple regression

indicated that temperature and NH4 and PN concentrations

dominated, explaining 73.4% of the variance (Table 14). The

correlation was positive with NH, (Table 13) because higher

4
concentrations result in longer turnover times for the same

uptake rate, and negative with PN, presumably because greater
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concentrations of algae are able to achieve faster uptake.
Temperature apparently exerted its negative effect on turnover

time by its positive effect on NH, uptake rate per cell.

4

Nitrate tracer experiments conducted in the dark (Table 8)
probably underestimated ambient NO
al. (1979) reported dark NO3

light uptake in the Pamlico River of North Carolina. Whalen and

3 uptake rates. Kuenzler et

uptake averaged only 31% of the

Alexander (1984) reported that dark-to-light uptake ratios were
4 than for NO

transport.

2-5 times greater for NH indicating the greater

3'
light dependence of NO3

There is evidence of the light-dependent nature of NO3

uptake in our vertical profile and long-duration tracer

experiments. In March the NO3 T60 sample (Table 10) and the NO

0.5 m sample (Table 11) were comparable in location, depth,

3

ambient NO3 concentration and incubation duration. They
differed however in that the long tracer experiment (Table 10)
was initiated at 0900 hours (PAR = 160 ME/m>- s) while the
vertical profile (Table 11) was initiated at 1330 hours (PAR =

360 pE/mz-s). The NO3 uptake rate was substantially increased

in the brighter enviromment at 1330 hours.

The increase in NO3 uptake rates from morning to afternoon

may be partially due to factors other than light intensities.

The 3 hour NO3 uptake rates measured in March at 0.2 m and 0.5 m

(1.05 and 2.85 ug N/1-h, respectively) in the vertical profile
uptake study were about 4.5 times less than the 1 hour samples

{Table 11). Priscu and Priscu (1984) reported NO., uptake rates

3
declined 10-fold when measured after 1 hour compared to rates

in the first hour. They determined that very rapid accumulation

of 15NO3 occurred during the first 5 minutes. While the

argument for rapid NH4 uptake can be based on the existence of
4 to which
phytoplankton may quickly respond, no such case seems apparent

for NO3 (Goldman and Glibert 1983). Ambient NO3 levels during

our vertical profile uptake study were non-transient and ample

transient microzones of concentrated regenerated NH

for phytoplankton needs. Priscu and Priscu (1984) speculated

that rapid isotopic equilibrium due to balanced influx-efflux
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rates may be partially responsible for initial rapid
15

accumulation of NO3. The NO3 in the internal pools of the

phytoplankton may account for a significant portion of the NO3

recently taken up as measured by the 15N method (Collos and
Slawyk 1980). Our results suggest that conditions favorable to

NO3 uptake (light levels and degree of NH, inhibition) are also

4
an important factor in mediating the apparent rapid initial
accumulation of 15NO3. Further investigations will be required

in order to achieve a better understanding of NO, uptake

3
kinetics.

The routine measurements of nitrate uptake showed
considerable variability relative to possible controlling

factors., Even the 1ln transformation of No3 uptake produced

significant correlations only with temperature and PN (Table
13). The transformed turnover times, however, not only showed
strong correlations with those factors but also were

significantly increased when FRP, NO3, and NH4 were high.

Nitrate appears to be the controlling variable here; FRP and NH4

presumably correlate well with NO, turnover time because their

3
concentrations fluctuate with NO3. This conclusion is supported
by multiple regression analysis where NO3 concentration and

temperature together explained 87.8% of the variance in 1ln NO3

turnover time (Table 14).
Relative Preference Indices for Ammonium and Nitrate Uptake

The relative preference index, RPI, (McCarthy et al. 1977)
measures the algal preference for a particular nutrient in
relation to its relative abundance. For example, the RPI for

i
NH4 1

NH uptake/(NH4 + N03) uptake

4
“conc./ (NH

RPI -
NH, NH

+ NO § conc.

4 4

An RPI of 1 indicates uptake is directly proportional to
nutrient availability, less than 1 indicates selection against,

and more than 1 indicates a selection for a particular nutrient

96



T

1.8

1.6 -

1.4 -
1.2 -
1
0.8 -
0.6 ~
0.4
0.2 -
)

—0.2 -

XION! ION3U3II3Md ALVIZY OO0

—~0.4

—0.6 -

-0.8

24 26 28

22

1.6 1.8
Loa ([NO3)+ LND-M])

1.4

1.2

08

LOG NH4 RPI

LOG NO3 RPI

)

Log-log plot of relative preference indices for

27.
ammonium and nitrate uptake by Jordan Lake phytoplankton.

Fig.

DIN:FRP RATIOS

JNNNNNN
T 777727l Ll LAl Ll LT
DN N NANNNN
T 7 7220l el l L Ll L L Ll AL LT
S S S SN S S S S NS N NNNANNNNN AN NN
NNNNNNNN
T 7 7 22008l bl l L Ll Ll &l d Ll
SSSOSSNNSNNSNNNNSNONSNENNNN
A HE EU RN ENNNRNN RN ANNNNNNNNY
P77 7700l ll el dl s
S SO S S S S S S S SN N NN NSNNNEINANNY
JONNNNNNANNNNNNNN
(777227277 el Ll Ll
EONNANNNN
5
VLl LA L L Ll
ENNNBINNNDN
J
VOO
AN
ANNNNNN ANNNNNNNN
VXL Ll
AN
T 77777772 L L L L Ll L
EONRAN NN
N
VIl r L 8L L L
DINNNN
INNNNNNNNNN
2Ll L L7l L Ll LT
] ) T T 1 J//J///
=] 1o Q 0 =) ) ) 0 o
< ] ] ~ N - -
A

{ IHOEM AB ) SOLVY dud:NIO

JAN

SEP ocT Nov DEC

MONTH 1984-85

Y sw 10

MAY JUN Jul AUG

APR

7] sa. s

27 s 30

FRP ratios in surface waters of

Horizontal line is drawn at Redfield ratio of

Distribution of DIN:

28.

Fig.

Jordan Lake.

7.2:1.

97



by the phytoplankton. A log-log graph of the RPIs for NH4 and

NO3 vs. total DIN concentration (Fig. 27) shows algal preference

is predominantly for NH4 over NO3 at all stations. The

inhibition of NO3 uptake by NH4 and the lower energy requirement

for NH4 assimilation make preferential NH4 uptake a widely

observed phenomenon (Reynolds 1984; Brezonik, 1972). Kuenzler

et al. (1979) found NH4 uptake preferential to NO3 uptake in the

Pamlico River estuaries while Stanley (1983) reported similar

findings in the Neuse River.
Vertical Profiles of Nutrient Uptake and Productivity

The vertical profile uptake studies (Table 11) indicated

that NH4 and N03uptakes were related to photosynthetic activity.

Reduced NO3 uptake at the surface may reflect photo-inhibition

of photosynthesis. Cole and Toetz (1979) reported a similar

surface inhibition of NO3 uptake but attributed it to factors

other than photo-inhibition, Priscu and Priscu (1984), on the

other hand, concluded that both NO3 and NH4 uptake were

inhibited by surface light intensities. Kuenzler et al. (1979)
did not employ high enough light intensities during incubation
to detect photo-inhibition,

The vertical profile of productivities measured
simul taneously with the vertical profiles of N-uptake indicated
that gross productivity, and hence photosynthetic activity

peaked at 1 m while NO3 uptake peaked at 0.5 m. However a

relatively large amount of heterotrophic activity (respiration)
was also measured at 1 m. A 2 C temperature gradient between
0.5 m and 1] m indicates these zones were not mixing at the time

of sampling, Perhaps NH, regeneration associated with high

4

rates of respiration inhibited NO3 uptake at 1 m, the depth of

maximum photosynthetic activity. Priscu and Priscu (1984)

reported that only a 5 ug N/1 NH, enrichment was required to

4

inhibit NO3 uptake by 60% of that in an unenriched sample.
Inhibition of uptake of phosphate (Table 3) and of ammonium

and nitrate (Table 11) at 0.2 m depth, presumably by excessively
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AFFENDIX: JORDAMN LAKE DATA IG-May-

DATE 8TA. CHL a FHAED DIN:FRF DIN:PM FRF:PF T™: TF
NO. (ug/1) (ug/1)

15-8ep-B87 10 NA NA I7.0 NA 0.1 NA
153-Sep-83 20 NA NA 28.0 N& 0.1 MA
15-Bep-—-83 0 NA MA 11.4 NA 1.2 NA
20-Dct—-83 10 NA NA 150.0 0.3 fa) i

18~Dec-3% 10 NA A T6.5 2.5 0.l 12.7
15-Dec~-383 20 MA NA 11.5 2.3 0.4 8.0
13-Dec—-B3 0 NA NA 4.4 2.9 0.2 1.7
20-Jan-84 10 A NA 16.1 1.7 0.6 17.9
22~-Feb-84 5 NA NA 11.0 1.1 0.1 .2
LZ2-Feb-84 10 NA MA 118.7 1.1 .0 5.9
22-Feb-84 0 N& NA 7.9 2.1 0.1 2.2
D5-Apr -84 3 10,3 11.1 9.9 2.4 0.4 7.
Gh—Apr—-84 10 2.8 7.9 26.3 1.3 0.3 12.5
hH-Apr-84 0 5.9 7.z 2.2 3.5 1.4 I.4
D5-May—-34 S 0.4 24.8 11.8 0.1 0.1 2.9
05-May-34 10 18.% 2.6 112.0 0.2 .0 1Z7.0
OS5~May-34 30 22 17.8 4.6 2.6 2.4 .2
21-May-B84 10 2.1 14.5 84.5 0.1 O 5.7
07-Jun—-84 S 8.6 26.2 2.5 L0 W 5.5
07 -Jun—-84 10 23,6 29.4 7.9 .0 .0 12.9
07-Jun—84 20 20.2 10.8 74.0 1.3 L0 7.0
07-Jun-84 0 I0.6 11.8 12.5 0.9 .5 8.7
12-Jul -84 3 48 2T.5 7.9 .0 e 12.8
12-Jul -84 10 24.5 14.5 15.0 .0 L0 7.2
12-Jul -84 0 L52.5 14 0.2 L0 0, b4
14-aug—-84 S 148 19 15.0 L0 .0 1206
14-Aug-84 10 26 &8 16.4 .0 L0 14.8
13-Aug—-84 0 31 18 0.4 .0 0,2 8.7
1 7-5ep-24 S 1326 2 15.0 L0 L0 1e.z2
17-Sep-84 10 3.5 24 3.8 0.1 L0 11.9
17-3ep-84 20 &l 20.5 125.8 0.2 SO 1Z.0
17 -Sep—-84 0 22 17 12.5 1.3 [ 3.4
15-0ct-24 5 NA 42 185.2 0.z .0 20,3
L3-Dct-24 10 N& 2= 104.4 0.1 L0 17,5
13-0ct-84 0 NA 34 273.2 0.= .0 14,0
17-Naov—-84 b 47 14 238.6 .0 ] 17.1
L 7=MNaov~-84 10 18 2 2I7.0 0.3 L0 12.7
17-Mov~84 IO 10 2 b.7 3.0 2.3 T.h
14-Dec-84 3 53 12 88.0 0.8 0.1 21.2
14-Dec-34 10 R 4 219.7% 0.8 « O 2.2
sH-Dec—24 T0 20 =) 07 Z.3 2.9 .4
12-Jan-85 3 27 29 17.4& 1.4 0.4 1z.8
17-Jan—-85 10 45 ? 470.4 0.7 L0 2204
179-Jan-B5 IO 4 4 3.7 2.7 2.4 2.0
2&H-Mar—-85 1o &9 2 a26.4 0.4 0.2 AN
2I3-May-85 10 22 b &.9 Oul O.l 1.1

127






