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ABSTRACT

The broad, shallow, lower part of the Chowan River has suffered from
damaging blue-green algal blooms during summer in recent years as a result of
increased loading of nutrients. During the study period in 1980-1981,
nitrate and ammonium concentrations averaged 5-6 UM and phosphate averaged
1.2 UuM. These nutrients were reduced to lower concentrations during the warm
seasons when algal growth was rapid and were more concentrated in winter and
early spring when ammonium and phosphate were introduced by pulp-mill
effluent. Uptake of ammonium by seston varied greatly; it was fastest during
the blue-green bloom and the average annual rate was 0.29 uM 'h_l, Nitrate
uptake averaged 0.10 uM- h-l only a third as fast as the annual ammonium
uptake rate. Phosphate uptake was predominantly biotic; the rates varied
from undetectable to 6 uM:* h—l, with highest rates occurring at downstream
stations in warm weather when algae were abundant,

Chowan River sediments tended to be sandy, but large amounts of organic
carbon were present near swamps, in shallow waters upstream, and in deeper
waters downstream. Fluxes of ammonium and phosphate from the sediments to
the water were highly variable, but averaged 91 and 4.1 ymoles:. mfz- h-1
in summer. Although nitrogen and phosphorus are abundant in the sediment,
the rate of exchanges to the overlying water is not the basic cause of the
eutrophic condition of the water column,

Analysis of the ratios of nitrogen to phosphorus in the water as

nutrients and as seston, and the ratios at which nitrogen and phosphorus are



taken from the water by seston suggests that nitrogen or phosphorus may limit

algal growth at different times and places in the river. However, the weight
of the evidence indicates that phosphorus is the more important limiting

nutrient, Elimination of the algal bloom problem in the Chowan River will be
accomplished only by reducing nutrient loading from the watershed, especially

phosphorus loading.
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SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

Chowan River Water Quality

The lower part of the Chowan River below Winton, N.C. is a wide,
shallow body of water. Weak lunar tides reach up the river, but wind tides
are usual ly more important, with floodwaters inundating the bordering swamp
forest. River discharge is low relative to the volume of water in the
river, resulting in slow flushing. During periods of drought and extremely
low discharge, saltwater from Albemarle Sound moves in, but ordinarily the
water is fresh. The water is colored by humic materials from swamps and
pulp-mill effluent to the extent that daylight penetrates only a short
distance. During discharge of wastewater from Union Camp pulp mills during
winter, the water is much darker, more turbid, and richer in ammonium and
phosphate than during the rest of the year.

A major envirommental problem exists in the Chowan River. Noxious
blue-green algal blooms have occurred in summer in recent years. Studies
have demonstrated increased amounts of nitrogen (N) and phosphorus (P),
essential algal nutrients, in the water. The N and P which support algal
blooms come from municipalities, industries, farms, and forests of the
watershed, from precipitation, from regeneration in the water column, and

from the bottom sediments.

Algal Nutrition

The chemical forms of N most important as nutrients are ammonium

; A
(NHZ) and nitrate (NOS); although the sources and the patterns of
abundance are not the same, they occur in similar average concentrations

(5-6 uM) over the year (1L yM N = 14 ppb). Highest ammonium concentrations
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(to 40 uM) were found in the plume of pulp mill effluent halfway down the
river in March 1981; highest nitrate concentrations (to 30 uM) were found
most of the way down the river in May. Lowest concentrations (NHZ < 5 uM
and NOE < 1 uM) generally were found during the warm seasons when
abundant algal populations had stripped these nutrients from the water.

During blooms, blue-green algal filaments were visible, and there were
large amounts of chlorophyll in the water. Algae accumulate N and P during
growth, and concentrations of particulate-N in the water were directly
related to amounts of chlorophyll. Although amounts of particulate P were
also correlated to chlorophyll during the bloom period in summer,
particulate P concentrations were also high upstream in February-March 1981
when pulp-mill e ffluent was present.

Several patterns were seen in the rates at which NHZ and NOS were
taken up by plankton. Ammonium uptake rates were higher (up to 4 uM- H'l)
during the blue-greeen algal bloom in June 1980 than during the rest of the
year; the mean annual gross uptake rate was 0.29 uM --h'l for the year.
Nitrate uptake was only about a third as rapid (0.10 uM- h'l) for the year
and there was less of a pattern related either.to season or to algal
abundance. Presumably, the NHZ concentrations are maintained as high as
those of Nd; by more rapid regeneration of ammonium in the water column
or from the sediments.

The nutrient form of P (measured as filterable reactive phosphate, or
FRP) averaged 1.2 UM (1 yM P = 31 ppb), only about one-tenth the
concentration of nutrient forms of N (NHZ plus No;), but this is
approximately the correct’ratio in which P and N are required for algal
growth. The highest concentrations (>10 uM) occurred in the February

wastewater plume and the lowest concentrations (<0.311M) occurred
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downstream in summer where algal blooms had stripped available P from the
water. Although uptake of phosphate from the water by abiotic processes
was measurable, by far the greatest uptake was by living algae and

bacteria. Uptake rates were highly variable, from undetectable up to

1

6 uM -h T Rates were highest in warm weather at downstream stations when
algae were abundant and phosphate was scarce.

The data suggest. that either N or P might be limiting to algal growth
at different times and places. Available N in the water was often scarce
relative to available P during the summer and fall blue-green algal bloom.
On the other hand, the particulate N:P ratios and uptake rates suggested a
scarcity of P. During the winter and spring both N and P appeared to be
more than sufficient and other factors, such as temperature or light,
probably limited algal growth., The switching between N and P limitation
which appeared in field samples has been shown in algal assay studies.
Those experiments showed that N and P in the water were in such ratios that
addition of either did not give nearly the stimulus to growth of a test
alga (Selenastrum) as addition of both., However, when the experiments were
performed using natural algae which included N-fixing blue-greens, growth
was more often increased by P additions; furthgrmore, the blue-greens grew

faster than other algae in the assemblage. Thus, P was the more critical

growth-1imiting nutrient of the bloomforming species.

Release of Mutrients from Sediments

Sediment survey samples were taken from several stations on each of
twenty transects in the Chowan River and its two major tributaries and
analyzed for their density and their sand, silt, clay, carbon, nitrogen,

and phosphorus content. The shallow-water stations in the wide part of the
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river downstream from Holiday Island were sandy with relatively little
carbon, nitrogen, or phosphorus except where they were adjacent to swampy
shores. Near the swamps the surface sediment was usually dominated by
fibrous, woody debris. The deeper-water sediments in this part of the
river were fine—gfained and reasonably carbon-rich, élthough not in
comparison to the swamp-dominated shallow sites. In the narrower parts of
the river adjacent to and upstream from Holiday Island this pattern was
reversed. The deep water sites are apparently current-swept and dominated
by coarse-grained sediments and the shallow sites near the banks are more
fine-grained and carbon-rich. This carbon enrichment is due both to the
settling of fine particle and input of woody debris from the swamps
dominating much of the shoreline in this part of the river.

The average Chowan River sediment had a relatively high carbon content
of 6.7% (approximately 17% organic matter) and was dominated by sand size
particles (66%). Even the softest muds were dominated by sand on a
percentage basis. The average C:N:P ratio was 155:6:1 (by atoms); it
showed no upstreamdownstream trend.

None of the characteristics were correlated with the water depth from
which the samples were taken. Nitrogen and carbon content were positively
correlated with each other (r = 0.76) and were negatively correlated to
bulk density (r = -0.82 and -0.70, respectively). Sand content was
negatively correlated with nitrogen, silt, and clay (r = -0.75, -0.72,
-0.80, respectively) and positively correlated‘with density (r = 0.84).

Rates of nitrogen and phosphorus e fflux from Chowan River sediments
were highly variable spatially; ammonium and phosphate were the principle
dissolved forms released to the water column. Dissolved organic

phosphorus, dissolved organic nitrogen, nitrate, and nitrite were often
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moving into the sediments. The overall average ammonium flux rate from the
sediments in June of 91 umoles.m ~« h = was compared to estimates of

the summertime nitrogen demand by phytoplankton to assess the importance of
sediment regeneration. The 1980 summer average nitrogen demand based on
gross nitrogen uptake rates (NHZ + Nog) as well as carbon fixation

rates (by 140 technique; Paerl (1982))indicated that ammonium flux from
sediments could account for 3-5% of the demand. Even the highest measured
ammonium flux (350 wumoles: ﬁz--hr—l) could account for only 10-20% of

the gross nitrogen demand. The average measured flux of phosphate from the

sediments of 4.1 pmoles* m?.at

would supply only about 1-2% of the
demand based on gross phosphate uptake rates from this study or around 13%
of the carbon-based demand (Paerl 1982).

The efflux of amonium and phosphate from sediments apparently sﬁpplies
a small portion of the gross demand of the phytoplankton. If sediment flux
rates, however, are compared to net N and P uptake by phytoplankton,
nutrients from the sediments constitute a more significant part of
phytoplankton needs. Furthermore, these efflux rates were compared to
rates of nutrient uptake by relatively dense algal populations which have
available very large amounts of N and P from elsewhere in the watershed.
The measurements of the efflux rates at all stations were made only once
during the summer and it is possible that the sediments are more active at
other times. The measured efflux fates were similar to rates from other
benthic systems. Phosphate effiux from Chowan sediments could also be
greatly increased during the periods when the bottom water becomes anoxic.

Ammonium and phosphate efflux from sediments were also measured in

early March 1981 at four of the twelve stations measured in June. The

March ammonium fluxes were generally much less than the June rates, as
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would be expected, and in one case ammonium was moving into the sediments.
March phosphate fluxes were also much less than June and two of them showed
fluxes into the sediments. These two stations were within the part of the
river containing high concentrations of Union Camp wastewater with high
ambient phosphate levels. Such higher-than-normal phosphate concentrations
could cause a shift in the phosphate adsorption equilibria in the surface
sediments which are probably mostly oxidized during the winter. Under such
conditions, iron oxyhydroxides in the surface sediment can adsorb
considerable amounts of phosphate and later release it during the summer
when the sediments become reduced.

It was concluded that although N and P are abundant in Chowan River
sediments and although both nutrients ﬁove from the sediments to the
overlying water, the rates are too low to cause or té support the nuisance
bloom of blue~green algae in summer. The sources of excess nutrients in

the river must be in the watershed.

Recommendat ions

1. Since both N and P are excessively abundant in Chowan River water, any
measure which substantially reduces concentrations of nitrate,
ammonium, or phosphate is desirable. Most of the nutrient load appears
to come from the watershed rather than from the bottom sediments;
control of loads from thé entire watershed must, therefore, be
considered.

2. Because a large proportion of the nuisance algae are N-fixing
blue-greens,control of nitrate or ammonium loads alone ﬁay not markedly
reduce this problem. Phosphate, however, is critical to blue-green

algal growth and substantial lowering of phosphate inputs may be

xxii




expected to limit nuisance algal blooms,

Because of differences from year-to-year in rainfall amoﬁnts and
distributions, in the occurrence of windstorm§ and other weather
features, and because of lags in recovery due to nutrient storages in
biota, soils, and sediments throughout the watershed, a smooth and
rapid disappearance of the problem cannot expected. Control must be
planned as a long-term effort in order to obtain a major continuing
algal reduction. |

There are still important gaps in our understanding of nutrient losses
from the lower Chowan River system, Reséarch should be undertaken to
establish the relative importance of several routes by which.N and P
leave the lower Chowan river system - adsorption, flocculation, and
sedimentation to the bottom and to the swamp forest floor; uptake by
swamp vegetation; denitrification in bottom sediments and swamp soils;

and hydrologic export to Albemarle Sound.
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INTRODUCTION

General

The Chowan River in northeastern North Carolina is an important
resource for the people of the surrounding counties. It yields a large
commercial harvest of alewife (river herring and blue-back herring); it
provides fishing grounds for many sports fishermen; it is used for bathing
and water skiing; it is an important waterway for barge traffic as well as
recreational boaters; and it receives, dilutes, and carries away the wastes
of numerous industries and municipalities. .

Unfortunately, for more than a decade, severe blue-green algal blooms
have occurred in summer in the river's middle and lower reaches. The
blooms often had extensive patches of surface scums which were unsightly
and malodorous, and the blooms had an adverse effect upon fishing and
bathing (Bond, Cook, and Howells 1977). In response to questions regarding
water quality, this and other research investigations were initiated, aimed
at identifying relationships between environmental factors and algal growth

so that remedial actions will have a high probability of success.

The Chowan River

The Chowan River extends 80 km from the confluence of the Blackwater
and Nottoway Rivers near the North Carolina-Virginia border to its mouth
near Edenton, North Carolina, where it enters Albemarle Sound (Fig., 1). 1Its
drainage basin covers approximately 12,600 km2 in southeastern Virginia
and northeastern North Carolina (Stanley and Hobbie 1977) and land use is
primarily forestry and agricultural. 1Its flow comes from the Coastal Plain

of North Carolina and from the Coastal Plain and Piedmont provinces of



Virgiﬁia. The river increases in width about 10-fold between Winton, N.C.,
and its mouth at Albemarle Sound below Edenton, N.C., whereas the river
discharge increases over this distance by only about 10% (Stanley and
Hobbie 1977). (onsequently, the net river velocity decreases drastically.

Albemarle Sound is sheltered from the Atlantic Ocean by barrier
islands; lunar tides in the Chowan River are therefore small (0.1-0.3 m)
(Stanley and Hobbie 1977; Daniel 1977). The Chowan River is entirely
freshwater when flow rates are normal. Wind tides have a significant
effect, however, on the lower river where, as the river widens, surface
area increases and flow declines. Water surface elevation may vary > 3 m
due to wind (Amein and Galler 1979) and southerly winds may result in net
upstream flow for short periods (Daniel 1977).

River discharge shows the marked seasonal pattern of other North
Carolina rivers with higher discharges in winter (averaging about 420 m3 .
sec_l) and lower discharges in summer (often below 30 m3 . sec—l)

(Stanley and Hobbie.1977). The low average discharges in summer 1975
resulted in flushing times greater than 50 days, whereas the average 1975
discharge would replace the water about 14 times per year (Stanley and
Hobbie 1977). Because of its shallowness (about 4.7 m average depth) the
bottom sed iments may be expected to influence nutrient concentrations in
the water column; the turbidity and color, however, absorb too much light
to permit benthic algal or macrophyte growth except along the margin
(Brinson and Davis 1976).

Phytoplankton growth is the major source of primary productivity in the
Chowan River. Increasing nutrient levels in recent years have been

attributed to changing agricultural activities and to industrial wastes,

especially from Union Camp Paper Company on the Blackwater River in




Virginia and from C.F. Industries, a nitrogen fertilizer plant, on the
Chowan River below Winton. The nutrients have produced algal blooms in the
lower river resulting in loss of recreational value and damage to the
fishing industry. Scattered fish kills have followed periods of extensive
algal blooms (N.C. Department of Natural Resources and Community
Development 1979). Winter inputs of nitrogen, which are then recycled
during the summer, were implicated as bloom-causing factors by Stanley and
Hobbie (1977). 1ow levels of nitrate and ammonia limited algal growth
during the summer in the lower Chowan when algae were abundant. Because

two of the three principal bloom species, Anabaena and Aphanizomenon

(Witherspoon et al. 1979) are capable of fixing atmospheric nitrogen,
phosphorus may become an important bloom—controlling nutrient. Algal assay
experiments performed on Chowan River water by Sauer and Kuenzler (1981)
indicated that phosphorus was limiting to the major bloom-forming genera
while other algae required additions of both nitrogen and phosphorus for
large increases in growth. Although the P-uptake study of Balducci (1982)
and the N-uptake study of Stanley and Hobbie (1977) bverlapped in time and
used the same sampling stations, very different conclusions were reached.

As a result of these differences, nutrient limitation in the Chowan River

could not be fully explained.

Nutrient Limitation

Nutrient availability sets the upper limit to algal growth when all
other conditions for growth are optimal. According to Liebig's lLaw of the
Minimum, that constituent present in the smallest quantity relative to the
requirements for growth of organisms will become the limiting factor.

Redfield (1958) examined the proportions of phosphorus, nitrogen and carbon



in marine plankton and in seawater and determined that phosphorus and
nitrogen were the constituents present in limiting quantities. Quantitieé
of inorganic carbon in seawater greatly exceeded algal requirements but the
ratio of available nitrogen to available phosphorus (N:P) closely matched
the N:P ratio in the phytoplankton. Departures from the Redfield ratio of
available nitrogen to available phosphorus (15 N atoms: 1 P atom) have been
used to predict nitrogen or phosphorus limitation in marine (Perry 1976)
and estuarine environments (Taft et al. 1975; Kuenzler et al., 1979) and to
explain uptake kinetics and nutrient limitation in culture (Droop 1974,
Rhee 1978). 1In coastal marine and estuarine systems nitrogen is usually
the limiting nutrient (Ryther and Dunstan 1971; Yentsch et al. 1977) while
phosphorus usually limits growth in freshwater (Atkins 1925; Halmann and
Elgavish 1975; Schindler 1977). The management implications of controlling
one limiting nutrient in checking nuisance growth due to eutrophication
have been a motivating force behind many studies of the phosphorus cycle.
One approach to assessing phosphorus limitation involves correlation of
nutrient concentrations with some index of biotic growth or abundance.
Limitation has been inferred from phosphorus-chlorophyll correlations
(Dillon et al. 1974; Rigler 1975; Schindler 1977); filterable reactive
phosphorus (FRP) concentration is often lowest when algae are most abundant
(e.g., Kuenzler and Greer 1980). Although chemical measurements of changes
in available phosphorus over time are useful in determining whether a
system is in steady state, they can be misleading when used to interpret
liﬁitation because they overestimate the phosphate concentrations (Rigler

1973). These errors result from the damage of delicate algal cells during

filtration (Kuenzler and Ketchum 1962) and the hydrolysis of acid-labile




phosphorus compounds during acidification for phosphate analysis (Rigler
1968). Measurement of available phosphorus does not account for phosphate
which phytoplankton may obtain from soluble unreactive phosphorus compounds
using phosphatase enzymes (Kuenzler and Perras 1965; Kuenzler 1970). In
addition, measurements of chlorophyll-a and algal biomass give no
indication of the proportion of the population which is actively

metabolizing (Faust and Correll 1977).

Phosphorus Uptake Kinetics

Given the limitation of chemical measurement in assessing nutrient
control of growth, many ecologists have turned to measurements of P-uptake
kinetics. Phosphorus is continually cycled between dissolved and
particulate forms in aquatic systems. Radioactive phosphorus (32P) has
been used to study the flow of phosphorus through a number of large
operational compartments: the epilimnion, hypolimnion plus sediments, and
the littoral zone (Hutchinson and Bowen 1947, 1950; Rigler 1956). Studies
of phosphorus cycling in the epilimnion indicate that steady state often
exists within this compartment (Watt and Hayes 1963 ; Halmann and Stiller
1974) .

Rate of phosphate uptake by seston, determined from the rate of

32P—labeled phosphate, represents the gross uptake rate

disappearance of
of the seston; the net uptake rate at steady state should be zero. Because
inaccuracies in measurements of phosphate concentration affect the
calculation of uptake rate (Rigler 1973), turnover time is considered a

bet ter measure of the nutritional status of the plankton. Turnover time is

. . 32 .
the time required for an amount of “"P equivalent to the external

dissolved phosphate pool to be taken up by the plankton. Turnover times of



one minute in nutrient-poor freshwater lakes (Rigler 1964; Lean 1973),
several minutes to 100 hours in coastal marine waters (Taft et al. 1975)
and Lake Kinneret (Halmann and Stiller 1974), 16 to 46 days in the Central
North Pacific, and 186-271 days in the California Current (Perry and Eppley
1981) have been reported. Because turnover time is a function of the
concentration and flux of phosphate, very long turnover times are due to
high phosphate concentration and low assimilation rate (Perry and Eppley
1981). A body of water having a very short turnover time may be nutrient
impoverished, unusually active biologically, or both (Halmann and Stiller
1974).

Rapid gross phosphate uptake rates often coincide with rapid efflux of
phosphate from the seston. Wen net uptake is slow and gross uptake is
rapid, efflux may balance biological uptake through excretion, leakage and
other losses (Nalewajko and lean 1978; Kuenzler et al. 1979). Dissolved
organic phosphorus compounds (also termed filterable or soluble unreactive
P) are also excreted by phytoplankton (Watt and Hayes 1963; Kuenzler and
Perras 1965; Kuenzler 1970). Following addition of 32P—labeled phosphate

32P) was

in tracer experiments, labeled soluble unreactive phosphorus (SU
detectible in the filtrate within minutes in freshwater (Lean 1973) or
within hours in estuaries (Pomeroy 1960; Taft et al. 1975; Kuenzler et al.
1979).

The kinetics of radioactive phosphorus uptake in epilimnetic waters
often conform to those predicted by a two—compartment exchange model in

which 32

P in the filtrate decreases to some equilibrium level (Rigler
1956). These kinetics, termed monophasic uptake, can be explained by the

simple exchange of phosphate between soluble and particulate compartments.

However, a two-compartment model is inadequate in explaining the diphasic




uptake observed in many systems (Chamberlain 1968, as cited in Rigler
1973), and models currently employed include three or more compartments
(Rigler 1968; Lean and Rigler 1974). A four-compartment model has been
proposed by Lean (1973) which includes a soluble, low molecular weight
compound (XP) and a colloidal phosphorus compartment. It is believed that
the rapid labeling of XP, which is excreted by the plankton and combines
with colloids, results in diphasic uptake. Other explanations for diphasic
uptake include: (1) the presence of two particulate compartment s taking up
tracer at different rates (i.e,, large vs. small plants (Odum et al. 1958)
or bacteria vs. algae (Berman and Stiller 1977)), (2) a rapid exchange of
orthophosphate with the cell membrane followed by a slower net uptake rate
representing incorporation into the intracellular pool (Taft et al. 1975),
and (3) abiotic association of phosphate with iron, calcium, humics, silt,
or clay (Olsen 1964; (lterman 1973; Kuenzler and Creer 1980). All of
these mechanisms most likely contribute, to some degree, to phosphate
uptake in natural waters. The mechanism which controls P-uptake kinetics

is likely to change with time in response to changing nutrient levels,

physical factors and community composition.

The Phosphorus Cycle in the Epilimnion

Several factors are involved in the movement of phosphorus between
water and seston. At high dissolved inorganic phosphorus (DIP)
concentrations uptake is controlled by passive diffusion, while at low
levels of DIP phytoplankton and bacteria take up phosphorus through active
transport (Halmann and Stiller 1974). Two absorption systems or transport
sites with different affinities for phosphate have been identified in some

phytoplankton species (Jeanjean et al. 1970 in Halmann and Stiller 1974).



If the dissolved phosphate concentration is inadequate for maintaining
the cell phosphorus necessary for photosynthesis‘then the algae produce the
exoenzyme alkaline (or acid) phosphatase (Kuenzler and Perras 1965; Perry
1976 ; Perry and Eppley 1981). This enzyme catalyzes the hydrolysis of a
variety of phosphate compounds, thus allowing some use of dissolved organic
phosphorus for growth. Because alkaline phosphatase is a repressible
enzyme, if enough phosphate builds up in the medium the formation of
phosphatase declines and the dissolved phosphate alone is used (Kuenzler
and Perras 1965).

If excess phosphate is present, algae store P as polyphosphate through
the process known as 'luxury consumption.'" Azad and Borchardt (1970)
identified luxury uptake phosphorus (LUP) as phosphate absorbed above the
concentration required for maximal growth under the prevailing culture
conditions and found that cells could assimilate as much as 10% phosphate
by dry weight. Perry (1976) suggested that luxury uptake may be determined
by the prehistory of the plankton due to an increase in the number of
uptake sites during P-starvation.

If external phosphate becomes low, the polyphosphates may supply P for
aigal growth. Perry (1976) found a variation in the minimum and steady
state cellular phosphorus content with the degree of phosphorus
starvation. Internal polyphosphate concentration may play a role in
regulation of growth (Fhee 1973) and uptake (Droop 1974).

When none of these mechanisms can supply sufficient phosphate for
growth, the system will become phosphate limited. The exponential growth
of phytoplankton in culture ceases when phosphate concentration decreases
to a critical low level (Rhee 1973). In P-limited cultures from natural

systems, phosphate additions elicit rapid growth (Schelske et al. 1974;




Halmann and Elgavish 1975).

Environmental and Biotic Control of Phosphorus Uptake

Factors other than phosphorus distribution among the various
particulate and dissolved fractions are involved in uptake. Qualitative
evidence of light's stimulatory effect on phosphorus uptake is available
for many systems (Eppley et al. 1971; Chisholm and Stross 1976; Kuenzler et
al. 1979; Balducci 1982). However, other researchers have reported no
effect by light on P-uptake (Taft et al. 1975; Perry 1976; Berman and
Stiller 1977). Chisholm and Stross (1976) found that maximum rates of
phosphate uptake in batch cultures occurred in the middle of the light
cycle. Some phytoplankton populations are well adapted to low light
levels. Reshkin and Knauer (1979) found half-saturation values (the light
level when phosphorus uptake rate is half the maximum rate) at 13.9% of
surface light intensity in culture experiments. Active uptake of
phosphorus is energy dependent and a stimulation by, but not a dependence
on, light shows that this energy can be supplied by photosynthesis or
respiration (Healey 197 3a).

Temperature also has an effect upon phosphorus uptake. A positive
relationship between temperature and the P-uptake rate coefficient was
observed in Canadian Shield lakes (lLevine 1975). The quotient of the
P-uptake rate at one temperature divided by the rate at a temperature 10°C
lower (termed QlO) ranged from 1.1 to 3.7 in the Chowan River where
P-uptake and temperature were positively related (Balducci 1982). In the
Pamlico River the lowest Qlo's occurred in the highest temperature
ranges, suggesting an inhibition of uptake at high temperature (Kuenzler et

al. 1979).



Competition among species of microorganisms for phosphate may affect

their respective phosphorus uptake fates. Competitive advantage of one
algal species over another has been shown for phytoplankton adapted to
eutrophic versus oligotrophic environments (Titman 1976) and for species
limited by different nutrients (Tilman 1977). Size can also affect rates
of uptake, with smaller cells having a competitive advantage due to their
larger surface~to-volume ratio (Fuhs et al. 1972; Friebele et al. 1978).
Bacteria compete with algae for phosphorus, as demonstrated in culture
and in open systems. Phosphate concentration in the medium appears to
dictate competitive advantage, with bacteria outcompeting at high
P-concentrations and algae dominatiﬁg uptake at low concentrations (Fuhs et
al. 1972; Rnee 1972). Bacteria are responsible for most of the P-uptake in
some estuaries (Faust and Correll 1976; Taft et al. 1976), whereas algae

dominate in others (Taft et al. 1975; Kuenzler et al. 1979). 1In some

estuarine systems a seasonal variation in the relative importance of algae
and bacteria to P-uptake was observed (Faust and Correll 1977). 1In
freshwater systems bacteria are sometimes the major organisms responsible
for phosphorus uptake, as shown by tracer studies (Rigler 1956; Lean 1973;
Kuenzler and Greer 1980) and by the examination of autoradiographs (Paerl
and Lean 1976). Size fractionation as a means of differentiating between
algal and bacterial P-uptake is of limited use due to bacterial attachment
to algae and other particles (Jones 1972; Paerl 1975), the presence of
broken algal fragments in a "bacterial" fraction, or the presence of large
rod bacteria in a fraction containing mostly algae (Faust and Correll
1976) . However, multiple isotopic labeling with 32PO4 and 140

glucose in conjunction with size fractionation has been used with success

in differentiating algal from bacterial phosphorus uptake (Burnison 1975;
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Berman and Stiller 1977). There is some evidence from this type of
experiment that differential filtration separates bacterial from algal
biomass in some systems (Burnison 1975).

Finally, abiotic uptake of phosphorus, important when silt and clay
loading is high and in waters with high concentrations of iron, calcium, or
humics, may also compete with algal phosphorus uptake (Golterman 1973).
Rigler (1973) noted that the practice of poiséning organisms to determine
abiotic uptake in water samples may cause poisoned organisms to leak
phosphate. The increase in the soluble reactive phosphorus pool may result
in an underestimation of abiotic phosphate uptake (Rigler 1973). Tarapchak
et al. (1981) confirmed that the use of formalin to poison plankton in

phosphorus-poor waters leads to substantial leakage of phosphate and

results in artificially low estimates of abiotic P-uptake.

Nitrogen Uptake Kinetics

The measurement of rates of nitrogen uptake by phytoplankton has also
been used to assess control of growth by this nutrient. Two recent reports
regarding North Carolina estuaries are especially relevant. A major study
of nitrogen cycling in the Chowan River (Stanley and Hobbie 1977) showed
seasonal variations in nitrate and ammonium concentrations. Both of these
forms of dissolved inorganic nitrogen (DIN) were abundant in winter but
were low during the period May-October when algal growth was highest.
Ammonium levels were generally lower, and more conétant than nitrate
levels. Dissolved organic N was.the most abundant form of N; DON increased
downs tream, suggesting algal production and release in the lower river.
Particulate N levels were generally higher in summer than in winter, but

they never were low, perhaps because of substantial amounts of detrital N
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(Stanley and Hobbie 1977). Although a major bloom did not occur during
this study, the assemblage of blue-greens, dinoflagellates, and green algae
during May-October accounted for 90% of the annual planktonic primary
production of approximately 100 g C .« m~2. They measured uptake using
N-labeled ammonium and nitrate and found most rapid uptake in summer,
ammonium being preferred over nitrate by a factor of about three. They
concluded that summertime algal growth was limited by low nitrate and
ammonium concentrations and that additional inputs would significantly
increase algal biomass. Finally, Stanley and Hobbie calculated the amounts
of N entering and leaving the lower Chowan River; the inputs were 3 times
too low to sustain the measured N uptake rates, suggesting that rapid
recycling of N from dead organic matter in water and sediments was taking
place. They did not measure N-fixation as a possible source of additional
N for algal growth or denitrific&tion as a sink for nitrogen in the system.
One of the more thoroughly studied estuaries in North Carolina is the
Pamlico River about 80 km south of the Chowan River. 1In addition to being
more saline and larger, there are differences in its nutrient status and
productivity patterns. The Pamlico River has moderately high levels of
DIP, partly because of effluent from a phosphate mine and chemical plant,

but the maximum concentrations occur in the summer (Hobbie 1970; Kuenzler

o

t-al. 1979), not during the winter as in the Chowan River. Inorganic N is

present at very low concentrations in the Pamlico River, except upstream
during the high discharges of winter (Harrison and Hobbie 1974; Ruenzler,
et al. 1979;). Algal blooms are a regular occurrence in the Pamlico River

(Hobbie 1971, 1974; Ruenzler et al. 1979), but they are the result of dense

populations of dinoflagellates, especially Heterocapsa triquetra during the

winter season. The blooms discolor the water, but cause no discernible
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harm to the other biota, are usually unnoticed, and elicit no unfavorable
reaction from residents, boaters, or fishermen. Kuenzler et al. (1979)
also used tracer ammonium and nitrate to measure uptake rates in Pamlico
River water. Here, too, ammonium was generally more important than nitrate
as a nutrient, being more concentrated in the water and more rapidly taken
up. This study suggested that nitrogen is more limiting to phytoplankton
growth than is phosphorus most of the year. Finally, in both studies it
was shown that hal f-saturation coefficients for uptake were about 1 uM and

that light stimulated nitrate uptake to a greater extent than ammonium

uptake.

Exchanges of Nutrients Between Water and Sediments

The spatial and temporal patterns of primary productivity in a body of
water depend on the cycling of nutrients. Al though aquatic nutrient
cycles have been studied a great deal, the exchanges of particulate and
dissolved nutrients between sediments and water are poorly understood.

Mitrient cycles in shallow waters are closely tied to microbial
degradation and remineralization of organic matter deposited in bottom

sediments (Seki et al. 1968; Pomeroy et al 1972; Rowe et al. 1975;

————

Davies 1975; Nixon et al. 1976, 1979). Populations of heterotrophic
microorganisms in sediments oxidize deposited organic material utilizing
oxygen as an electron acceptor until it is depleted; they then utilize
nitrate, sulfate, and bicarbonate, in that sequénce, with a decrease in
free energy yield at each step (Goldhaber and Kaplan 1975). The dominant
organisms are usually those that obtain the most metabolic energy from the

existing substrates and electron acceptors (Claypool and Kaplan 1974).

Degradation of organic matter releases inorganic nitrogen and phosphorus
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into the interstitial water of the sediment or directly to the water
column. Dissolved nitrogen and phosphorus species may become concentrated
in the interstitial water, from which they diffuse into the water column,
or they may be carried there by advection or mixing processes.

The magnitude of nutrient inputs from sediments can be compared to the
requirements of primary producers in the overlying water as a measure of
their importance. Some estimates, based on in situ measurements of
nitrogen fluxes, are 30-100% of the annual algal nitrogen requirements
(Davies 1975; Rowe et al. 1975; Billen 1978). Benthic ammonium
regeneration accounted for its seasonal pattern of abundance in
Narragansett Bay waters, but all inorganic forms accounted for only 22% of
the algal requirement (Nixon et al. 1976). Dissolved organic nitrogen
fluxes may make up more of the phytoplankton requirement if it can be
taken up by phytoplankton or remineralized by planktonic bacteria.
Phosphorus fluxes measured by Nixon et al. (1976) provided 50% of the
annual phytoplankton requirement in Narragansett Bay but only 10% in La
Jolla Bight (Hartwig 1976). Phosphate release by tidal creek sediments in
Georgia supported extended phytoplankton blooms while ambient
concentrations could support them for only one day (Pomeroy et al. 1965).

Sediment-water exchanges in fresh water lakes and rivers are of similar
importance. In stratified lakes, benthic regeneration of nutrients in the
littoral zone may be important, but pelagic regions are isolated from
benthic inputs until overturn when the hypolimnetic waters which have
interacted with the sediments are circulated (Mortime; 1971). The
relatively short residence time of water in rivers probably limits the

close coupling of exchanges and productivity except in slow moving reaches.
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Flux rates of nutrients between sediments and water are partly
controlled by processes at the interface such as nitrification,
denitrification, remineralization of recently deposited labile organic
matter, adsorption of phosphate onto ferric oxyhydroxides, and other
sorption reactions. These are interdependent with temperature, pH, and
redox potential (Qumerman 1970; Mortimer 1971; Rosenfeld 1979). In
addition to these, below the interface diffusion rates become important
(Berner 1971) along with advective transport and turbulent mixing due to
physical processes or benthic animals (Nichols 1974; Aller 1978; Hartwig
1976).

Diffusive fluxes out of sediments are driven by concentration gradients
at the sediment-watey interface. Remineralization of nitrogen and
phosphorus from sedimentary organic matter may raise the concentrations of
these elements in the interstitial water 2-3 orders of magnitude higher
than in the overlying water (Berner 1974). Diffusional fluxes may also be
driven by intense decomposition at the interface; for example, following
the spring diatom bloom in Lake Ontario, 90% of the biogenic silica input
to the sediments was rapidly remineralized at the surface and never buried
(Nriagu 1978). This example is of direct dissolution, but microbially
mediated decomposition of labile organic matter could yield a similar
pattern for organically bound nitrogen and phosphorus.

Turbulent mixing of surface sediments by water movement may affect
fluxes by increasing bottom water contact with interstitial water (Hartwig
1976). Sediment disturbance caused by bubbling of methane gas from anoxic
sediments may also affect flux rates, although Klump and Martens (1980)
were unable to see such an effect in Cape Lookout Bight, North Carolina.

There was, however, greater transport of ammonium and phosphate from
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sediments than predicted by molecular diffusion, perhaps due to an increase
in the sediment surface area caused by the establishment of bubble tube
structures.

Benthic invertebrate populations affect nutrient exchanges by
increasing the surface area of a sediment by burrowing activities, by
changing the thickness of the oxidized layer, or by ingestion of particles
and interstitial water at some depth in the sediment followed by excretion
and defecation at the surface (Robbins et al. 1978; Klump and Martens

1980). Amphitrite ornata burrows were responsible for 1-10% of the

phosphate and ammonium fluxes to the overlying water in Long Island Sound

sediments (Aller and Yingst 1978). fThe bivalve Yoldia limatula increased

the transport of dissolved iron, manganese, ammonium, and phosphate from
sediments to overlying water through its feeding activities in sediments

(Aller 1978). Tube building by the polychaete Clymanella torquata added

surface area for diffusion and thereby increased transport (Aller 1978).
Nixon et al. (1976, 1979), however, made flux measurements over three

taxonomically distinct commmunity types in Narragansett Bay but found no

marked differenées in oxygen, nitrogen, or phosphorus fluxes; they did not

report any comparison with sediments lacking a macroinvertebrate

community. Chironomid larvae may significantly increase phosphate fluxes

to overlying water (Gailep 1979; Graneli 1979; Holdren and Armstrong 1980).
Temperature acts as a controlling variable in several ways. vIt has a

direct effect on molecular diffusion rates and én the microbial

metabolism. It also affects the metabolism and life cycles of benthic

invertebrates. Indirectly, temperature is reponsible for causing anoxic

conditions in sediments by increasing microbial metabolism and demand for

electron acceptors. Under these conditions, ferric oxyhydroxides dissolve
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and adsorbed phosphate is liberated (Mortimer 1971; Klump and Martens
1980). Temperaturee-induced stratification in eutrophic lakes often leads
to anoxia in hypolimnetic waters, resulting in increased fluxes of
phosphate from sediments to water (Burns and Ross 1971).

Sediment-water nutrient exchanges have been studied by several
methods. Use of diffusion models has been fairly widespread. At their
simplest, and ignoring the flux due to burial, these have the general form

(Berner 1971)
Jg = —dODSdC/dzpW (1)

. . -2
where Js 1s the flux from sediment to water (umole-cmS « sec ),
. . . . .. . 2
DS is the bulk sediment diffusion coefficient at the interface (cms-

-1 3

sec ), ¢0 is the sediment porosity (cm water/cmeulk wet sediment)

at the interface, and dC/dzpw is the interstitial concentration gradient

. . -3 -1
at the sediment-water interface (umole . cmpw- cm,

). The

subscript "s" denotes bulk wet sediment and "pw' denotes pore water. Use
of such models thus requires accurate determination of porosity and
interstitial concentration gradients near the interface as well as a
reliable estimate of the bulk sediment diffusion coefficient.. This
coefficient is a modification of the molecular diffusion coefficient to
account for the tortuosity of the path a molecule must take through the
interstices of the sediment. This relationship has been described
empirically by the Archie relation: D, = D°¢2 (Manheim and Waterman
1974) where Do is the free solution molecular diffusivity. It can also

be calculated directly from diffusion experiments (Gldhaber et al. 1977,

Krom and Berner 1980) or by using electrical resistivity measurements of
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sediments as an analogue of diffusion (e.g., McDuff and Ellis 1979).

Flux measurements have also been made on sediment cores returned to the
laboratory (for example, Mortimer 1971, Aller 1978, Holdren and Armstrong
1980). Such measurements are very useful because the effects of various
environmental manipulations (light, temperature, dissolved oxygen) can be
observed. A major problem with flux measurements made on cores in a
laboratory and with calculating fluxes using a diffusion model is that such
studies generally lack proof of accuracy. Such proof should come from
direct comparison with in situ measurements of fluxes. In organic-rich
sediments of Cape Lookout Bight, North Carolina, in situ measurements of
ammonium and phosphate fluxes were significantly higher than predicted
fluxes based on interstitial water concentration grédients (Klump and
Martens 1980 ; Martens and Klump, 1980). This enhancement was attributed to
bubble tubes, but similar discrepancies could be produced by other sediment
disturbances such as bioturbation or by water movement. These authors
suggested that the modelling approach may be of little use in shallow water
sediments sub ject to such‘perturbations. McCaffrey et al. (1980) also made
a comparison of calculated diffusional fluxes and those measured in situ in
Narragansett Bay and found that diffusion accounted for about half of the
flux, and bioturbation, which was independently eétimated, accounted for
the rest.

Other in situ studies (Davies 1975; Rowe et al. 1975, Hartwig 1976;
Nixon et al. 1976, 1979) have been done using open-bottomed benthic
chambers pressed into the sediment by a diver. The water contained by ‘the
chamber was periodically sampled and analyzed for concentration changes

which were then converted to flux rates using the volume of water and

sediment surface area within the chamber and the duration of the
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incubation. The size and shape of the chambers varied among authors, but
mos t were circular or rectangular, Some chambers were stirred constantly,
but the effects of stirring have not been well established. 1Ideally, water
movement within the chamber should be the same as movement in the
surrounding water to prevent buildup of concentration gradients. A
possible effect of such a gradient for oxygen would be a diminished supply
to the sediment surface and the possible development of anoxia which can
cause dramatic increases in the flux rates of phosphorus (Klump and Martens
1980). Davies (1975) found stirring rate to have a significant effect on
0, consumption, but it did not affect ammonium flux rates.

In situ studies of sediment-water exchanges in shallow waters have
become more common recently. In situ measurements are preferable on
sediments of coarse or variable character which may be difficult to core
adequately. Such measurements probably have fewer errors than diffusive
modelling for several reasons. They require no assumptions about the
nature of transport processes. They account for bioturbation effects, gas
bubbling, and excretion by benthic fauna as well as microbial activity at
the interface which may vary on a time scale inadequate to alter
interstitial concentration profiles. They require no calc¢ulation of
concentration gradients at the interface and thus avoid the analytical
problems associated with sampling and handling interstitial waters to avoid
oxidation artifacts. In situ measurements require no assumptions about
the value of Ds' And finally, even one measureﬁent with a small chamber
integrates much more of the areal variability in flux rates than results
from several pooled cores. On the other hand, the primary difficulties
with in situ studies are the requirements for diving equipment and trained

personnel, and the considerable amount of time spent in and on the water.
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A study of nitrogen cycling in the river during 1974-1975 (Staniey and
Hobbie 1977) implicated sediment-water fluxes as an important source of
inorganic nitrogen for maintaining high summertime productivity in the
1owerlreaches of the river. During 1975 only 31% of the phytoplankton
requirement for inorganic nitrogen came from the watershed; the rest
presumably came from plankton excretion, remineralization of dissolved

organic nitrogen, and sediment regeneration,

Aims of This Study

This study was conducted to obtain measurements not only of physical
conditions and nutrient concentrations in the water and sediments of the
lower Chowan River, but also of rates at which nitrogen and phosphorus were
assimilated by seston and released from sediments. The rate measurements
were mostly made in the field under in situ conditions in order to
understand functioning of the natural system. From these measurements, the
relative importance of N and P as factors limiting algal growth was
assessed. 1In addition, the importance of sediment regeneration as a source
of N and P was calculated. The ultimate objective was to increase our
understanding of the Chowan River in order that management schemes to
reduce the algal bloom problem might procede in an efficient and
cost~effective manner which maintains not only the economic base of the
watershed but also the natural beauty and functions of the river.

This report includes material gathered by two graduate students for
their master's technical reports; D. Albert (1980) reported on the
sediment-water exchange and K. Stone (1982) reported on phosphorus uptake

by seston.
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METHODS

NUTRIENT CONCENTRATIONS AND SESTON UPTAKE RATES

Sampling and Field Measurements

Field sampling was done approximately every four weeks at seven
stations on the Chowan River between Wiﬁton, N. C. and FEdenhouse, N. C.
(Fig. 1), a distance of 54 km, from May 1980 to October 1981. Most
sampling was done between 0900 and 1300 hours on two consecutive days each
month. Water depth at each station was measured using a Rau Jefferson Fish
Flasher. Weather conditions, air temperature,and appearance of the water,
including presence or absence of algal filaments, were recorded. Conduc-
tivity and temperature were measured at 0.5 m depth intervals with a Yellow
Springs Instrument Model 33 Salinity-Temperature-Conductivity meter;
salinity was also measured when it was high enough to be determined.
Underwater light intensity was measured at several depths with a submarine
photometer (Lambda Instruments Co. Model LI-185) which measures photosyn-
thetically active radiation (PAR, 400-700 nm wavelengths). The light

extinction coefficient, n , was calculated from:

-n =1n (1 /I )/z : (2)
zZ O

where Iz is the light intensity at some depth; IO is the light

intensity at a depth just beneath the surface; and Z is depth (m). A

Secchi disk depth reading was alsoc made at each station. Chowan River

discharge rates were calculated by a computer model (Daniel TIIT, 1978).
Water was collected in 10- or 20~ liter carboys from a depth of 0.5 m

at each station using a (uzzler hand pump (Cole-Parmer, Inc.) and the
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carboys were shaded until returned to the Edenton Laboratory several hours
later. Water was also collected from a depth just above the bottom at
stations 1, 4, and 7. Filtrations for nutrient analyses were done on the
boat, except in May 1980 and from November 1980 through March 1981, using
acid-rinsed Whatman glass microfibre filters (GF/C, 4.25 cm). In May 1980
and from November 1980 through March 1981, because of rough water condi~
tions, filtrations and experiments were done in the Edenton laboratory.
Filtrate was collected in carefully washed and acid-rinsed polyethylene

bottles and stored on ice until transferred to the laboratory refrigerator.

Phosphate Uptake Rates

1. Gross Rates

Phosphate uptake by plankton in the Chowan River was measured through
the use of carrier-free 32P—orthosphosphate tracer (New England Nuclear).
Subsamples of river water (120 ml) were transferred from the carboys into
Pyrex bottles which had been washed with phosphate-free detergént and
rinsed with 10% HCl and deionized water. FEach bottle was inoculated with
one drop of 20 UCi'ml_1 tracer, capped, shaken, and placed in a dark
incubator on the boat or in the laboratory; temperature was +1°C of river
temperature. A second 120 ml sample of river water from each station was
dispensed into a clean glass bottle containing 3 ml of 37% formaldehyde;
after 15 minutes the same quantity of tracer was added and this killed
sample was also incubated,

Ten milliliter subsamples were taken by automatic pipette from each
bottle at appropriate times intervals and filtered through 0.45 um Gelman
and 8.0 um Nuclepore filters with gentle vacuum (100 mm Hg across the

filter). The different pore-sized filters were used to separate large
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Table 6.

measurements (June 24-29, 1980).

Sediment characteristics associated with each of the i& situ
The listed fractions add up to
100% when % C is multiplied by 2.5 to convert it to organic matter.

Bulk
SITE CHAMBER %C %N %P % Sand % Silt % Clay Density Depth(m)

28 1 5.7 .40 .12 57 10 17 .22 2.8
‘ 2 5.8 .40  .l4 47 7 30 24 2.8
3 5.9 W42 .14 49 9 26 .25 2.8

2D 1 2.6 .17 .05 59 18 16 .59 5.2
2 2.1 .14 .05 76 2 16 .52 5.2

3 4 .04 .03 94 1 4 1.60 5.2

3s 1 15.5 .64  .l1 36 7 18 .18 2.8
2 19.5 .72 .11 33 7 11 .16 2.8

3 18.7 .76 .12 31 12 10 11 2.8

3D 1 5.6 .46 .13 48 8 30 | .22 6.8
2 5.7 .41 LJl4 51 11 23 .18 6.8

3 5.8 .48 .16 48 11 26 .22 6.8

45 1 1.3 .09 .03 93 2 2 1.26 1.8
2 1.2 .08 .03 93 1 3 1.13 1.8

3 .8 .07 .03 95 0 3 1.24 1.8

4D 1 7.5 .57 .12 43 11 27 .20 5.2
2 7.5 .56 .12 41 13 27 .19 5.2

3 7.3 .50 .12 40 13 28 .20 5.2

55 1 1.8 .06 .37 94 0 2 1.18 2.2
2 7.6 .32 .11 78 1 2 .55 2.2

3 7 .04 .03 96 0 2 1.34 2.2

5D 1 8.7 .43 .09 45 16 16 .26 5.0
2 7.7 34 .06 30 20 20 .26 5.0

3 8.6 .41 .05 36 16 26 .33 5.0

6S 1 .04 .01 .01 99 0 1 1.43 2.2
2 .05 .01 .0l 99 0 1 1.56 2.2

3 .03 .01 .01 99 0 1 1.46 2.2

6D 1 5.9 .48 .11 54 13 18 .17 5.5
2 5.6 .52 .11 52 9 24 .18 5.5

3 5.8 .49 .11 64 4 16 .16 5.5

78 1 5.4 .16 .03 81 1 5 .79 2.5
2 2.7 .09 .03 88 0 5 1.0 2.5

3 3.1 .10 .03 88 0 5 .82 2.5
7D 1 6.5 .52 .12 60 8 15 .14 5.9 .
2 6.4 48 .12 56 8 19 .12 5.9

3 6.2 .45 .11 61 9 13 .19 5.9
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