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ABSTRACT

A field study of physical conditions, nutrient concentrations, and
phytoplankton abundance in the Pamlico River estuary was conducted in con-
junction with laboratory measurements of rates of photosynthesis and uptake
of nitrate, ammonium, and phosphate under ambient and experimental condi-
tions. The estuary is shallow, turbid, and well-oxygenated, with salinities
mostly in the range 2-15%, Dinoflagellates dominate the phytoplankton,
especially during winter blooms of Heterocapsa triquetra. Filterable re-
active phosphorus (mostly orthophosphate) concentrations were relatively
high in the estuary, especially in the middle reaches during summer.
Ammonium and nitrate concentrations, however, were relatively low; nitrate
was only above 1 ug=-at . 1~1 during winter periods of heavy freshwater in-
puts. Most of the particulate~P and particulate-N appeared to be phyto-
plankton.

Phytoplankton productivity ranged from 1-4 \g-at c-1-1.n~1 during most
of the year, but exceeded 16 ug-at C.1-1.h~1l during winter blooms and in
September 1976 when cell counts were relatively low. Phytoplankton seemed
to account for most of P-uptake in the estuary, with rates being very high
during algal blooms. Abiotic P exchange and bacterial uptake were less im-
portant., Only a portion of the gross P uptake as measured with 32p 1is net
uptake because of high efflux rates, especially when gross uptake is rapid.
Uptake of ammonia and nitrate by plankton was also high during phytoplank-
ton blooms. Over the year, 82% of dissolved inorganic N taken up was
ammonia; this resulted from higher ammonia concentrations, from a
"preference" for ammonia, from inhibition of nitrate uptake by ammonia, and
from a smaller light effect upon ammonia uptake.

Estuarine waters exhibited a great excess of P relative to the N re~
quirements of phytoplankton except at upstream stations in winter. The
phytoplankton probably had sufficient phosphate for growth at all times,
but inorganic N was usually not sufficient. The annual input of dissolved
inorganic N from the watershed and from Pamlico Sound to the estuary de-
within the estuary must have supplied most of the remainder. Most of the
inorganic P entering the estuary may be attributed to effluent from phos-
phate mining and chemical processing. A preliminary model of phosphorus
cycling in the estuarine water column was constructed describing the major
features.

Comparison of our results with those of earlier studies of the Pamlico
River suggests that the nitrogen concentrations and the species composition
of the phytoplankton in the estuary have not changed substantially, al-
though the total amount of phytoplankton in the cool seasons may have in-
creased and annual phytoplankton productivity has reached levels higher
than previously reported. An important management goal for this estuary
is avoidance of increased nitrogen loading.
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SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

An intensive study of physical conditions, phytoplankton distributions,
and nutrient abundance and kinetics was conducted in the Pamlico River
during the period October 1975 - July 1977. Samples were taken at six
stations extending 48km down the estuary over a period of nearly 2 years;
portions were used for chemical analyses and for phytoplankton assessment
and other portions for tracer studies of C, N, and P uptake by phytoplankton
and other suspended matter under various experimental manipulations as well
as under ambient conditions.

The Pamlico River is an estuary receiving most of its freshwater input
from the Tar River; river input was highest in winter, resulting in low
salinities (<2%) upstream during the cool seasons. Salt water input from
Pamlico Sound maintained salinities between and 10 and 15%, most of the
vear downstream. High values of light extinction during winter were attri-
butable partly to phytoplankton and partly to river borne silt. Dissolved
oxygen was always near saturation in surface waters, but sometimes dropped
to 15% of saturation or less in bottom waters in summer.

The phytoplankton of the estuary was dominated by dinoflagellates for
most of the year at all stations. The phytoplankton was least abundant
downstream (Station 6), often constituting less than 5 ug-l'l of chloro~
phyll-a. At the middle and upstream stations, however, chlorophyll levels
sometimes exceeded 100 ug°1'l during the winter bloom of Heterocapsa tri-
quetra. The species composition of the phytoplankton seems not to have
changed since 1966-1968, but there is some evidence of increased abundance,
based on chlorophyll concentrations since 1971-1973,

Filterable reactive phosphorus (FRP) concentrations in Pamlico River
were usually below 2 ug-at P+1-1 at all stationms from December-April, FRP
concentrations were highest ( 6 ug-at P+1-1) in the middle of the estuary
during summer, presumably because of accumulation during the low-flow, low
algal-density period of the year. An ultrafiltration procedure to remove
colloidal particles showed that colloidal P constituted only about 9% of
the FRP, suggesting that most of the FRP was dissolved orthophosphate. The
filterable unreactive P(FUP) was about 63% dialyzable and 37% colloidal.
Particulate-P appeared to be largely phytoplankton; the correlation with
chlorophyll abundance was high (r = .87). The analytically determined
particulate inorganic P averaged only 177 of the annual mean concentration
of total particulate P. Hot-water extraction and acid digestion procedures
suggested that the particulate organic P (mostly algal P) was comprised of
essential P, surplus organic P, and surplus inorganic P which varied in
their proportions throughout the annual cycle.

The turnover times of FRP in the estuary, estimated from the rate of
gross uptake of 32p by phytoplankton, generally exceeded 50 h. Turnover
times greater than 200 h occasionally were measured in the last half of
the year. They were much shorter, often less than 5 h, during the winter
Hetefocagsa bloom; the minimum turnover time measured was 8 minutes. The
spatial and seasonal pattern of uptake of FRP by phytoplankton was the
inverse of the pattern of FRP turnover, the highest uptake rates generally
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appearing during the winter bloom at the upper and middle stations where
turnover E}mes were shortest. Gross uptake rates ranged from <.0l1 to 3.6
ug-at Pl 'h'l, although net uptake was much less, especially at the
higher rates. Uptake rates per unit chlorophyll were mostly in the range
2-10 yg-at P°h‘l-mg chi-1, Phytoplankton turnover times calculated from
gross uptake rates were mostly between 20 and 60 h in the estuary. Mea-
surement of 32P uptake rates in samples incubated at 10C above or below
ambient temperature generally result in Q10 values between 1.4 and 2.6, the
rate being higher at elevated temperature. The highest uptake rates in the
estuary, however, were found during the winter bloom indicating adaptation
or successional changes which overrode the short term temperature effect
seen in laboratory experiments. Darkening of surface samples reduced

the P uptake rate by an average of 20%; illumination of normally dark bot-
tom samples, however, increased the uptake rate an average of 61%.

Differential filtration of surface and bottom samples in March 1977
showed that particles larger than 8 um invariably accounted for most of the
phosphorus uptake. Antibiotic experiments suggested that algal uptake was
generally more important than bacterial uptake in the largest size-fraction
(>8 um), whereas bacterial uptake was more important in the smaller fraction.
Incremental additions of phosphate resulted in increased uptake rates, but
maximum rates (Vp,.) were only 2-3 times the rates at ambient phosphate
concentrations. Half-saturation phosphate concentrations (Kg) ranged mostly
from 0.32 to 3.0 ug-at P+1-l, generally being similar to the ambient FRP
concentrations. '

Analytical fractionations of particulate matter following 32p uptake
indicated that the tracer went first to the inorganic surplus P pool, then
to the essential P pool, and finally into the organic surplus pool, Even
when P turnover within the algae was rapid, only a small proportion (<1%/h)
of the label was released to the medium as FUY“P. Alkaline phosphomonoesterase
activity in the estuary was mostly associated with particles. Highest enzyme
activities occurred during the winter dinoflagellate bloom: lowest values
were typically found at the downstream station.

Several lines of evidence indicated that algae in the Pamlico River
were not phosphorus deficient even when FRP was low in the water. Phospho-
‘monoesterase activity per unit algal weight never approached the levels
indicative of P-deficiency recorded in algal cultures. On most occasions
the amount of surplus-P extracted with hot water was above the low levels
typical of P-deficient algae but not abundant enough to depress P uptake.
The P uptake rates were generally less than 0.02 ug-at Pemg dry Wt‘l'h‘l,
well below values reported for P-deficient algae. Finally, Kg values near
the ambient FRP levels suggest that phosphate was not limiting to the
phytoplankton.

Pamlico River phytoplankton was abundant when insolation, temperatures
and FRP levels were low. The low concentrations of FRP may be attributable
to high uptake rates at a time when P regeneration from sediments is reduced
by the low temperatures. The rates of P uptake in the Pamlico River were
not substantially different from those of some other estuaries, but the
maximum in winter is not common in other estuaries.
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Inorganic nitrogen concentrations were generally low in the Pamlico
River, but showed seasonal and spatial patterns. Nitrate levels sometimes
exceeded 25 ug-at N1l upstream in winter, but usually were below 1 lg-at
Ne1-1 throughout the river most of the year. Nitrite was very scarce, usu-
ally being below 0.1 ug-at Ne1~l and reaching a maximum of only 0.6 ug-at
N+1-1l, Ammonia concentrations were higher and more uniform than those of
nitrate; ammonia also reached its highest levels at upstream stations in
winter. Dissolved organic N (DON) was more abundant than the sum of all
inorganic forms of N most_of the time; DON levels typically were in the
range of 15-35 ug-at N*17~. Particulate N was more abundant upstream than
downstream and was especially important during the winter phytoplankton
blooms.

Uptake of inorganic N by phytoplankton also showed distinctive pat-
terns. Nitrate uptake rates ranged from less than 0.03 to more than 0.3
Hg-at N*l'lh'l, with lowest rates downriver in winter and high rates usually
accompanying algal blooms. Ammonia uptake was slowest in winter, except
in blooms, and fastest in summer and fall., Ammonia uptake rates were
almost always higher than nitrate uptake rates. Temperature affected the
uptake rates of both nitrate and ammonia, with mean Qjg values of 1.62 and
1.39, respectively. Light stimulated the uptake of both nitrate and ammo-
nium, but especially the former. Uptake rates were also increased when
additional nitrate or ammonia was added to samples of river water. Half-
saturation constants (Ks) for nitrate and ammonia usually ranged from 0.5
to 1.5 ug-at N*17). The relationships between nitrate and ammonium con-
centrations and their respective K_ values suggest that nitrate concentration
usually limited its uptake rate whereas ammonium concentrations did not
limit the ammonium uptake rate. Nitrate uptake was markedly inhibited by
ammonium concentration in the water, but ammonium uptake was not affected by
nitrate concentratioms.

Laboratory data on the effects of light intensity on nitrate and ammonium
uptake rates were used with field measurements of light extinction to cal~
culate depth-integrated nitrogen uptake rates. These were further integrated
to obtain monthly and yearly uptake rates at each river section and for the
entire estuary. The annual average dissolved inorganic N (DIN) uptake rate
was 99 g Nem—2yr-1, of which about 82% was ammonia uptake. Three-fourths of
the annual input of nitrogen to the estuary by river flow (3810 tonnes Neyr—1)
occurred during the period of highest river flow, December-March. DON and
particulate N accounted for about 497 and 387, respectively, of total N influx;
nitrate accounted for about 8% and smmonium for about 5.47%. Although most
of the N input occurred in winter, most uptake occurred in summer, The entire
annual DIN influx from the watershed accounted for only 27 of the annual
needs of the phytoplankton. Nitrogen was transported into the estuary by
advection and dispersion from Pamlico Sound in somewhat greater quantities
than were delivered from the watershed, but the total inputs must still be
far below the annual algal requirement, thus nitrogen recycling within the
estuary seems to be a major factor determining nutrient availability and
therefore phytoplankton productivity, especially in the summer, but also during
much of the rest of the year.

The laboratory measurements of rates of uptake of C and P were also
integrated to obtain annual estimates of C and P uptake for the entire
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estuary; these were then compared to the input rates from the watershed and
from Pamlico Sound. Most of the DIC appears to enter the Pamlico River
with the saltier water from Pamlico Sound; the annual input from both
sources (136,000 tonnes) was slightly more than necessary for the annual
primary productivity of the estuary. Although inputs of organic C (DOC and
PP) to Pamlico Rlver from the watershed and from Pamlico Sound were large
(104,000 tonnes*yr~l), they were less than the carbon fixed annually by
phytoplankton productivity (130,600 tonneseyr~l). Inputs of phosphorus to
the Pamlico River from a large phosphate mine and chepmical plant (Texasgulf,
Inc.) (based on 1976~77 data) of about 843 tonnes:yr - greatly exceeded

the estimated 1976-77 inputs from the watershed (84 tonnes*yr—l) and from
Pamlico Sound (184 tonnes*yr—l). The total P inputs were much below the
annual gross P requirement of the phytoplankton, implying rapid recycling
within the estuarine system.

The relative amounts of N and P available as nutrients in solution were
examined in terms of the N:P ratios (NO, + NH,/filterable reactive P). There
was a great excess of P relative to N réequirements of the phytoplankton
except at the upstream stations in winter. The effluent from Texasgulf,
Inc., may account for most of the abundant inorganic P in the middle of the
estuary. In spite of low nutrient N:P ratios, the algal N:P ratios were
>10 for most of the year and >20 for nearly half of the year. Isotope
tracer measurements of N and P uptake by phytoplankton gave a mean annual
N:P gross uptake ratio of 11:1, but the uptake ratio varied widely from
below 0.5:1 to above 50:1. Because of a large amount of P efflux from the
phytoplankton during rapid uptake (as measured by 32P), net P uptake rates
are much less than the gross uptake rates. There was no correlation between
the N:P nutrient ratios and the N:P gross uptake ratios. The N and P demands
which phytoplankton exert upon the nutrient reserves of the estuary will
distort the N:P nutrient ratio if it is not initially close to the 15:1
ratio necessary for algal growth,

Simple linear regression analysis generally showed strong correlations
between various measures of algal abundance and nutrient uptake rates,
especially chlorophyll concentration, algal surplus P, particulate N con-
centration, photosynthetic rate, and P-uptake rate. Algal abundance and
nutrient uptake rates were weakly correlated with physical factors (temperature
and salinity) or with inorganic nutrients (nitrate, nitrite, ammonium, and
phosphate). Multiple regression analysis showed a strong relationship between
chlorophyll concentration (dﬂpendent variable) in the river on an annual basis
(R“=.78) and in winter alone (R .91) and the amounts of particulate nitrogen.
In summer, algal surplus P and the C- flxatlon rate together were strongly
related to the amounts of chlorophyll (R .75). Multiple regression also
showed relationships between the dependent variable P-uptake rate and (1)
particulate N on an annual basis (R4=.51), (2) algal surplus P in summer
(R2=.44), and (3) the C-fixation rate in winter (R2=, 95). The concentrations
of inorganic N and P never proved to be important variables in these regres-
sions, suggesting that attempts to model phytoplankton abundance and growth
kinetics in the Pamlico River cannot be based on nutrient levels alone.
Results of this study suggest that accurate predictive modeling of phyto-
plankton abundance and growth in the Pamlico River will be difficult because
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of the large number of factors which seem to have potential for controlling
algal populations.

On the basis of our investigation we make the following recommendations:

1. The State of North Carolina should remain committed to maintaining water
quality in the Pamlico River. Serious degradation of water quality in this
large and important estuary would be very unfortunate and might prove costly
to reverse.

2. Based on our evidence, which generally confirms earlier research, inor-
ganic nitrogen is the most limiting nutrient during summer and appears to
trigger the winter dinoflagellate blooms. Accordingly, it is recommended
that efforts be made to restrict additional inputs of nitrogenous materials
to the estuary, whether from municipalities, industry, agriculture, or
disturbances to the estuarine sediments,in order that these blooms remain
below noxious levels and not persist later into the year.

3. Given the very gentle circulation pattern of the Pamlico River estuary,
obstructions to water flows in the estuary or reductions in freshwater
inputs should be avoided. Stagnation of circulation would likely permit
higher nutrient concentrations and phytoplankton populations to accumulate.

4, Several additional research studies seem appropriate:

a. A commitment should be made for future ecological studies of
phytoplankton abundance and nutritional status. Any trend toward
higher phytoplankton densities should be confirmed, perhaps by

a two-year study every 5-10 years. Measurements of the relative
abundance of inorganic nitrogen vs. inorganic phosphorus as
nutrient sources should be examined at the same time.

b. There is need for a thorough study of zooplankton species
composition,abundance, feeding rates, and nutrient regeneration
rates. In particular, the study should address the question of
zooplankton control of phytoplankton abundance by grazing and
the question of zooplankton control of phytoplankton growth
through excretion of mineral nutrients, especially ammonium.

c. There is a critical need for measurement of rates of nutrient
regeneration from estuarine sediments, In this relatively
shallow river, the large expanses of soft sediments are likely
to be a major region of nutrient regeneration. In particular,
the regeneration of ammonium may supply the large demand by
phytoplankton in summer. This study plus the study of zoo-
plankton nutrient regeneration would make the Pamlico River
one of the best understood estuaries in the United States. It
would then be possible to construct much more complete models
of phosphorus and nitrogen cycling and would provide a more
firm basis upon which to develop management plans for the
estuary.
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d. In terms of future research and management of estuaries like
the Pamlico River, it is imperative that more effort be made to
understand fully the factors which control the rates of nitrogen
recycling in these systems, since it is clearly recycling rather
than tributary inflow that determines the supply rate of DIN, at
least in the short term. Fortunately, most of the input of new
nitrogen from the watershed occurs in the winter when other
growth fdactors like temperature and light are least favorable,
Much attention is currently focused on improving land use so as
to minimize these inputs; this input control will be of some benefit
in terms of preventing nuisance algal blooms in the Pamlico River
and other tidewater rivers. However, the recycling mechanisms,
which may turn out to be very difficult, if not impossible, to
control, certainly deserve more attention.

xxid




INTRODUCTION
General

It has long been recognized that temperate, normal, Coastal Plain
estuaries tend to be fertile and productive., Nutrients are provided from
the watershed, from pollution, and from the sea (Ketchum 1967). Circula-
tion patterns along with active phytoplankton growth tend to accumulate
nutrients in the estuary. High productivity is considered desirable when
it ultimately results in abundant seafood harvests, but eutrophication often
leads to reduced usefulness of an estuary (Ryther 1954, Barlow, et al.
1963). Both nitrogen and phosphorus are often abundant, but in the South-
east the N:P ratio is usually low relative to the amounts needed by phyto-
plankton., Pomeroy, et al. (1972) found no evidence that P was ever limiting
to productivity of estuaries of the southeastern United States.

Our understanding of nutrient cycling in estuarine ecosystems is incom-
plete. Field studies have provided a considerable fund of knowladge of the
seasonal and spatial distributions of nutrients derived by chemical anal-
yses of water samples. Laboratory experiments have produced data on the
physiological requirements of estuarine organisms for nitrogen, phosphorus,
and a few other nutrients, and the beginnings of knowledge regarding the
chemical, physical, and biotic factors which determine rates of nutrient up-
take and release. Major gaps exist, however, between these field measure-
ments o nutrient distributions and the laboratory measurements of nutrient
cycling in natural waters as influenced by in situ environmental conditioms.
This study has attempted to bridge the gap by examining the rates at which
inorganic carbon, nitrate, ammonium, and phosphate were taken up by the
plankton of the Pamlico River throughout the annual cycle. Furthermore, the
uptake rates were measured not only under the natural ambient conditions
present in the estuary at the time, but also under a series of environmmental
modifications such as higher or lower temperatures, a series of light inten-
sities, or elevated nutrient concentrations. Finally, the uptake rates have
been intercompared and integrated in an effort to answer questions regarding
possible nutrient limitation of phytoplankton growth, the possibility of
noxious algal growths if additional nutrients enter the estuary, and the
role of the plankton in the overall budgets of nitrogen and phosphorus in
the estuary.

The Pamlico River; Geography and Hydrography

The Pamlico River has been the subject of a large amount of field re-
search teginning in 1966 when North tarolina State University established a
research laboratory there with support from Texas Gulf Sulfur Corp. (now
Texasgulf, Inc.), Water Resources Research Institute, and other funding
agencies. A variety of studies of hydrography, water chemistry, and estua-
rine ecology have been completed, most of them bearing upon the question of
the trophic status of the estuary in relation to nutrients in effluents from
Texasgulf. The Pamlico River was selected as the site of our investigations
because of the large amount of ecological research which had been conducted



there and because it is a large and important body of water currently being
subjected to developmental pressures which might degrade water quality.

The Pamlico River is an oligohaline-mesohaline estuary stretching from
the mouth of the Tar River in Washington, N, C., eastward about 60 km (38
miles) to Pamlico Sound (Hobbie, et al. 1972), It increases in width down-
stream from about 1 km below Washington to 7 km at its mouth; it is mostly
deeper than 2 m at mean low water (MLW) with maximum depths exceeding 7 m
at the mouth (U.S.C. & G.S. Charts No. 537 and 1231). Hobbie (1974) esti-
mated its average depth to be about 11 feet (3.4 m). Geographical informa-
tion about the Pamlico River drainage basin is reported by Hobbie, et al.
(1972). Pamlico Sound receives the flow of the Pamlico River, but it also
provides the salt water which creates the estuarine conditions. Pamlico
Sound is the largest embayment behind barrier islands along the Atlantic
Coast of the United States.

Except for a preliminary study by Horton, et al. (1967), there have
been no investigations of the flushing rate of the Pamlico River., The
freshwater inflows from the Tar River, Conetoe Creek, and Durham Creek are
gauged by the U.S. Geological Survey, and the seasonal patterns have been
presented by Hobbie (1970b, 1974). These tributaries account for about 52%
of the freshwater input into the estuary (Hobbie 1974), but significant
errors may exist in estimates of the pattern of total freshwater input
because of weak correlation between gauged and ungauged streams. Although
rainfall on the watershed tends to be evenly distributed throughout the year
(Sumsion 1970), peak stream flows usually occur during the cool season
(December through May) and low flows during the warm season when evapotrans-
piration is high. Exceptional flows may occur in any month, but especially
during late summer and fall as a result of tropical storms.

The tidal amplitude in the Pamlico River appears not to have been mea-
sured. The mean tidal ranges at.the inlets to Pamlico Sound are about 0.6
m, but the barrier islands (Outer Banks) restrict the tidal flow; Roelofs
and Bumpus (1953) calculated that the periodic (astronomical) tidal range
would be only about 5 cm. Wind tides are more important. Day-to-day
variations of 50 cm in water depth are frequently noticed at piers and boat
landings, but the relationships to wind direction and velocity have not been
established, Wind driven turbulence is sometimes sufficient to destroy
thermal and salinity stratifications and to replenish oxygen in the bottom
waters (Davis, et al. 1978).

The major aspect of the salinity pattern of Pamlico River is the gra-
dient from low levels upstream to high levels at the mouth (Hobbie 1970b,
Hobbie, et al, 1972). The water just below Washington is usually fresh or
nearly fresh whereas it often has a salinity of 15%, or more when it enters
Pamlico Sound., Heavy runoff from the watershed or westerly winds force
fresher waters further down the estuary, whereas dry weather and easterlies
cause higher salinities. For example, heavy rainfall in October - November
1971 resulted in displacement of the 2%, isohaline two-thirds of the way
down the estuary (Hobbie 1974). A secondary spatial pattern imposed upon




this is the vertical gradient; this is highly variable, with the difference
sometimes exceeding 6%, between the surface and the bottom waters in late
summer at the lower end of the estuary (Hobbie 1970b). The third pattern is
a tendency for higher salinities on the north shore of the estuary than on
the south shore resulting from the Coriolis effect; this pattern, however,
is often indistinct or absent (Hobbie 1970b; Hobbie, et al., 1972).

Although the primary salinity patterns are spatial, the major tempera-
ture patterns are seasonal. Lowest temperatures (< 5 C) occur in January or
February and highest temperatures in July or August (> 25 C) (Hobbie 1974).
Vertical temperature stratification often exists, but is usually not great,
nor is there much temperature variation along the length of the estuary, al-
though the water entering the estuary from Pamlico Sound tends to be warmer
in the fall and cooler in the spring than water in the Pamlico River.

Phytoplankton Abundance

A major study of phytoplankton of the Pamlico River (Hobbie 1971)
showed that dinoflagellates comstitute the most important algal class in
terms of biomass. Maximum abundance occurred in the middle and upper
reaches of the estuary during January through March when Heterocapsa ( =
Peridinium) triquetra attained bloom proportions; there was a late summer
peak also dominated by dinoflagellates., The periods of maximum algal
numbers , however, were somewhat out of phase with periods of maximum
biomass; very small coccoid blue-greens, small diatoms, and several types
of small flagellates were often very numerous but because of their small
sizes did not contribute much to the phytoplankton biomass (Hobbie 1971)., As
often occurs in estuaries, both the abundance and the species composition
frequently varied markedly from station to station and from week to week,
The abundance of phytoplankton indicated to Hobbie (1971) that the estuary
was highly eutrophic; the variety of species during most of the year. how-
ever, is an indication of healthy growing conditions. The seasonal spa-
tial distributions of phytoflagellates which dominated Gales Creek, a much
smaller and more nutrient limited estuary in North Carolina, showed a
number of similarities to those of the Pamlico River (Campbell 1973). Gales
Creek was dominated by dinoflagellate species, most of which also dominate
the Pamlico River; Heterocapsa, for example, was abundant in winter and
spring, but was not observed at densities equal to those of Pamlico River,

A study of the lower Cape Fear River estuary (Carpenter 1971) showed a
domination by diatoms, mostly Skeletonema costatum and Asterionella japonica
with greatest numbers in June at the mouth of the estuary.

Primary Productivity

There have been many studies of phytoplankton productivity along the
Atlantic Seaboard (Smayda 1973), but few of them in North Carolina. The
system of shallow sounds and estuaries between Bogue Sound and Pamlico Sound,
N. C., were studied first by Williams (1966). He used the light-dark bottle
technique_and found the mean annual %ZOSS productivity to be about 100 g
Cem 2-yr L Thayer (1971) used the “7"C-technique to measure productivity



of the same area and reported a mean annual productivity of 67 g C-m_z-yr—l.

Both found that productivity during the warm period (May~September) was
about three times higher than during the cool part of the year. Experimen-
tal studies (Thayer 1974) demonstrated that nitrogen most often was the
nutrient which limited phytoplankton productivity, although phosphorus some-
times was limiting. A more intensive study at one station in the Beaufort
Channel, N. C., gave somewhat higher productivities, in part because of its
greater water column depth (Williams and Murdoch 1966)., Their demonstration
of the positive relationship between temperature and the rate of photosyn-
thesis per unit chlorophyll helps to explain the higher summertime produc-
tivities. Dillon (1971) found the annugl productivity of phytoplankton in
Bogue Sound, N. C., was about 73 g Cem “syr , & rate probably not different
from those reported by Williams (1966) or Thayer (1971). However, the
benthic macrophytes in this very shallow sound (mean depth at MLW = 0.75 m)
(Dillon 1971) fixed several times this amount of carbon annually. Copeland
and Hobbie (1972) reported annual mean 14C productivities at 6 statioms in
middle and lower reaches of the Pamlico River to be 40-80 g C-.m 2oyr

during 1966~1967. Ten years later another set of measurements by Davis,

et al. (1978) provided an_estimated annual mean productivity for the entire
estuary of 200 g C'm 2'yr_l.

Phosphorus and Nitrogen

The concentrations of inorganic phosphorus and nitrogen have been
measured frequently at a large number of stations in the Pamlico River since
1967, Dissolved phosphate was usually abundant, especially in the middle
section of the estuary and was considered not to be limiting to phytoplank-
ton growth (Hobbie 1970a; Hobbie, et al. 1972; Hobbie 1974). A portion of
this phosphorus was attributed to effluent from a large phosphate mine and
chemical plant (Texasgulf, Inc.) but much of the phosphorus in the river
apparently came from various tributaries (Hobbie, et al. 1972). Inorganic
nitrogen was less abundant relative to phosphorus. Ammonium was moderately
high at all stations throughout the year; nitrate was very low during the
summer, but occasionally reached high concentrations upstream during periods
of heavy runoff in winter (Hobbie, et al. 1972; Hobbie 1974; Harrison and
Hobbie 1974), Nitrogen has been suggested as the major factor limiting
phytoplankton production in the estuary (Harrison and Hobbie 1974). The
abundance and cycling of phosphorus in the Pamlico River is of particular
importance because of mining of phosphate ore and its conversion to phos-
phoric acid and fertilizers close to the center of the estuary.

The seasonal distribution of phosphorus abundance in Mid-Atlantic
estuaries frequently exhibits a summer maximum, Taft and Taylor (1976)
noted this phenomenon in reviewing literature on Upper Chesapeake Bay;
Delaware Bay; South River, Md.; Narragansett Bay; Raritan Bay; York River,
Va.; and Pamlico River, A summer maximum also occurs in Chincoteague Bay,
Md. (Boynton 1974) and the Neuse River, N. C. (Hobbie and Smith 1975). This
summer phosphorus peak is, however, not universal. The oligohaline
Albemarle Sound usually exhibited maximal reactive phosphate concentrations
about halfway down its length between December and February (Bowden and




Hobbie 1977). The small estuaries and sounds near Morehead City, N. C.,
showed month-to-month variations in P concentration but seasonal patterns
were not distinct (Thayer 1971; Campbell 1973). The total~P levels in
several Georgia estuaries showed a tendency toward maxima in summer and fall;
Pomeroy, et al. (1972) attributed this to low rainfall and runoff during
that period,

Radioisotope technique is a powerful tool for determining the relation-
ships between algae and nutrients in natural waters. The addition of
carrier-free radioactive phosphate does not change the phosphorus concentra-
tion in the water and thus does not alter the natural dynamic equilibrium
existing between the plankton and nutrient P in estuarine water. This
tracer has been used in natural freshwater lakes and rivers in North America
(Coffin, et al. 1949; Hutchinson and Bowen 1950; Hayes, et al. 1952; Rigler
1956, 1964; Hayes and Phillips 1958; Halmann and Stiller 1974; Koenings
1977), and in Europe (Peters 1975). Kinetic work has also been done in
marine systems (Harris 1957; Pomeroy 1963; Watt and Hayes 1963; Perry 1976;
and Harrison, et al, 1977)., However, studies of ambient phosphate uptake
rates using 32P in coastal estuarine systems is limited and of recent origin
(Taft, et al. 1975; Correll, et al. 1975; Faust and Correll 1976). 1In addi-
tion, these latter studies have been confined to the Chesapeake Bay estuary,
Thus, the need for additional in-depth studies of the nutrient kinetics of
estuaries is apparent.

The rate of uptake of phosphate by phytoplankton has been shown to be
very rapid in many aquatic systems, Turnover times (the time necessary for
the phosphorus in a given phase to be replaced) range from < 1 min. in
nutrient-poor freshwater lakes (Rigler 1964, Lean 1973), from 34-155 hours
for phosphorus sufficient coastal marine waters (Pomeroy 1963), and from
30-56 hours for Doboy Sound (Pomeroy 1960)., The uptake rate constant of
phosphorus (turnover time *) has been suggested to be more indicative of the
nutrient status of the plankton (e.g., phosphorus limitation) than is the
determination of the concentration of dissolved phosphate (Pomeroy 1960,
Healy 1973).

Since the flux of phosphate into algal cells is also affected by
physical parameters in the estuary, the effects of temperature and light on
the seasonal flux of phosphate were determined. In addition, other impor-
tant indicators of phosphorus limitation of algal cells were studied in
detail:; (1) the activity of the enzyme phosphomonoesterase (PMase)
(Kuenzler and Perras 1965, Kuenzler 1970, Rhee 1973), (2) the amount of sur-—
plus inorganic phosphate (Fitzgerald and Nelson 1966, Rhee 1973), (3) alter-
ed cellular P:composition (Healy 1973), and (4) changing C:P ratios (Peter-
son, et al. 1974).

Bacteria have also been shown to be potential major users of inorganic
P in estuaries (Faust and Correll 1976), in sea water (Harris 1957), and in
freshwater (Lean 1973, Rigler 1956). Thus, it was necessary to quantify the
amount of P cycling due to algal and to bacterial cells before nutrient
limitation to algal cells could be determined.




The pathways of nitrogen cycling in aquatic systems are much better
understood than the rates and controls of these reactions. Numerous field
studies have provided information about the seasonal and spatial distribu-
tion of nitrogen, but there are relatively few studies of the kinetics of
nitrogen cycling in natural waters. The handful of such studies, mostly in
deep lakes and in the oceans, have shown that the large seasonal changes in
uptake of inorganic nitrogen correlate with changes in algal abundance, that
ammonia is taken up in preference to nitrate and is recycled rapidly during
times of phytoplankton productivity, that there are diel changes in uptake
of inorganic nitrogen by phytoplankton, and that under some conditions large
quantities of regenerated ammonia are released by sediments into the over-
lying water. However, other studies have shown that in some cases regener-
ation of ammonia by zooplankton is an important source of this nutrient. In
fact, the rate of regeneration, regardless of the source, may control the
rate of photosynthesis in some situations, Very little is known about
nitrogen cycling in rivers and estuaries. The assumption has been that
since nitrogen import into these systems is high, internal cycling is unim-~
portant. An important objective of this study was to test this assumption
for a section of the Pamlico Estuary in eastern North Carolina.

In the past, nutrient budgets have frequently been used as a simple
way of studying relations between nitrogen and productivity. Most of these
are for lakes (e.g., Keeney (1972) for Lake Mendota; Edmondson (1961) for
Lake Washington; Serruya (1975) for Lake Kinneret, Israel; Likens (1975) for
Cayuga Lake; and de March (1975) for Char Lake). Net imports of inorganic
nitrogen to marsh systems have been computed by comparisons of nitrate
levels in flood and ebb tidal waters in Delaware (Aurand and Daiber 1973)
and by calculations of annual nutrient fluxes based on monthly concentra-
tions and water transports in marsh creeks in Virginia (Axelrad et al, 1976).
Most of these nutrient budgets are of the "input-output'" type and conse-
quently they provide little insight on the internal cycling of nitrogen.
Yet, as calculated from comparison of inputs with production, the nitrogen
that enters coastal rivers (Stanley and Hobbie 1977) and salt-marsh eco-
systems (Windom, et al. 1975) must recycle a number of times per year.

When 15N became available, the actual rates of uptake and recyeling of
inorganic and organic nitrogen could be measured in short-term incubations.
The first aquatic study by Dugdale and Dugdale (1965) showed that ammonia
was preferred over nitrate and that algae rather than bacteria were respon-
sible for most of the uptake. They also found a rapid cycling of ammonia
(turnover times as low as one day) in the epilimnion. These findings have
been confirmed by several studies in lakes (Alexander 1970, Toetz, et al.
1973), in a coastal river (Stanley and Hobbie 1977), in estuaries (McCarthy,
et al. 1977), and in the oceans (McCarthy and Eppley 1972; Conway 1977;
Eppley, et al. 1973).

One key process in nitrogen cycling appears to be the regeneration of
ammonia, This can be estimated from measurements of the rate of change of
ammonia concentration in samples incubated with water and sediments (Hartwig
1974; Hale 1975) or with water alone (Harrison 1974), These are measure-




ments of net flux as the organisms in the sample are continuously taking up
some of the regenerated nitrogen. Another technique (Alexander 1970) is to
incubate the sample with lSN—NH3 and measure the dilution of the label with
unlabelled ammonia; this measures the true regeneration rate, In other
studies the amount of ammonia that must have been regenerated has been cal-
culated from measurements of algal photosynthesis rates, nutrient concentra-
tions, and an assumed C:N ratio (e.g., Hobbie, et al. 1975). Another in-
direct technique, which we used in this study, involves a comparison of the
measured ammonia assimilation rates of plankton with the rates of ammonia
input (by runoff) into the system. In systems isolated from the sediments
(e.g., the epilimnion of a lake, an open ocean) the regeneration of ammonia
from zooplankton may control the photosynthetic rate (Eppley, et al, 1973;
Smith and Whitledge 1977). In shallow systems the ammonia regenerated from
sediments may contribute a large fraction of the ammonia present (Hartwig
1974; Hale 1975).

A three-step procedure was used to estimate the amount of recycling of
nitrogen in the Pamlico River. First, assimilation rates of ammonia and
nitrate by the plankton were measured every two-to-four weeks. These short-
term measurements were integrated over time and space using information
about relationships between uptake and light intensity, temperature, and
inorganic nitrogen concentration derived from a series of factorial experi-
ments. Secondly, the inflows of nitrate, ammonia, and organic nitrogen for
one year were calculated., Finally, the amount of recycling was estimated
from the differences between the assimilation and inflow rates.

Objectives of the Study

This investigation sought to describe the physical conditioms, the
nutrient concentrations, and the phytoplankton abundance at six stations
down the Pamlico River estuary throughout at least a one year period. It
also endeavored to measure the rates at which the phytoplankton were removing
nitrate, ammonium, phosphate, and inorganic carbon under ambient conditioms.
Additional experiments were carried out to measure these uptake rates at
other temperatures, various light intensities, increased nutrient concen-
trations, and other manipulations in an effort to understand the factors
controlling the uptake rates. Dr. D. W. Stanley took major responsibility
for the productivity and N-cycling studies and Dr., J. P. Koenings for the P-
cycling work. Comparisons were made of the rates of N and P uptake relative
to the amounts of nutrient present in the water and relative to the algal
requirements. Finally, preliminary process models were constructed in order
to describe phytoplankton nutrient status and the basic features of P
cycling in the estuary, and the inputs of N, P, and C from the watershed,
from Pamlico Sound, and from Texasgulf, Inc,, were compared to annual nutrient
requirements by the phytoplankton., This report includes most of the results
of the study with an emphasis on analysis of the functioning of the estuarine
phytoplankton system as an aid to resource management.






METHODS

Sampling and Field Measurements

Hydrographic data and water samples were collected periodically from
October 1975 to July 1977 at six stations along a 48 km stretch of the
Pamlico River between Blounts Bay and Pamlico Sound (Fig. 1, Table 1). Most
of the samples were taken between 0700 and 1100 local time. Sampling
frequency is shown on Fig. 8 below. A Beckman RS5-3 induction salinometer
was used to measure salinity and temperature at 0.5 m depth intervals from
surface to bottom. Underwater light intensity was also measured at 0.5 m
depth intervals with a submarine quantum meter (Lambda Instruments Co.
Model LI-185) which measures only photosynthetically available radiation
(PAR; 400-700 nm wavelengths). The light extinction coefficient, n, was
calculated from

oy = dn (I/10) (1)
z '

where I, and I, = light intensities at some depth, Z(m), and just beneath
the surface., Replicate dissolved oxygen samples were collected from two
depths, 0.5 m below the surface and 0.5 m above the bottom, in an APHA~type
oxygen sampler and were fixed by the addition of manganous sulfate and
alkaline iodide for Winkler analyses (American Public Health Association
1975). Several polyethylene carboys were filled with water from these same
two depths by means of a Guzzler R Pump (Cole-Parmer Instrument Co.) fitted
with a plastic hose covered at the intake end with 153 um mesh nylon netting
to exclude zooplankton.

Within two hours of collection the samples were returned to the Pamlico
Estuarine Laboratory of East Carolina University where P, N, and C assimi-
lation experiments were conducted and where sub~samples were prepared for
various analyses. Cleaned polyethylene bottles were filled with filtered
(Whatman GF/C 47 mm dia. glass fiber filters) or unfiltered water from each
station and depth; these samples were immediately frozen on dry ice and kept
frozen until analyzed for nutrients, The filters were dried under lamps for
particulate N analyses using a Coleman Model 29 Nitrogen Analyzer. Other
samples of water were passed through glass fiber filters for chlorophyll,
particulate organic C, and particulate P analyses; these filters were frozen
until analysis. Finally, 100-ml samples of estuarine water were preserved
with Lugol's solution for phytoplankton counts. Chlorophyll-a was measured
by the method of Lorenzen (1967). Particulate organic carbon was determined
by acid dichromate oxidation of matter retained by Whatman GF/C filters
(Strickland and Parsons 1972). Dissolved organic carbon was measured in the
filtrate after persulfate oxidation of carbon and flushing of the CO, through
a Beckman Model 215A infrared absorption gas analyzer (Strickland and Par-
sons 1972).

Phytoplankton Abundance

Samples for phytoplankton counts were obtained from the same carboys of
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Table 1. Location, depth, and cross-sectional area of Pamlico River Stationms.

, Mean Depth X-sectional Area
Station 7 River km Coordinates (m) (lO3 m2)
1 : 0 W76°57'34"™ ~ N35°27'40" 2.3 9.4
2 9 W76°52'30" - N35°26'30" 2.7 10.3
3 : 16 W76°48'30" - N35°25'15" 3.3 15.5
4 26 W76°43'30" - N35°23'30" 3.6 22.3
‘—-i
l——-l
5 38 W76°37'00" - N35°21'45" 4.0 25.8

6 48 W76°26'00" - N35°19'15" 3.4 33.0



estuarine water from which water for nutrient analyses and kinetic measure-
ments were taken, and were preserved with Lugols solution (0.5 m1/100 ml
sample). Resources permitted counting algae at only 3 stations and 8 dates;
only surface samples were counted. The drop-sedimentation method (American
Public Health Association 1965) was used for enumeration. The sample was
thoroughly shaken, 10 ml was transferred to a conical centrifuge tube and
centrifuged at high speed for 10 minutes, all but about 0.5 ml of the
centrifugate was decanted off, and the sedimented cells were resuspended in
this remaining centrifugate by repeatedly drawing it up into a Pasteur pipet.
The number of drops of suspension was recorded, one or two drops were placed
on a microscope slide and covered with a 22 x 22 mm cover slip, and the
phytoplankton were counted at 450X along several transects until at least 40,
usually more than 65, individuals of the most abundant species had been
counted. Emphasis was placed on identification and satisfactory enumeration
of species which would contribute most to algal biomass rather than to the
very small or rare species. The report by Campbell (1973) was most useful
for identification of flagellates; other important taxonomic references for
this study were Hendy (1964), Cocke (1967), Hulburt (1957), and Whitford and
Schumacher (1969). Although the dominant species were usually identified
with certainty, it was not possible to identify many of the less common
species, especially the small forms less than about 5 pym diameter. These
small diatoms, blue-greens, greens, and several kinds of flagellates were
often tallied together; in only a few cases were they so abundant that their
total cell volumes exceeded that of the larger, identifiable species, The
phytoplankton cell volumes were estimated from dimensions of cells measured
during the identification and counting phases, or were taken from Campbell
(1973).

Tracer Uptake Experiments
14 15 32_ ., . , ; .

C, N, and ~ P incubations were carried out simultaneously in a set
of four temperature-controlled water baths placed indoors at the Pamlico
Estuarine Laboratory. Usually two or three temperatures were used for each
experiment, and these were changed throughout the year as the ambient
estuarine temperature rose and fell, The water baths were lighted from
above by a bank of 40~watt Gro-Lux fluorescent lights which produced a light
intensity of 95 microeinsteins'mz-sec'l (PAR) at the depth of sample incuba-
tion; this intensity will be termed 100%. It was about 6% of full sunlight
as measured with the same light meter., Four reduced light levels (55%, 337,
12%, and 5% of full laboratory illumination) were produced by wrapping
sample bottles with layers of gray Fiberglass screening which transmits
equally all wavelengths in the range 400 to 700 nm, Dark bottles were
either wrapped in aluminum foil or placed in light-tight metal boxes., Incu-
bations were usually begun within 2 hours after collection of the samples
and usually lasted 2 to 12 hours,

Primary Productivity

Phytoplankton photosynthesis was estimated by the carbon-14 technique
of Steemann-Nielsen (1952). Samples of estuarine water were incubated in
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125-ml glass-stoppered bottled with 1 ml of a solution of NaHl4CO3. After
incubation the phytoplankton was killed with Lugol's I5-KI (sodium acetate)
solution (Vollenweider 1974) and filtered onto 0.45 um membrane filters
(Millipore HA). The filters were dried and stored until their radioactivity
could be determined with a Packard Tri-Carb Model 3320 liquid scintillation
counter or a Nuclear Chicago end-window counter.

Carbonate alkalinity was measured by titrating a 50-ml water sample
with 0,02 N HC1 to an endpoint pH of 5.4, where the Saurebindungsvermogen
(SBV) indicator undergoes a distinct color change from green to clear gray
to red (Karlgren 1962). During the titration nitrogen gas was bubbled
through the sample in a sintered glass funnel to hold the CO2 tension low
and force the equilibrium toward carbon dioxide., Carbonate alkalinity (meq-
177) was calculated as follows:

_ (5c15-uC1P) - (V) - (1000)
v

A (2)
where HC1® equals the ml of acid used to titrate the sample, HClb equals the
ml of acid to titrate a blank of 50 ml of distilled water; N is the normali-
ty of the acid used, and v equals the volume (ml) of sample titrated,
Dissolved inorganic carbon (DIC; mg C-17 ) available for photosynthesis was
then calculated as:

DIC = (A')-(12)- (F) | 3)

Values for F, a factor that varies with pH and salinity, were calculated
from Harvey (1957) and Vollenweider (1974). In those cases where pH was not
measured, F was assumed to be 1,00; this approximation was probably within
t 10% in most cases.

Finally, photosynthesis rates (mg Cvl_l-h—l) were calculated as
follows:

(14Caqqim) (1.06) (DpIC). (4)
(*%Cada.) (h)

wBere 14Cassim. is the corrected counts per minute (cpm) on the filter,
Cadq, is cpm of isotope added to the bottle , and h is the length of the

incubation period in hours. The factor 1.06 corrects for discrimination

against the heavier carbon-14 isotope, : ’

Photosynthesis =

Nitrate and Ammonium Uptake

The 15N tracer technique for measuring uptake of nitrate and ammonia in
samples of estuarine water was similar to that usgd by Duﬁdale and Goering
(1967). First, a known amount of 15N-1abeled Nal NO3 or NH4Cl was added
to the water in l-liter glass-stopgered bottles. The amount of labeled
compound added normall{ was 15 ug +°N (1 ug-at N l‘l) as ammonia or nitrate.
After incubation, the SN samples were killed with Lugol's acetic acid solu-
tion and filtered onto Whatman GF/C glass-fiber filters which were then
dried and stored in glassine envelopes. Later, particulate nitrogen on the
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filters was converted to Ny by Dumas combustion usin§ a Coleman Model 29
Nitrogen Analyzer (Barsdate and Dugdale 1965). The ON:14N ratio of the Ny
was determined with a mass spectrometer, the ratio was converted to atom per
cent 15N, and the enrichment over the normal atom per cent 19N (0.37) of .the
organic material was calculated. The rate of nitrogen uptake (mg Ne1-l.n™ )
was calculated as:

_ (PN)=(Af)

N uptake rate (h)'(Ai) s (5)
where PN is total amount of particulate nitrogen on the filter (determined
as described above), A; is the atom per cent excess 15N of the ammonia or
nitrate fraction in the sample just after the isotope was added, Af is the
atom per cent excess N in the particulate nitrogen on the filter at the
end of the experiment, and h is the duration of the incubation period in
hours.

The effect of nitrate or ammonia on the uptake rate of the other was
measured experimentally. Nitrate-uptake was measured in a series of sub-
samples of estuarine water to which various amounts of ammonium had been
added, and ammonium uptake was measured in another set in which various
amounts of nitrate had been added.

Phosphate Uptake

The rate of phosphate uptake by plankton in the Pamlico River was mea-
sured through the use of carrier-free 32P—orthophosphate tracer (32P). The
tracer was mixed with 250 ml of estuary water which had been brought to
temperature in the incubator. After periods of about 2, 5, 10, 20, etc.
minutes, 10 ml samples were removed and filtered with gentle vacuum through
25 mm diameter 0,45 ym Millipore filters., When uptake was slow, sampling
continued for about 12 h. The filters and filtrate were placed into liquid
scintillation vials, 10 ml of distilled water were added to the filter, and
the radioactivity was counted by Terenkov radiation (Haberer 1965) on a
Packard Tri-carb Model 3320 liquid scintillation counter. An experimentally
determined correction was applied for the activity (0.89 + .11% of filtrate
activity) of the moisture retained and phosphate adsorbed by the unrinsed
filter,

Phosphate is removed from solution either exponentially or linearly
depending on the light, temperature, biomass, and nutrient level of the
sample. In determining the rate of movement of stable or non-radioactive
phosphorus two assumptions were made: (1) that uniform mixing of tracer
with non-radioactive phosphate takes place, with the tracer moving at the
same rate as its stable counterpart, and (2) a steady state exists between
the particulate and soluble phases,

The rate constant, k, for phosphate uptake was obtained by:

-k = [In (/8] - ¢t 6)
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where Ay = initial activity of filterable 32P; A, = activity of filterable
32p at a later time, and t = elapsed time, The rate comstant, k, has the

units of reciprocal time (e.g., min-1). When uptake rates were high and k
decreased markedly with time, only the initial samples were used. Linear

regressions of ln A against time were used to obtain k.

The rate constant (k) is a relative number which indicates the fraction
of the inorganic P pool being transferred to particulate matter (mostly
phytoplankton; some bacterial uptake; some clay adsorption, etc.) per unit
time. Phosphate turnover time (1/k) is the time required for the inorganic
phosphate in the water to be replaced by an equivalent amount of phosphate,
The rate of phosphate uptake (v) (e.g., ug—at P+l “emin l) was calculated
by multiplying the rate constant by the concentration of filterable reactive
P (FRP) in the water:

= ke (FRP) (7)

The assumption that FRP is equivalent to dissolved orthophosphate is dis-
cussed later. This rate and the concentration of algal P in the water per-
mitted estimation of the turnover time of P in algal form:

Turnover Time (min) = algal P/v (8)

The effect of temperature on phosphorus uptake was established in
additional experiments where samples of estuarine water were held at temper-—
atures -about 10 C above and below ambient estuary temperature at 1007 light.
After temperature equilibration (10-15 min) was reached, 32p was added to
warmed or cooled samples and the uptake rates were calculated as for the
ambient temperature experiments. To test whether the shift in temperature
was detrimental to the plankton, experiments were performed using -“C.
Estuarine water temperature was raised or decreased about 10 C for 1_hour,
then returned to ambient temperature and incubated with labelled HCO3 The
1l4c uptake by the experimental samples was then compared to that of samples
incubated at the ambient temperature which had not experienced a temperature
perturbation. If the photosynthetic rate remained the same, we assumed that
the temperature change did not damage the plankton,

The effects of light and darkness, of increased nutrient levels, and of
bacterial uptake were examined in additional experiments. Samples of
estuary water labelled with ““P were incubated either at a full laboratory
light intensity or in the dark. To determine the effect of possible nutrient
limitation of the uptake rate of P by plankton, samples of estuary water
were enriched with several concentrations of ammonium and phosphate just
prior to the addition of 32p tracer. The uptake rates were then determined
in the same manner as the 1007 light, ambient temperature samples. Kinetic
parameters of phosphate uptake as a function of phosphate concentration were
determined from the Michaelis-Menten equation:

v . S
max

5
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where v is the measured uptake rate, Vpgx is the maximum uptake rate when
phosphate concentrations are high enough that they "saturate' the uptake
mechanism, S is the substrate (phosphate) concentration, and K is the phos-
phate concentration where v = one-half of Vmax' KS is often tlrmed the
half-saturation coefficient.

The importance of bacterial uptake relative to phytoplankton uptake was
investigated on samples from near the surface or the bottom by differential
filtration ahd by incubgtion with antibiotics, Subsamples of estuary water
incubated with either P or 4C were filtered through 8 um Millipore mem-
branes with the filtrate immediateéely being passed through a 0.45 um membrane
to determine total activity as a check on the separation efficiency. Final-
ly some estuarine water received a 0. 5 to 1.0 hour preincubation perlo with
antibiotics (penicillin G at 50 uge 2 and streptomycin at 100 ug.ml ") after
which it was labelled with 32P or 1%C and treated as the control samples to
determine the rate of 32P and 140 uptake after bacterial inhibition., The
amount of reduction of l4cC uptake by antibiotic treatment was used to indi-
cate the extent to which viability or metabolism of the phytoplankton was
reduced, Percentage of total 32p uptake attributable to algae or to bacteria
in surface or bottom waters in each size class (> 8 or < 8 um) was deter-
mined from the effect of antibiotic treatment, Bacterial uptake (%) was
calculated by subtracting the P uptake rate in the antibiotic-treated
samples from the uptake in the control sample for each size class.

Poisons were added to 250 ml of estuary water to determine abiotic
removal of 32P, Preincubation with the poison took place at 100% ll%ht and
ambient water temperatures for 1 hour prior to the addition of the 3
tracer, after which uptake was followed exactly as for the nonpoisoned
samples. The poisons and final concentrations were: sodium azide (0.04%),
formaldehyde (0.74%), chloroform (saturated), glutaraldehyde (0.5%), Lugol's
solution (0.036% I,), mercuric chloride (0.2 wM), and merthiolate (0.04%)
were used in test comparisons. Killed experiments throughout the study were
run using either formaldehyde or glutaraldehyde; uptake rates of killed
samples were subtracted from unkilled samples to estimate biological phos~
phate removal.

. . 32 32 )

32 Filterable unreactive g (FU™"P) was counted on water from which the
FR™™P had been extracted, FR”“P extraction was performed on 10 ml of sample
to which was added in order 5.0 ml of isobutanol, 1.0 ml of a 0.5% ammonium
molybdate solution and 0.5 ml of 4 N HCl. The sample was shaken for 30
seconds, and then let stand for 1-2 min., for the phases to separate, The
extraction efficiency was 99.8% under a variety of salt and inorganic P
concentrations. The activity of the remaining FU32P was corrected for this
}pefficiency as well as for quenching which occurred during counting by
Cerenkov radiation.

Integrated Nutrient Uptake Rates

To facilitate comparisons between nutrient inflow and nutrient assimi-
lation in the estuary we extrapolated the hourly uptake rates from the
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incubator measurement (at 95 u-einsteins-m'-z-sec—l light intensity) to
depth-integrated daily, monthly, and annual rates. The procedure was first
to compute the average daily uptake of carbon, nitrogen and phos-

phorus per m2 of river surface between each two consecutive sampling dates
as described below. Then we interpolated between these estimates to obtain
the rates corresponding to the intervening days. The next step was to sum,
for each station, all the daily rates to give estimates of monthly and
annual uptake per m? of river surface. Finally, we multiplied these areal
rates by the river surface area for estimates of total carbonm, nitrogen,
and phosphorus uptake in the estuary (tonnes yr‘l).

The depth-integrated daily estimates for carbon and nitrogen were com-—
puted by a numerical integration technique similar to that of Fee (1973).
Briefly, the technique was to combine in an interpolation scheme measured
relationships for uptake rate vs. light, light vs. water depth, and light
vs., time of day. The first step was to divide the water column inte 0.2 m
thick layers and to divide the day into one-hour intervals. Then, for each
time interval; the light intensity (IZ) at mid-depth of each segment was
calculated by the following equation:

Iz = Io * e (10)
where I is the average surface light intensity for that hour, n is the
vertical extinction coefficient in the estuary (Fig. 6), and Z is the water
mid-depth (m). Surface light intensities (I,) were computed from total
daily radiation values (in langleys) for Cape Hatteras, North Carolina
(data provided by National Climatic Center, U, S. Department of Commerce).
Next, photosynthesis and nitrogen uptake rates corresponding to each depth
were obtained from light intensity vs. rate curves (e.g., Fig. 31).
Finally, the sum of these rates for each vertical segment equalled the
hourly areal rate (mg - m % . h-l). The procedure was repeated for each
hour of the day, and the hourly integrals were summed to give the daily
rates per unit area, Since darkness had little effect on phosphcrus uptake,
no correction was made for light intensity in computing the depth-inte-
grated daily uptake of phosphorus. Instead, the incubator rates for sur-
face samples adjusted to ambient river temperature, were extrapolated
directly to uptake per m2, Details of the integration schemes may be ob~-
tained from the authors.

Nutrient Analyses

The Limnology Laboratory of the Department of Environmental Sciences
and Engineering performed analyses for filterable reactive-~P (FRP), total
filterable-P, total P, nitrite, nitrate, ammonium, and filterable Kjeldahl
N, Particulate P was calculated as (total P)-(total filterable P), and
filterable unreactive P (FUP) as (total filterable P)-(filterable reactive
P). Dissolved organic N (DON) was obtained by difference between filter-
able Kjeldahl N and ammonium, Time lapse between sampling and analysis
usually was two weeks or less., All analytical procedures were automated
using Technicon Autoanalyzer equipment and EPA approved methods as sum-
marized in Table 2. Precision was controlled in these analyses by running
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Table 2. Methods used for nitrogen and phosphorus and mean (* standard
error) recovery of nutrient spikes added to Pamlico River water.

Nutrient
Ammonia

Nitrite
Nitrate

Total Kjeldahl
Nitrogen

Filterable Reactive P

Total Filterable P

Total P

Method

Automated Colorimetric
Method, Phenolate

Automated Colorimetric

Automated Cadmium
Reduction

Automated Phenolate
Method

Automated Ascorbic Acid
Reduction

Persulfate Digestion;
Automated Ascorbic
Acid Reduction

Persulfate Digestion;
Automated Ascorbic Acid
Reduction

Reference

*EPA, p. 168

EPA,

EPA,

EPA,

EPA,

EPA,

EPA,

p.

pP.

P.

P-.

215

207

182

256

256

256

*Environmental Protection Agency, 1974.

Percent
(mean

Recovery
+ S.E.)

105.4

94.0

96.3

45.6

96.9

99.9

99.1

I+

2.2

2.1

1.4

I+

+
ot
.

0

1.4

I+

1+

1.2

I+

1.6




all samples in duplicate., Accuracy was checked in two ways. Where avail-
able, EPA controls were analyzed with every run. Also approximately 10% of
routine analysis time was spend determining recovery of known increments of
standards (spikes) to samples. Average recoveries of these spikes was good
except for Kjeldahl N (Table 2); values for DON reported here have been
corrected by multiplying Kjeldahl N by 2.19 (except in Appendix 1 where un-
corrected total Kjeldahl N and DON are given). Standards were routinely
run at the beginning and end of each sample run.

Stable particulate P, defined as phosphorus retained on washed 47 mm
Whatman GF/C glass fiber filters after gentle filtration, was split into
four fractions (Fig. 2). Depending on phytoplankton abundance, 250-500 ml of
estuarine water was filtered; samples and blanks were done in triplicate.
The filtrate was frozen for analyses of stable filterable P (see below).
Hot-water extractable P (Fitzgerald and Nelson 1966) was obtained by placing
the filter into a culture tube, adding 10 ml of deionized water, and heating
the tube in a boiling waterbath for 1 hr. The extract was filtered into a
small polyethylene bottle and frozen for later determination of surplus
inorganic P and, after persulfate digestion, total surplus P; the amount of
surplus organic-P was calculated by difference (Fig. 2). The filters were
also frozen for later determination of particulate inorganic-P and particu-
late essential P, Particulate inorganic-P (probably mostly adsorbed P, and
Fe, Al, or Ca salts) (Olsen and Dean 1965) was extracted from the thawed
filters by shaking for 1 min. with 5 ml of 0.03 N NH4F in 0.025 N HC1l and
re~filtering (Fig. 2). The extract was analyzed for inorganic P, The ex-
tracted filter was digested with persulfate and analyzed for particulate
essential P (complex P compounds) (Fig. 2). Inorganic P was analyzed by the
procedure of Murphy and Riley (1962) and organic P by the procedure of Men-
zel and Corwin (1965). The sum of these 4 fractions usually agreed well
with the particulate-P determined by difference between total P and total
filterable-P (Correlation Coefficient r = ,90). The sum of surplus inorgan-
ic P, surplus organic P, and essential P will be called "algal P" although
some of it was contributed by microzooplankton, bacteria and detritus (see
Results).

Stable filterable-P was fractionated into dialyzable and colloidal
phases by ultrafiltration (Fig. 2). Whatman GF/C filtrate was drawn by
vacuum through a membrane (Pellicon R Type PTIDC, Millipore Corp.) supported
by an Immersible Molecular Separator (Millipore Corp.). Membranes were
stored in 257 ethanol to prevent bacterial growth, rinsed with distilled
water, and tested for membrane integrity prior to use. The membranes have
a nominal molecular weight limit of 10,000 and thus separated dissolved
small molecules from large molecules and colloids, The dialyzate from the
molecular separator was stored frozen and its reactive and total P content
was determined using the Autoanalyzer as described above. Four filterable-
P fractions were thus distinguished: (1) dialyzable reactive P (DiRP) which
had passed through the molecular seperator, (2) dialyzable unreactive P
(DiUP), the difference between DiRP &and dialyzable total P, (3) colloidal
reactive P (CoRP), the difference between GF/C glass fiber filterable
reactive P (FRP) and DiRP, and (4) colloidal unreactive P (CoUP), the dif-
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ESTUARINE WATER (250-500ml)
GF/C FILTER (triplicate)
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Fig. 2. Flow chart for fractionating stable particulate P, dialyzable P,

and colloidal P.
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Fig. 3. Pamlico River discharge at Station 1, October 1975-July 1977.
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ference between GF/C glass fiber filterable unreactive P (FUP) and DiUP
(Fig. 2).

The activity of the enzyme alkaline phosphomonesterase (PMase) in
Pamlico River water was estimated from the rate of hydrolysis of p-nitro-
phenyl phosphate (PNPP) to p-nitrophenol (PNP) (Kuenzler and Perras 1965).
Filtered (Whatman GF/C) or unfiltéred water samples (300 ml) received 50 ml
Tris buffer (pH 9.1), 2 ml CHCl3, and 10 ml of PNPP (0.5 g/125 ml distilled
water) and were then incubated along with distilled water blanks in dark-
ness at 20 C, Subsamples were periodically removed and the absorption at
420 nm was measured in a Klett-Summerson colorimeter. The time course of
absorption was usually linear and the amount of enzyme activity was calcu-
lated from the slope. The difference in activity of filtered and unfiltered
samples comprised the particulate or sestonic activity. The half-saturation
constant (Km) of the enzyme was estimated by varying the amount of substrate
(PNPP) to levels below saturation.
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RESULTS

Physical Factors

The net flow of the Pamlico River at Station 1, calculated primarily on
the basis of the discharge of the Tar River, was substantially higher during
the cool seasons (December - April) than during the rest of the year (Fig.
3). Both the peak flows and the base flows were higher during the cool
seasons, a phenomenon attributable to lower evapotranspiration and greater
runoff of precipitation at that time. Short-term peaks of river flow also
occurred during June, September, and October, increasing the flow by a
factor of about 5 within a few days.

The Pamlico River showed a consistent pattern of lowest surface salini-
ties upstream at Station 1 (Fig. 4). Superimposed on this pattern, however,
were the temporal variations attributable to changing amounts of freshwater
flow. The lowest salinities at each station usually occurred during January
through May of each year, essentially during period of highest flow (Fig.

3) or lagged it by about one month. Each of the large flow peaks in 1977,
January, March, and May-June resulted in a reduction in surface salinity
upstream (Fig. 4). Surface salinities exceeded 157%, even at downstream
stations only during September - November 1976 and May and July 1977 at the
end of periods of reduced flow. The salinity of the bottom waters (not
shown) was often greater than that at the surface by a few parts per
thousand, but the spatial and seasonal patterns were similar at both depths,
The largest differences between surface and bottom (6-10%,) occurred during
December and January when fresher waters from the Tar River floods overrode
the saltier water at the upstream stations of the Pamlico River,

The temperature regime in the upper 0.5 m layer in the Pamlico River
exhibited a regular annual cycle with little variation between stations at
any one time (Fig. 5). The lowest temperature (1 C) was found at Stations
1 and 2 in January 1977 during an unusually cold period that froze the sur-
face. The highest temperature measured in 1976 was 28 C in July at all
stations whereas in 1977 the July peak was 32 C at Stations 5 and 6., Bottom
temperatures (not shown) were generally lower but usually were within 2 C of
surface temperatures.

The light extinction coefficients in surface waters were large in
the Pamlico River. They were significantly greater upstream than
downstream (Fig. 6); the upstream-downstream gradient was least during the
warm part of the year and greatest during winter and spring. Station 6
never reached the turbidity levels which caused the high extinction coeffi-
cents at Stations 1 and 2. Part of this variability is attributable to
variation in phytoplankton concentrations, but the poor correlation with
chlorophyll concentrations indicates that silt brought down by the Tar River
during periods of high flow is often important upstream. The general cor-
respondence between the isopleths for light extinction and the surface
isohalines (Fig. 4) supports this suggestion.
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Fig. 4. Salinity distribution in surface waters of the Pamlico River.

Fig. 5. Temperature distribution in surface waters of the Pamlico River.
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Fig. 6. Distribution of the extinction coefficient in the Pamlico River.
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Fig. 7. Distribution of oxygen concentration (as percentage of saturation)
in bottom waters of the Pamlico River.
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Measurements of dissolved oxygen (D.0.) were made from April 1976
through July 1977. The D.O. concentrations of the surface water (not shown)
were almost always between 80 and 120 percent of saturation, except that
they were between 120 and 150% in mid-December 1976. High chlorophyll a
levels at Station 1 in December (Fig. 8, below) suggest phytoplankton pro-
duction as an oxygen source, but no factor obviously accounts for the high
D.0. levels at the other stations and other times. The amount of oxygen in
the bottom water exceeded 100 percent of saturation during December 1976
also (Fig. 7), but it dropped to 15% at Station 4B (bottom) in July 1976 and
to 4 and 87 of saturation at Stations 2B and 3B respectively in July 1977.
Davis, et al, (1978) discussed numerous instances of deoxygenation of bottom
waters in the Pamlico River during 1975-1977.

Chlorophyll Distribution

The distributions of inorganic nutrients and the variations in uptake
rates are linked to the seasonal and spatial patterns of the phytoplankton.
The amount of chlorophyll-a (Chl-a), an index of the abundance and metabolic
activity of the phytoplankton, varied markedly in the estuary (Fig. 8). The
grid of dots on Fig. 8 shows the sampling pattern upon which the isopleths
are laid. The Chl-a concentrations in the surface water were mostly_low
(< 10 ug*l-l) downstream at Station 6 (Fig. 8), ranging from 2 pgel * in 1
February 1977 to 15 ug~l_l in October 1975. Concentrations below 10 ug-1l~
also occurred over much of the year in the middle reaches of the estuary,
but they exceeded 100 ug-1 ! at Station 4 in November 1975 and in March 1977
(Fig. 8). Levels above 100 ug-l-l were found at Station 1 in October 1975,
December 1976, and February-March 1977. The abundant Chl-a at Station 1 in
February and at Station 4 in March 1977 is attributable to the annual winter
dinoflagellate bloom dominated by Heterocapsa triquetra which developed at
Station 1 and was washed downstream by flooding of the Tar River,

Phytoplankton Abundance

Cell counts revealed marked changes in total phytoplankton volumes
during the year at each station (Table 3). The largest range and qu%ckest
change occurred at Station 1 where the volume dropped from 46 mm3+1™* on 20
Feb. 1977 to 0.2 mm3.171 on 12 March as a result of heavy rains and
consequent high flow of the Tar River., Smaller, but nevertheless substan-
tial, changes also occurred between sampling dates at other stations. Phyto-
plankton volumes were frequently higher at Station 1 than at Station 4 and
6, but the variability at each station makes it unlikely that this differ-
ence can be supported by these cell counts.

Dinoflagellates (Dinophyceae) dominated the phytoplankton volume at
Stations 1 and 4 most of the year (Fig. 9); they were approximately equal
in volume to the diatoms (Bacillariophyceaec) at Station 6. Samples
occasionally showed substantial Chlorophyceae and Cryptophyceae at Station
1, Cyanophyceae at Station 4, and Cryptophyceae at Station 6. The "Other"
category (Fig. 9) includes small percentages of the above classes plus
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Table 3. Seasonal variation in total phytoplankton volumes (mm3-1-l)

at three stations in the Pamlico River.

DATE STATION STAT ION  STATION
S S I .5
26 Sept 76 2.4 32 0.6
14 Nov 76 6.7 2.1 3.3
9 Jan 77 : 14 11 5.0
20 Feb 77 46 1.0 1.6
12 Mar 77 0.2 39 0.7
3 Apr 77 0.9 1.2 3.3
15 May 77 5.9 2.5 0.2
10 July 77 7.6 1.6 18
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Fig. 8. Chlorophyll distribution in surface waters of the Pamlico River.
Actual sampling dates are indicated by the grid of dots.
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occasional members of the Euglenophyceae, Chrysophyceae, Prasinophyceae, and
Haptophyceae, and a variety of small forms from several algal classes. It
is of interest that the larger species of dinoflagellates and diatoms were
abundant enough that they outranked the more abundant small forms in total
volume.

Dinoflagellates dominated during the phytoplankton peaks at Station 1
(Table 3, Fig. 9), but the species varied. The assemblage was dominated
in November by Prorocentrum minimum, in January by Gyrodinium resplendens,
in February by Heterocapsa triquetra and Katodinium rotundatum, and in July
by G. resplendens again [Note: cells identified as Gyrodinium resplendens
may have been, or included, G. aureolum; Kimball and Wood (1965) suggest.
that these two mames may be synonymous (Campbell 1973}]. Similarly, the do-
minant dinoflagellate species varied at Station 4, going from Polykrikos hart-
manni in September, to 'G. resplendens in January, to Heterocapsa triguetra
in March, It is likely that the Heterocapsa were in large part washed down
from the bloom at Station 1 in February. The dominants ac Station 6 were an
unidentified centric diatom and Gymnodinium nelsoni in November, Melosira sp.
and Skeletonema costatum in January, Heterocapsa triquetra in April, and
Polykrikos hartmanni in July.

Examination of these samples during cell counts indicated that algal
cells were by far the most important constituent of particulate matter.
Microzooplankton (mostly colorless flagellates) were often abundant but did
not contribute much biomass because of their small sizes. Amorphous
detritus particles and bacteria together may have been of similar importance.
Large zooplankton were excluded from the samples by the intake screen on
the pump hose, On a few occasions, such as at Station 1 on 12 March and
Station 4 on 15 May 1977, silt was very abundant, appearing to comprise
about 90% the particulate matter. These microscopical observations were the
major basis for asserting that phytoplankton usually made up most of the
biomass and that "algal~P" could be used here instead of '"seston-P". Davis,
et al., (1978) showed good correlations between phytoplankton biomass in the
Pamlico River and POC (r = ,78), chlorophyll (r = .93), particulate N (r =
.78), and particulate p (r = .62). Our own correlations between chlorophyll
and particulate P, particulate N, and particulate C also tended to confirm
this stand {see below).

Organic Carbon Distributions

Organic carbon was determined during the last year of the study. Par-
ticulate organic carbon in surface waters (Fig. 10) showed essentially the
same seasonal and spatial patterns as did chlorophyll (Fig. 8). For
example, the Heterocapsa bloom at Station 1 in February and at Station 4 in
March 1977 resulted in POC levels of 6.5 and 6.7 mg C-l-l, respectively.

The lowest POC concentration was 0.5 mg C+17 in November at Station 5. The
mean POC concentrations tended to be greater upstream than downstream, but
the differences were not significant, nor was there a significant difference
between the winter and summer concentration nor between surface and bottom
concentration (not shown). The great reductions in POC at Station 1 in
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Fig. 10. Particulate organic carbon distribution in surface waters of the
Pamlico River.
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Fig. 11. Dissolved organic carbon distribution in surface waters of the
Pamlico River,
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January and March 1977 (Fig. 10) during or following heavy flows of the Tar
River implies that the allochthonous component was small. The mean annual
POC concentration at all stations was 1.9 mg C-1 "1, Dpissolved organic
carbon (Fig. 11) averaged 6.1 mg 171 , three-times higher concentration than
POC. There were no statistically significant differences between stations
or seasons because of large variances. Levels of organic carbon in the
Pamlico River the previous year (Aug 1975 - July 1976) (Davis, et al. 1978)
were essentially the same as during our study; they reported mean POC to be
1.6 mg C+171 and DOC to be 6.2 mg C*171,

Photosynthetic Rates

The photosynthetic raEe in surface waters, measured at ambient tempera-
ture and 95 u einsteins'm “°sec "1 using the C technique, varied greatly

in the Pamlico River (Fig. 12). There was a general trend down the eftuary
in the average rates; the average at Station 1 was 6,0 ug-at C- l

whereas at Station 6 it was only 2.5 ug=-at Ce 17 +ten” However, because of
the large variances, the mean rates did not differ significantly among
Stations, nor do they appear different from rates measured by Davis, et al.
(1978) . The mean photosynthetic rat% of all stations during the warm
seasons {(May-October; 5.8 ug-at C+1 ~+h~ ) was significantly higher (P <

.01) than during the rest of the year (3.5 ug at C- 17+.n~ ). This is the
same seasonal pattern found by Williams (1936), Thayer (1974), and Sanders
and Kuenzler (1979) in shallow sounds and estuaries near Morehead City,
North Carolina., Rates exceeding 16 ug-at C.1~ ~l.h"1 were found in September
and in February-March; the lowest rates (< 1 pg-at C.1=l.h~ ) were found
only in November-January. Because the light intensity of our incubators

was below saturation for most samples, the maximum attainable photosynthetic
rates were usually somewhat higher than our measured rates. Estimated in
situ primary productivity on an areal and an annual basis is discussed
below.

Phosphorus Distributions

The distribution of total phosphorus showed major seasonal changes and
a tendency for higher concentrations at the upstream than the downstream
stations (Fig. 13). Since there were only minor differences in the patterns
between the surface and the bottom waters, only surface concentrations are
shown. (See Appendix I for all nutrient concentrations, surface and bottom)
Phosphorus levels > 8 ng-at p.11 occurred at Stations 3 and 4 from July
until October 1976, By June in 1977 Stations 1-4 again showed total P
concentrations > 12 ug-at P- 171, These high concentrations of phosphorus
(Flg. 13) occurred during the low-flow period of the year when salinities
were high (Fig. 3, 4) indicating that low flushing rates were permitting
phosphorus to accumulate in the middle and upper reaches of the estuary.

The major constituents making up total-P, however, were markedly out of
phase with each other as indicated by the concentrations of filterable reac~
tive-P (FRP) and particulate-P (PP). FRP was the larger of these two pools
and its pattern of abundance was similar to that of total-P (Fig. 14), with
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peaks during the warm months in the middle of the estuary. Concentrations

< 1 pg-at P-1"1 occurred at most stations during January-March in both years;
heavy runoff, low salinities, and abundant phytoplankton characterized this
period of the year. Particulate-P concentrations were generally highest
during January-March (Fig. 15), the period of peak phytoplankton populations
as indicated by chlorophyll and particulate organic C (Fig. 8, 10) and
particulate nitrogen (see below). This is evidence that most of the PP was
algal, Highest particulate-P levels (> 6 pg-at P+1 *) generally occurred

in the upper and middle regions of the estuary; levels below 0.5 jug-at P+1"
were found only at the two downstream stations. Filterable unreactive-pP
(FUP) was generally the least abundant Eool in the estuary with concentra-
tions mostly between 0.2-1.0 ug-at P+l + (Fig. 16). 1Its distribution pat-
terns are complex and the relationships to estuarine flushing or to produc-—
tivity are not clear.

Stable Particulate P Fractionation

Particulate~P in the estuary was analytically separated into four
fractions. The first, particulate inorganic-P, is probably mostly calcium,
aluminum, and iron phosphates or P adsorbed onto clay particles. The other
three, essential-P, inorganic surplus-P, and organic surplus-P, are assumed
largely to comprise the structural, metabolic, and storage compartments of
phytoplankton, microzooplankton, bacteria, detritus, and other components
of the seston,

Yearly averages_of particulate inorganic-P decreased more than 4-fold
from 0.37 pg-at p.1"1 at Station 1 to 0.076 ug-at P-1-1 at Station 6 (Table
4). This fraction decreased from 21% of total particulate-P at Station 1
to 18%, 19%, 16%, 14%, and 11% at Stations 2-6, respectively. The particu-~
late inorganic-P fraction was the smallest of the four particulate P
fractions when averaged over the year (Table 4). The amount of particulate
inorganic~P in any one sample, however, ranged from 7% to 40% of total
particulate-P, apparently depending to a large extent on the flow of river
water into the estuary. Particulate inorganic-P varied widely at each
station through the year, especially at Station 1 (Fig. 17). During the
low period of July~August 1976, Station 6 experienced low concentrations
while Station 1 had peak concentrations. However, during the high flow
period (Jan-April 1977) values of particulate inorganic-P increased at Sta-
tion 4 while they decreased at Station 1 to become approximately equal to
levels at Station 4, Values of particulate inorganic-P remained fairly
constant at the two lower stations (5 and 6), apparently rising only during
periods of high turbulence when sediment was resuspended into the water
column.

The surplus inorganic~P, surplus organic-P, and essential-P fractions
(defined here as algal P) were examined in relation to three stages of
phytoplankton growth., The first was the pre-bloom stage (July-Dec) when
Chl-a values < 25 ug-l-l, the second was the Heterocapsa bloom siage (Jan-
March) when Chl-a increased to levels often exceeding 100 ug.1l *, and the
third was the post-bloom period (Apr-June) when Chl-a values were usually
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Fig. 15. Particulate phosphorus distribution in surface waters of the
Pamlico River.
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Table 4. Annual mean concentrations and standard errors
(ug-at P+l =) of four particulate P components in
surface water at six stations in Pamlico River.

Station Particulate Essential Surplus Surplus
Inorganic P Inorganic P Organic P
1 .36(.04) .45(.03) A44(,06) .49(.09)
2 .28(.03) .38(.03) 44 (,09) +50(.12)
3 .27 (.03) .36(.02) .37(.07) .45(.08)
4 .25(.04) .34(.03) .45(.13) .54(.17)
5 .14(.02) .30(.04) .23(.04) .34(.06)
6 .076(.01) «24(,03) .15(.02) .20(.03)
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Fig. 17. Seasonal pattern of particulate inorganic phosphorus concentra-
tions in surface waters at Stations 1, 4, and 6 of the Pamlico
River.
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much below 50 ug-l—l. During these stages the three pools of phosphorus
changed in importance. During pre~bloom conditions essential P > organic
surplus-P > inorganic surplus-P (Fig. 18). However, during the period of the
algal bloom at Stations 1-5, a change occurred such that organic surplus P

> inorganic surplus-P > essential P. This is interpreted to mean that the
algae were putting more of the absorbed phosphorus into high energy phos-
phate esters and labile polyphosphates, and a lower proportion into struc-
tural-P. During the post-bloom period inorganic surplus-P > organic surplus-
P > essential P (Fig. 18). During this period more of the absorbed P was
apparently going into re-establishing a depleted reservoir of polyphosphates.
The ratios of particulate P to Chl-a also varied. During pre-bloom conditions
this ratio by weight was > 2, while during the bloom period it fell to < 1
and again rose to > 2 during the post-bloom period.

Filterable-P Fractionation

Filtration of Pamlico River water followed by ultrafiltration and chem-
ical analyses for reactive-P and total-P provided data on the relative amounts
of colloidal and dialyzable phosphorus which were present in reactive and
organic forms during a six-month period. Of these four filterable fractioms,
dialyzable reactive-P (DiRP) was always the largest except at Stations 1 and
2 on 13 March (Table 5). The DiRP tended to comprise a smaller percentage of
total filterable P (TFP) at the upstream stations (averaging 527 at Stations
1 and 2), a larger percentage at the middle stations (71% at Stations 3 and
4), and intermediate percentages at the downstream stations (627 at Stations
5 and 6). Colloidal reactive-P (CoRP) was the smallest filterable fraction.
In 29 of the 41 samples it was < 5% of TFP, During the period March-June,
however, several samples showed > 107 CoRP, especially on 12-13 March and
those from Station 1 after 25 April, The average percentage CoRP at Stations
1 and 2 (13%) was more than twice the average at middle and downstream sta-
tions (Table 5), but the variances are large and the differences may not he
real. Dialyzable unreactive-P (DiUP) averaged 217 of TFP (range = 2-407); no
upstream—downstream differences were evident. Finally, colloidal unreactive-
P (CoUP) comprised the second smallest fraction of TFP (X = 14%; range = 0-
31%). Each of the two dialyzable fractions exceeded, on the average, its
colloidal counterpart. On the other hand, although mean DiRP exceeded mean
DiUP, mean CoRP was less than mean CoUP. ©Note that percentage totals often
differed from 1007 because of analytical error.

FRP Turnover Times and Uptake Rates

The turnover times of filterable reactive phosphate (FRP) in the estuary,
estimated from the uptake of labelled phosphate (32P), were long during most
of the year, generally exceeding 50 h (Fig. 19). Turnover times exceeding
200 h were not uncommon in the estuary during the pre-~bloom conditions of
28 July through 12 Dec 1976. During the bloom of Heterocapsa from 12 Dec
1976 to 2 April 1977, turnover times decreased to much shorter times. This
was especially pronounced at the upstream stations where turnover times
of 0.31 h (19 min) and 0.13 h (8 min) were found. After the bloom period
turnover times increased to 50-100 h but remained less than the pre-bloom
turnover times (Fig. 13). 1In general, FRP turnover times were shorter

37




| ! I ) I | | T | | T |

1.4 STATION | 1

0—8 ESSENTIAL P
|2 | ©—O ORGANIC SURPLUS P ]
: O0—0 INORGANIC SURPLUS P

02

N
T

~ STATION 2

[N
T

P-CONCENTRATION (ug-at-L™!)
o
T

T

0.8

06

04

0.2

J AAS O N D J F M A M J U
- 1976 1977

Fig. 18. Seasonal pattern of algal phosphorus fractions in surface waters
of the Pamlico River.

38




6¢

P-CONCENTRATION ( ug-at-L7")

|-2.. L I T T I

STATION 3

IO e—e ESSENTIAL P
0—0O ORGANIC SURPLUS P

o
D
i

O—0O INORGANIC SURPLUS P

STATION 4

06

C4ar

o02r

P-CONCENTRATION (ug-at-L™h
(@]

1976

Fig. 18.

(cont.).

08

06

04

0.2

0.6

04

0.2

STATION 5

©—® ESSENTIAL P
O—0O ORGANIC SURPLUS P
O—O INORGANIC SURPLUS P

STATION 6

J AAS O ND J F M A M
1976 1977

Fig. 18. (cont.).




o%

Table 5. Concentrations of total filterable phosphorus and its fractions, dialyzable reactive P (DiRP), colloidal
reactive P (CoRP), dialyzable unreactive P (DiUP), and colloidal unreactive P (CoUP).

Total Total
Date Station Filterable P DiRP CoRP DiUP ColUP Date Station Filterable P DiRP CoRP DiUP
(1977) (ug-at ~ 1°0) " @) @) (3 @y @977 (ug-at - 1-1) (@) %) (%)
9 Jan. 1 .9 59 4] 20 23 24 Apr. 4 2.29 80 0 24
3 1.00 73 0 13 15 5 2.32 70 0 20
6 .84 <39 0 38
8 Jan. 4 2.00 80 0 18 9
6 1.42 103 0 8 2 16 May 1 1.23 47 16 40
2 1.94 70 3 26
30 Jan. 3-4 ) 1.35 70 2 13 9 3 2.19 77 5 12
9 Feb. 3-4 1.00 71 2 7 19 15 May 4 5.16 94 2 2
5 1.87 - - -
20 Feb. 1 1.10 57 0 38 6 6 1.26 57 1 22
2 .87 52 [ 38 13
3 .87 59 0 33 17 6 June 1 2.10 39 16 29
4 1.23 86 0 19 0 2 2.84 66 0 16
5 1.32 73 0 23 2 3 4.84 78 7 10
6 1.29 67 0 33 2 )
5 June 4 - 10.97 95 1 2
13 Mar. 1 2.71 36 41 8 15 5 6.90 86 4 5
2 2.71 32 45 12 10 6 2.00 63 6 19
3 1.94 31 12 27 31
12 Mar. 4 2.61 71 0 25 7 All Stations
5 1.48 51 20 25 4
6 77 46 1 28 25 X = 2.15 62.1 5.9 20.9
SE, = .28 2.8 1.6 1.6
3 Apr. 1 1.97 61 2 12 24
2 1.90 60 9 9 23 Stations 1, 2
3 1.68 59 7 19 15
) X = 1.81 51.5 11.2 23.4
2 Apr. 4 2.26 59 13 20 9 S.E, = .19 3.5 4.3 3.2
5 1.35 42 4 31 23
6 1.10 42 8 21 27 Stations 3, 4
25 Apr. 1 1.77 35 14 24 28 X = 2.68 71.1 3.3 17.4
2 1.52 55 0 32 20 S .E, = .64 4.0 1.1 2.5
3 1.48 54 2 35 9
Stations 5, 6
X = 1.84 61.6 3.7 22.8
SE, = 44 5.6 1.7 2.7
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Fig. 19. Filterable reactive phosphorus turnover times (h) in surface
waters of the Pamlico River.
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(<50 h) in the upper end of the estuary while the lower half of the estuary
had longer turnover times (100-200 h).

Turnover times were routinely obtained from laboratory incubated samples
of 250 ml of estuary water., When samples of 125 ml, 500 ml and 1000 ml were
compared, however, the uptake rates were equivalent. 1In addition, when
samples incubated in the laboratory were compared to samples incubated just
under the surface at the end of a dock, the turnover times were again equi-
valent. This suggests the P~uptake values obtained through laboratory
experiments were not sensitive to the experimental volumes used nor to con-
ditions: particular to the incubator.

Uptake rates of phosphate at 100% light and ambient estuary tempera-
tures varied with season and from one end of the_estuary to the other (Fig.
20). The lowest uptake rates (< 0,0l pg-at P*1° -h‘l) occurred almost
entirely downstream at Stations 5 and 6. Rates < (.02 ug-at P-17Llen-1 yere
found at the upper end of the estuary at Stations 1 and 2 only on 15 Nov
1976. The highest rates occurred during the cold temperatures of the winter
bloom on 20 Feb 1976 at Stations 3 and 5 (0.9 and 0.6 ug-at P-l—l-h_l,
respectivelX) and at Station 1 on 19 Feb and 2 March 1977 (2.0 and 3.6 ug-
at Pel=l.n” , respectively), Although the peak uptake rates found were
higher in 1977 than in 1976, rates above 0.l ug-at p.17L.p7L extended over
almost the entire length of the estuary in 1976 (Fig. 20).

Algal-P Turnover Times

Phytoplankton-P turnover times, calculated for the period July 1976-
July 1977 when particulate-P was analyzed for essential-P, surplus organic-
P, and surplus inorganic-P, were mostly between 20 and 60 h in the Pamlico
River (Fig. 21). Longer turnover times occurred on 17 Oct., 1976 at Station
2 (78 h) and on 19 Feb., 1977 at Station 5 (70 h). Turnover times less than
10 h were only found at Stations 1 and 2 in winter; the minima were found
at Station 1 on 8 Jan. (2 h) and on 19 Feb, (1.2 h).

Effects of Temperature, Light, Antibiotics, and Phosphate
Concentration on P-Uptake Rates

The rate of l4-carbon uptake was not affected by the downward shift
in temperature at Station 1S, but was reduced about 20% by increased tem-
perature at both stations and by reduced temperature at Station 4S8 (Table
6). Thus, it was assumed that the 32p results did not result from grossly
injured or temperature shocked plankton. The quotient of the P uptake rate
at one temperature divided by the rate at a temperature 10 C lower (termed
QlO) shows the effect of temperature. The QlO’S for 32p uptake were highest
at the lower river temperatures (Table 7), ranging from 2.46 at the temperature
range of 3-10 C, to 1.38 at the temperature range of 21-31 C. When the Q1o
values of P-uptake were calculated from three temperatures (e.g., 3 C, 10 C,
and 20 C), the Q1o value was greater in the 10 C range closest to the
ambient river temperature, For example, on 19 Feb 1977 when the river
temperature was 3.5 C, the mean Qjp from 3-10 C at 6 stations was 2.46 while

42




Table 6. Uptake of 14C by phytoplankton in the Pamlico

Estuary after 1 hour temperature shifts
(10 & 30) compared to ambient estuary

temperature (20 C).

Each temperature

manipulation was performed in triplicate.

Temp. Activity (cpm)
Date Station (C) Xx*1S8.,D,
26 April 1977 1s 30 7700 = 460
1s
1s 20 9600 + 520
1s 10 9300 + 330
25 April 1977 4s 30 1500 £ 90
4s 20 1800 = 50
48 10 1500 t 160
| ALGAL-P TURNOVER TIME (h)
L ) L) T T L) T L Al L] 7ov‘ \l w} i /
Z-. (6\040 10 20
3 20 4
40
=] 40 .
=4 °
= | 20
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Fig. 21. Algal phosphorus turnover times (h) in surface waters of the

Pamlico River.
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Table 7.

Station

7%
o

Q1 values for
10 C temperature change.

32P uptake rates in the Pamlico Estuary 1976-1977. *

values corrected to a

Aug 15-16 Sept 5-6 Dec 12-13 Jan 8-9 Feb 19-20%* Feb 19-20
1976 1976 1976 1977 1977 1977
Exptl. Temp.(C) 15-25 15-25 10-20 10-20 3-10 10-20
- 1.9 1.6 2.1 1.8 -
- 1.7 3.0 1.7 2.2 1.3
- 1.7 2.0 1.5 2.6 1.8
1.6 1.5 2,2 ‘1.6 2.3 1.4
3.9 1.4 1.5 1.6 2.7 1.2
3.7 1.6 2.5 1.7 3.2 1.6
April 2-3  April 2-3%  April 24-25 April 24-25 May 14-15 June 5-6%
1977 1977 1977 1977 1977 1977
Exptl. Temp.(C) 15-25 7-15 20-30 10-20 21-31 20-28
1.4 2.0 1.6 2.1 1.5 1.8
1.6 2.4 - - 1.3 -
1.9 2.2 1.3 2.2 1.2 1.7
Exptl. Temp.(C) 15-25 7-15 20-30 10-20 22-31 21-28
1.7 2.4 1.2 2.2 1.7 1.7
1.5 2.5 - - 1.1 -
1.6 1.8 1.5 2.4 1.5 1.7




the Qi from 10-20 C at 5 stations was only 1.46. The lower Qlo's in the
highest temperature ranges suggests that elevated experimental temperatures
may inhibit the phosphate uptake mechanism.

Phosphate was removed from the water by seston in both surface and
bottom strata of the estuary during cold or warm seasons when samples were
incubated at their normal light conditions (Table 8, 9). Light was not a
requirement for phosphate uptake. In many instances (Dec. 76, Stations 4,
5, and 6; May 77, Stations 5 and 6) the absolute uptake rate was greater at
the bottom, in spite of lower FRP kconcentrations at the bottom, because of
more abundant deep phytoplankton (as indicated by chlorophyll measurements).

The rate of FRP uptake generally decreased when surface samples,
normally in the light, were placed in the dark (Tables 9, 10). Dark values
ranged from 33% to 1267% of those of the light sample. Only two values over
100% were obtained, with the remaining 15 dark samples averaging 80 + 4% of
their respective light samples. When bottom samples, normally in near
darkness, were exposed to light, the rates of FRP uptake increased (Table
9) from 114% to 206% of the corresponding dark values and averaged 161 +
9%. Thus, while the surface samples incubated in the dark decreased their
uptake rate by an average of 20%, bottom samples in the light increased
their uptake rate by an average of 617%.

Light, therefore, generally stimulated the uptake rate of phosphate
by the plankton but uptake was not entirely dependent on light. There was
a trend for samples low in phosphate to be affected more by darkening the
samples. Samples below 1.5 pg-at P+l ~ had a mean decrease in uptake rate
of 50% while those greater than or equal to 1.6 ug-at P-1~1 decreased only
127 (Table 10). This was illustrated in detail on 5-6 June 1977, when
Station 1 showed a non-linear positive uptake rate with increasing light,
while Stations 4 and 6 showed little or no effect (Table 11).

Both algae and bacteria are important in cycling of phosphorus in
natural waters. Since algal cells are generally larger than bacterial
cells, size separation by differential filtration, using 8 um and 0.45 um
Millipore filters, was one technique used to ascertain the relative impor-
tance of each type of organism to inorganic phosphorus cycling. However,
bacteria attached to algae or to detrital particles may also be trapped on
the coarser filter., The antibiotics penicillin G and streptomycin, there-
fore, were used as a second technique to discriminate between the P-uptake
activity of bacteria and of algae in either size fraction. The addition of
the antibiotics caused slight changes in the chemistry of the water samples.
In particular, the ammonium values increased by 9 ug-at Ne171 and phosphate
values by 0.65 ng-at P-l_l.

Antibiotics had little effect on the uptake of 14C by either size
fraction of plankton in surface or bottom samples (Table 12). Values of
14¢ contained in the larger (> 8 um) size fraction were from 99% of the
total activity at Station 4S to 70% of the activity at Station 6S (Table
12). The low lag activity in the larger size fraction at Station 6S
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Table 8, Filterable reactive P (FRP) uptake rates at the surface and
bottom of the Pamlico River at ambient temperature, light and
FRP concentrations. Temperatures were 20 C in December and
21-22 C in May.

FRP P uptake rate
Station Light (ug-at =171y (pg-at «1~1.p-1)
12-13 Dec 76
1S 100% 1.32 0.115
1B 0% 2.00 0.021
28 100% 1.94 0.087
2B 0% 2.10 0.022
3S 100% 1.84 0.064
3B 0% 1.97 0.023
48 100% 2.35 0.022
4B 0% 1.97 0.030
58 100% 2.42 0.013
5B 0% 1.32 0.016
6S 100% 2.00 0.016
6B - 0% 1.06 0.035
15-16 May 77
1s 100% 0.90 0.039
1B 0% 1.00 0.042
28 100% 1.42 0.031
2B 0% 1.68 0.027
3s 100% 1.81 0.037
3B 0% 1.81 0.023
4s - 100% 4,68 0.034
4B 0% 2.58 0.031
58 100% 2.26 , 0.022
5B 0% 2.23 0.034
6S 100% 0.90 0.017
6B 0% 0.81 0.018
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Table 9. Filterable reactive P (FRP) concentrations and P uptake rates in light and dark-
ness in surface and bottom samples from the Pamlico River., All measurements
made at 25 C.

Dark 32? Light 32P

FRP Light P Uptake Rat% Uptake Rate Uptake Rate
Date Station (ug-at<1-1) (% ambient) (pg—at-1'1~h' Y (% of light) (% of dark)
6 Sept 76 1s 2.84 100 0.052
1s 2.84 0 0.043 83
28 4,00 100 0.042
28 4.00 0 0.037 88
3s 6.68 100 0.036
3s 6.68 0 0.034 94
5 Sept 76 48 7.19 100 0.036
48 7.19 ¢] 0.026 71
58 5.00 100 0.037
58 5.00 0 0.031 85
68 2,19 100 0,017
65 2.19 0 0.014 83
6 Saept 76 1B 3.74 100 0.054 114
1B 3.74 0 0.048
2B 5.00 100 0.063 154
2B 5.00 0 0.041
3B 7.87 100 0.037 114
3B 7.87 0 0.033
5 Sept 76 4B 7.23 100 0.045 141
4B 7.23 0 0.032
5B 5.00 100 0.042 173
. 5B 5.00 0 0.024
6B 2,23 100 0.026 157
6B 2.23 0 0.017
27 Sept 76 1s 2.84 100 0.044
18 2.84 0 0.043 98
28 4,13 100 0.039
28 4,13 0 0.050 126
38 4,84 100 0.038
38 4,84 0 - 0.039 102
26 Sept 76 45 5.65 100 0.032
48 5.65 0 0.025 79
58 4,11 100 0.016
58 4,11 0 0.015" 95
68 2.90 100 0.014
6S 2.90 0 0.011 75
27 Sept 76 1B 3.55 100 0.056 206
1B 3,55 0 0.116
2B 7.10 100 0.078 206
2B 7.10 0 0.160
3B 5.32 100 0.028 206
3B 5.32 0 0.058
26 Sept 76 4B 6.61 100 0.041 148
4B 6.61 0 0.061
5B 2.86 100 0.011 166
5B 2,86 0 0.018 )
6B 2,26 100 0.013 147
6B 2,26 0 0.019
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Table 10. Phosphorus uptake rate by surface seston as a function of light intensity and differing FRP
concentrations in the Pamlico River.

P Dark 32p
Temp, Light FRP uptake rate uptake rate
Date Station () (% _Ambient) (ug-at-1-1) (ug—at-l‘loh‘l) (% of light)
2 Mar 77 1s 10 100 0.48 3.68 ' 68
1s 10 (0] 0.48 2,53
6 June 77 1S 20 100 0.77 0.111 33
1s 20 0 0.77 0.036
3s 20 100 4.29 0.070 78
3s 20 0 4,29 0.054
5 June 77 4s 21 100 10.90 0.088 94
4s 21 0 10.90 0.082
6S 21 100 1.61 0.028 81

6S 21 0 1.61 0.023

Table 11. The effect of increasing light on the uptake of 32P (h—l) by the seston in the Pamlico Estuary. Temp. = 21 C.

FRP ., = - Light Part, 2P

Date Station (ug-at-1 ) {7 Ambient) _ (Z of total 32P)
6 June 77 1s 0.77 0 0.043
12 0.068
33 0.091
55 0.114
100 0.125
5 June 77 4s 10.90 0 0.007
12 0.007
33 0.007
55 0.007
100 0.007
6 June 77 6S 1.61 0 0.011
12 0.013
33 0.014
55 0.015

100

0.015



Table 12. Effects of antibiotics and particle size on the uptake of 14C

and 32p by Pamlico River seston at four stations, surface and
bottom, 12-13 March 77. "A" indicates antibiotic treatment.

Size Lag 32p
Station Fraction % of -1 % of Uptake
Treatment (um) cmp activity k (h 7) total uptake % algal 7 bact.
1s >8 439 92 .090 77 77 23
<8 40 8 027 23 0 100
1s + A >8 413 92 .069 100
<8 38 8 . 000 0
1B >8 485 91 074 73 68 22
<8 49 9 .028 27 17 83
1B + A >8 418 91 .050 91
<8 35 9 . 0047 9
38 >8 2551 98 .139 92 65 35
<8 58 2 .013 8 28 72
38 + A >8 2538 98 .091 96
<8 54 2 .0035 4
3B >8 4098 98 137 92 56 44
<8 63 2 .012 8 27 63
3B+ A >8 4132 99 077 96
<8 59 1 .0032 4
4S8 >8 4065 99 .019 85 144 0
<8 47 1 .0034 15 15 85
48 + A >8 4545 99 .028 28
<8 48 1 . 0005 2
4B >8 2874 98 .016 92 122 0
<8 59 2 .0014 8 57 43
4B + A >8 2488 98 .020 96
<8 46 2 .0008 4
65 >8 129 70 .016 80 44 56
- <8 56 30 .0040 20 15 85
6S + A >8 127 68 .0069 92
<8 58 32 . 0006 8
6B >8 141 77 .013 80 43 57
<8 41 23 .0034 20 18 82
6B + A >8 107 78 .0056 20
<8 30 22 .0006 10
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indicated a larger percentage of small algae at this station.

In contrast, the antibiotic treatment had a major effect on the 32P
fractionation (Table 12). For example, at Station 1S, comparison of k
values of the large size fraction (> 8 um) to the total k of both fractions
(.090/.117) shows that 77% of the 22p uptake (Column 6) is attributable to
the larger particles, Within the large size fraction, comparison of the
uptake rate after antibiotic treatment to the control rate (.069/.090) in-
dicates that 77% of the uptake (Column 7) has not been affected by the
treatment and is therefore attributed to algal uptake; the difference (23%)
(Column 8) is attributed to bacterial uptake associated with large parti-
cles. At Station 1B the large size fraction also accounted for most of the
uptake and was mostly algal in nature. However, in the smaller size
fraction (< 8 um) at Station 1, none of the 32P uptake by surface samples
and only 17% of the bottom uptake remained after treatment with antibiotics,
Thus, a major portion of the 32p uptake in the small size fraction appears
to result from bacterial action,

Although the rates and percentages differed, the same patterns seen at
Station 1S and 1B were present at the other stations except that Station 4B
showed greater presumed algal than bacterial uptake in the small size frac-
tion, and .Stations 6S and 6B showed more Eacterial than algal uptake in the
large size fraction., Thus, most of the 1% ana 32p 2ctivity was confined
to the larger size fraction. However, whereas the 14c activity was not
affected by the antibiotics, the 32P uptake decreased in both size fractions
except for the larger size fraction at Station 4. Bacterial uptake of 32p
ranged from 0% to 58%Z of the total in the larger size fraction, and from.
437 to 1007 of the total in the smaller size fraction. '

Bacterial uptake of 32P by both the large and small fractions in sur-
face waters was calculated as:

(% bact,g) (k>g) + (Zbactcg) (k<g)

(kyg) + (keg)
Bacterial uptake ranged from 137 of the total (algal plus bacterial) at
Station 4S to 627% at Station 6S, with Stations 1 and 3 averaging 40%. Along
the bottom of the estuary, bacterial uptake of inorganic P ranged from 3%
at Station 4B to 627% at Station 6B with Stations 1 and 3 with totals of 38%
and 467, respectively. Thus it appears that bacterial uptake was signifi-
cant in the estuary in March, but usually was not dominant. Uptake of 32p
by algal cells from the darkened bottom strata was not greatly different
from algal uptake in lighted surface strate, nor was bacterial uptake
vertically stratified. The largest change in percentage of algal uptake ]
occurred with horizontal distance down the estuary.

Bacterial uptake (%) = (11) |

When increments of phosphate (usually in the range of 0.97-6.45 pg-at.
1) were added to natural water, the uptake rate increased with phosphate
concentration. The maximum rates (V ) calculated from the Lineweaver-—
Burke formulation of the Michaelis—Mg%¥en equation (see Methods) were
approximately 2-3 times the rates of ambient phosphate concentration (Table
13)., The concentration at which one-half the maximum rate of P uptake
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Table 13. Phosphate uptake rates (k = uptake rate constant; v = uptake rate) in the Pamlico River, and
kinetic parameters (Vmax = maximum uptake velocity; Kg = half-saturation concentration)
determined by varying phosphate concentrations.

Ambient Conditions

5 - FRP_l -k‘l V—l - ma}_{l -1 Ks 1

Date Station (pg-at-1 7) (min ) (ug-at-1""-h 1) (ug—at=1 +-h 1) (ug-at-171)
15 Nov. 1976 1s 1.84 0.000135 0.0149 0.0323 2.32
14 Nov. 1976 43 2.90 0.000068 0.0118 0.0238 2.94
6S 1.84 0.000072 \0.0079 0.0185 2.71
30 Jan. 1977 48 0.81 0.00089 0.0432 0.0894 0.95
2 March 1977 1s 0.48 0.127 3.65 5.89 0.32
25 April 1977 1S 0.94 0.00134 0.0752 0.154 1.06
24 April 1977 4s 2.13 0.000249 0.0318 0.0526 1.26

10 July 1977 1s 9.52 0.000153 0.0874 0.252 : 18.5




occurred (Ks) varied from 0.32 to 18.5 ug-at-l_l. Exclusive of the high
value on 10 July 1977, the Kg value averaged 1.65 ug—at-l_l, about the same
as the mean FRP for these dates. In general, the lower the FRP concentra-
tions, the lower the Kg and the higher the velocity of phosphate uptake (v).
Therefore, as the cells became less phosphorus deficient as more FRP became
available, the Kg value increased. This demonstrates that the half
saturation coefficient for phosphorus uptake by natural phytoplankton popu-
lations is not a constant but a variable depending on the pre~history of the
algae and existing environmental conditions,.

Relative Rates of Labelling of Particulate-P Fractions

Phosphorus taken up from the medium is incorporated into several meta-
bolic pools., The rate of 32P uptake and its subsequent location within
different cellular pools yield valuable information about the nutritional
status of the algae. To establish the nature of this linkage in the Pamlico
River, we incubated samples of surface estuarine water at three experimental
temgeratures, 3 C (ambient), 10 C, and 20 C and followed not only the rate
of 32p uptake, but also its distributiion within various algal metabolic pools
(Tables 14, 15 and 16), At higher temperatures, 32p was removed from solu-
tion at increasing rates; Qg values were from 1,25 to 2.17, averaging 1.46
(see also Table 7). For example, at Station 1S at 3 C, 9.55 ug-at P-1
cycled through 2.44 pg-at 171 of algal P each hour (Table 14A and B);
algal-P thus turned over 16 times per hour. However, at 20 C, 17,5 ug-at
p.1-1 cycled through the same amount of algal P (Table 14A and B); algal-P
turned over 7 times and FRP 29 times per hour. At these uptake rates, ap-
parent tracer equilibrium (when filtrate 32p stopped declining) was estab-
lished at both temperatures, However, at Stations 2S5 and 3S (Tables 15 and
16) the uptake rates were lower and thus apparent tracer equilibrium was
established only at 20 C for Station 2 during the time period of these
experiments.

At Station 1S, nutrient P and algal P had been replgsed many times over
by the end of an hour. At apparent tracer equilibrium, P had not equili-
brated with filterable P, especially the FUP fraction (Table 14B). FU32p
equalled 1.7% and 0.5% of the added tracer at 20 C and 3 C respectively
(demonstrating increased FU32p loss from cells at higher metabolic P cycling
rates), while ru3lp represented 18% of stable P. Thus, FUP was not as
metabolically active as the Part~P and FRP pools or could only become labeled
after the particulate-P reservoir reached a high specific activity (Kuenzler
1970). At Station 2S at 20 C, only 1.1% of the tracer was in the FU32p
fraction while FU31P represented 29% of stable P (Table 15B). Again the
tracer had not equilibrated in the FUP fraction. Algal P dominated the dis-
distribution of stable P (66% of total P) at Station 1S whereas labeled algal
P represented 85.3 and 77.5% of the total 32P added at 20 C and 3 C, respec-
tively Station 2S5 showed the same trend.

Algal P was analytically separated into three metabolic pools, inorganic

surplus P, organic surplus P, and essential P (see Fig. 2). The tracer and
stable P taken up by the cell went mostly to the inorganic surplus-P and to
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Table 14.

3
Comparison of stable (BlP) phosphorus fractions with labeled ( 2P)

phosphorus fractions at apparent tracer equilibrium on 20 February
The experiments lasted

1977 at Station 1S on the Pamlico River.

4,5-4,8 hrs.

Uptake Rates

Uptake rate

Temp (C) k (min_l) (ug—at-l_loh—
20 .106 3.87
10 - .0674 2.47

3 .0538 1,97

Distributions of P Within Major Pcols

Algal P FRP
20 ¢ 3%p (cpm) 66100 9950
% 85.37% 13%
32
3C 7P (cpm) 63200 18100
A 77.5% 227
Kk -
g (ug-at-l l) 2.44 0.61
% 66% 16%
Distributions of P Within Algal Pools
Inorganic Organic
Surplus P Surplus P
20 ¢ 3%p (cpm) 30800 12200
7% 477 18%
32
3C 7 7P (cpm) 41600 3410
% 667% 5%

Ak -

31P (ug-at-1 l) 0.67 1.34
% 27% 55%

*At apparent tracer equilibrium

*%Ambient concentrations; all experimental temperatures.

Algal
1 absorbed P
) (ug-at-171)
17 .5%
11.3%
9.6%
FUP Total P
1290 77300%
1.7%
390 81800%*
0.5%
0.65 3.70
18%
Essential Algal
P P
23000 66100%
35%
18200 63200%*
29%
0.43 2.44
18%



Table 15. Comparison of stable (31P) phosphorus fractions with labeled
(32P) phosphorus fractions at tracer equilibrium (20 C) and
before tracer equilibrium (3 C) at Station 2S on 20 February
1977 in the Pamlico Estuary. The experiments lasted 4.6-4.9
hrs.

A, Uptake Rates

Algal
-1 Uptake ratel Absorbed P
Temp (C) k (min ) (ug~at-1"1.h~ ) (ug—at-l-l)
20 0.00931 ‘ 0.307 1.39%
10 0.00695 0.229 1.09
3 0.00444 0.146 0.71
B. Distribution of P Within Major Pools
Algal P FRP FUP Total P
20 ¢ 3*p (cpm) 61700 14700 894 77300%
7% 807 19% 1.1%
3¢ 3% (cpm) 47900 29400 383 77700
7 61% 38% 0.5%
*%
p (ugmat-1-l)  0.74 0.55 0.52 1.81
yA 41% 30% 29%
C. Distribution of P Within Algal Pools
Inorganic Organic Essential Algal
Surplus P Surplus P P P
20 ¢ >%p (cpm) 25800 9140 26800 61700%
% 427 15% 437
3¢ 3% (cpm) 34100 4400 9400  47900%
7% 71% 9% 20%
&% 1
3p (ug-at-1-1) 0.226 0.448 0.10  0.774
A 297 58% 137

*At apparent tracer equilibrium
**Ambient concentrations; all experimental temperatures




Table 16.

Comparison of stable (31P) phosphorus fractions with labeled

(32P) phosphorus fractions during tracer uptake before tracer
equilibrium at Station 35S on 20 February 1977 in the Pamlico

River.

Uptake Rates

Temp (C) k (min-lz
20 0.00356
10 0.00199

3 0.00110

The experiments lasted 4.,7-4.,9 hrs.

Uptake rate
(ug-at+171.n-1)

0.124
0.0690
0.0383

Distribution of P Within Major Pools

Algal P
20 ¢ 32p (cpm) 38000
p 48%
3 ¢ *?p (cpm) 18000
7 25%

* -
My (ug-at.17h 0.49
7 307

FRP

3

9600
51%

54300

747

0.58
35%

Distribution of P Within Algal Pools

Inorganic
Surplus P
20 C 3ZP (cpm) - 15100
% 40%
3¢ 3% (cpm) 13700
% 76%
* -
3p (ugmate17h 0.164
% 347

Organic

Surplus P

6670
18%

1430
8%

0.252
52%

Algal
absorbed P
(ug—at°l'l)
0.58
0.33
0.19
TUP Total P
719 78400
0.9%
492 72700
0.7%
0.58 1.65
35%
Essential Algal
P P
16200 38000
43%
2890 18000
16%
0.074 0.49

*Ambient concentrations; all experimental temperatures.
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the essential P pools (Tables 14C, 15C, and 16C). At Station 3 at 3 C, 76%
of the tracer entered the inorganic surplus P pool, whereas 34% of the stable
P was in this pool (Table 16C). At 20 C, the amount of tracer in this pool
was only 40% of total 32P at the end of the experiment, while the remaining
two pools increased in activity relative to the 3 C experiment. At 3 C, the
highest specific activity was attained by the inorganic surplus P (8 x 100
cpm « ug-at ), However, at 20 C with the cells approaching tracer equili-
brium,. the highest specific activity occurred in the essential P pool (22 x
10° cpm = ug-at=1l). This movement of P from one metabolic pool to another
at Station 4S in January is shown in Figure 22, This same trend is seen at
Station 25, i.e., as the cells take up more P, the specific activity changed
from a maximum in surplus inorganic P at 3 C to essential P at 20 C (Table
15C). However, at Station 1S where apparent tracer equilibrium had been
established at both 3 C and 30 C, the highest specific activity was already
found in the essential P pool, (Table 14C). Thus, as the metabolic rate
increased, and as more P was absorbed, the P first assimilated into surplus
inorganic P was quickly transferred to the essential P and organic surplus P
fractions., In addition, as the uptake rate of P increased, the production
of FU32p increased. That is, as the P was transferred from inorganic surplus
P to the essential P pool, FU32P excretion apparently increased.

Even at apparent tracer equilibrium, however, 32P was not distributed
in proportion te its stable P counterparts. This occurred not only in terms
of the P distribution in the water, but also in terms of 32p distribution
within the algal cells (Tables 14, 15 and 16). Thus, pool sizes of stable P
give little indication of their metabolic importance, Measurement of stable
P distributions alone can lead to erroneous conclusions as to their actual
importance in P cycling reactions.

Plankton Production of Filterable Unreactive P

The production of FU32P was determined at the end of kinetic experiments
on all dates sampled, FU32P was not detectable in these experiments except
from late January 1977 through April 1977, and reac?ed a peak during March
1977 when it accounted for nearly 4% of the total 32p in the system. On all
other dates FU32P ranged from < 1% to nearly 3% of total 32p (Tables 14, 15,
and 16, and Fig. 22). When FU32P was detectable, the uptake rate of phos-
phorus was high, implying that the tracer was quickly incorporated into algal
metabolic pools and then leaked or excreted back into the water as Fu32p,
During kinetic experiments where the uptake rate was slower, the metabolic
algal pools were not sufficiently labelled during the experiments and thus
FU32P did not become detectable. The proportion of FU32P never approached
the proiortion of FU31lp, Whereas algal production of FU32P was detectable,
the FUSYP in the water did not attain equilibrium with the tracer during
these experiments.
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Alkaline Phosphomonoesterase Activity

The activity of the enzyme alkaline phosphomonoesterase (PMase) changed
over the year and with dlstance down the estuary., Highest enzyme activities
(700-1200 n moles PNPP°1 1-h ) were recorded during the bloom period (2-12
March 77) at Stations 1, 3 and 4, Lower enzyme activities (150-200 n moles
pNPP.1 1.n71 ) were found just after the collapse or washout of the phyto-
plankton bloom downstream (Table 17). The lowest values in the estuary were
found at Station 6 (< 300 n moles PNPP-l-l-h_l; except on 5 June), In
general, the PMase activities per liter decreased downstream toward the
sound., This pattern changed with the movement of the bloom downstream in the
winter-spring of 1977. During this period highest enzyme activities were
found first at Station 1 (19 Feb 1977), with subsequent peak readings at the
lower stations. On 12 March 77, peak activity was at Station 4, on 5 June
1977 peak activity occurred at Stations 4 and 6, and on 10 July 1977 the
highest PMase activity was found at Station 6.

Particulate enzyme activity was usually greater than filterable activity
(ratio ~ 3:1); on 23 April 1977 at the upstream stations (1-3) the ratios
equalled 6:1 to 8:1 (Table 17), However, just after movement of the bloom
downstream, upstream stations had ratios of 0.6 to 0.9:1, The half satura-
tion coefficient (K,) for the alkaline PMase in the Pamlico Estuary equalled
54 pg-at P-1 l Since FU3LP concentrations rarely exceeded 1 ug-at P- 171
the use of thls substrate by the algal cells appears to be very 1neff1c1ent.
This is especially so since one-third ' of FUP is colloidal and probably even
less available to algal PMase than is DiUP (Table 5).

Nitrogen Distributions

The nitrogen concentration data shown here are for "surface" samples
(0.5 meter depth) collected at the six sampling stations. Data for "bottom"
samples (0.5 meters above bottom) are not shown because they were usually
similar to the surface data. Concentrations are generally expressed as pg-at
N.17%; to convert these to ug N+1~ l, multlply by 14. To convert to ngel + of
NH4, NOp, or NO3, multiply the pg-at N- 171 values by 18, 46, or 62, respec-
tively. The tabulated data from which the isopleth plots were constructed
are included in Appendix I.

During this study nitrate levels in the Pamlico were above 1 ug~at N°* l_l
only at the upstream stations and there only in wintertime; nitrate was below
the limit of detection (0.7 ug-at N- -1 ) most of the time., In November 1975
the concentrations ran%ed from about 15 ug-at N-1 "1l at stations 1 and 2 to
less than 1 ug-at N-1 - at Stations 5 and 6 downstream (Fig. 23), The up-
river nitrate then began to increase, reaching a peak of over 25 ug-at Nel™
by January-February 1976, but in the lower half of the estuary there was no
increase. Below Station 4 the nitrate fell to less than 0.7 pg-at N-1"l and
remained there through the rest of the study period. Meanwhile, the upriver
nitrate levels began to decline in March and April 1976 so that by summer they

were at or below 1 ug-at N-1 1 at all the sampling stations., This lasted
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Table 17. The distribution of alkaline phosphomonoesterase (PMase) activity {n moles PNPP hydrolyzed per hour)
in the Pamlico River.

Total PMase Particulate PMase Total PMase Particulate PMase -
Date Station (per liter) (per liter) (per mg dry wt.) Date Station (per liter) (per liter) (per mg dry wt.)
26 Sept 76 1 330 250 103 12 March 77 1 376 145 16
2 320 240 80 2 376 145 41
3 245 155 ‘53 3 752 549 66
4 189 115 26 4 842 631 45
5 136 - - 5 179 100 37
6 84 - . - 6 272 216 121
17 oct 76 1 141 - - 2 April 77 1 140 61 24
2 110 - - 2 137 65 35
3 93 - - 3 149 77 34
4 64 - - 4 483 384 74
5 102 - - 5 459 444 89
6 25 - - 6 220 191 65
14 Nov 76 1 126 41 : 16 23 April 77 1 177 157 31
2 95 54 34 2 195 168 47
3 66 0 - 3 203 173 44
4 97 0 - 4 159 101 v22
5 143 86 81 5 115 72 31
6 108 49 33 6 151 123 a5
12 Dec 76 1 343 253 20 15 May 77 1 240 169 43
2 214 173 38 2 206 154 53
3 195 137 47 3 189 . 142 49
4 104 80 41 4 153 120 22
5 79 70 28 5 124 90 31
6 68 51 34 6 - 96 62 17
9 Feb 77 4 134 69 - 5 June 77 1 381 - -
2 247 - -
19 Feb 77 1 470 346 26 3 217 - -
2 316 241 30 4 730 - - -
3 192 148 51 .5 318 - -
4 36 27 10 6 558 - -
5 44 ‘ 33 . 14
6 34 25 - 10 July 77 1 242 86 16
2 227 102 26
2 March 77 1s 1,239 1,010 57 3 192 19 5
1B 1,005 793 41 4 143 62 : 23
5 242 168 41
6 261 179 : 51



until November when the upriver levels again began to rise. As in the pre-
vious winter, the peak concentration occurred at Station 1 in March. However,
the 1977 peak was somewhat lower than that of l97§i Finally, by May 1977 all
stations were again showing less than 1 pg-at N.1 ~ as nitrate (Fig. 23).

Nitrite was by far the least abundant form of nitrogen measured. Its
concentrations ranged from undetectable (less than 0.07 ug-at N-l_l) to
around 0.6 ug-at N-1 1 (Fig. 24). Upriver, at Stations 1 and 2, levels above
0.4 pg-at N+1 - were reached only briefly during the 1975~1976 winter and in
January and March 1977, Downriver, except for short intervals in the fall of
1976 and March 1977, the nitrite levels were below the limits of detection
throughout the study perioed. Thus, nitrite concentrations exhibited a sea-~
sonal pattern very similar to that for nitrate even though the difference in
concentrations of nitrate and nitrite were sometimes more than 100~-fold (Fig.
23, 24).

Generally more ammonia than nitrate was present at the downriver stations
throughout the year. Below Station 3 during 1976 ammonia fluctuated between
1 and 4 pg-at N+1" 1, but followed no obvious seasonal pattern (Fig. 25).
However, in early 1977 ammonia decreased to less than 1 ug-at N+1 L at all
stations and, except for a brief interval in February, stayed below 1 ug-at
Nel at Stations 5 and 6 for the rest of the spring and early summer,
Ammonia, like nitrate, was most concentrated upriver during wintertime, For
example, at Station 1, peak ammonia concentrations were measured in January
1976 (> 15 ug-at N-l-i) and in February-March 1977 (> 15 ug-at N-1 1), At
Stations 2 and 3 ammonia maxima occurred at these same times, but the peaks
were somewhat  lower than at Station 1. Although the winter peak ammonia
levels were lower than those for nitrate, the summer ammonia levels were 1-4
ug=at N+171 higher than those for nitrate (Fig. 23 and 25) at least during
1976,

Dissolved organic nitrogen (DON) levels were usually about the same at
all stations on any given sampling date. Thus, most of the isopleths on Fig.
26 extend from top to bottom of the plot., Two exceptions to this pattern
occgfred: one in March-April 1977 when concentrations rose to over 50 _ug-at
N+1 = at Station 3, and the second in July 1977 when the 60 ug-at N-1 1 fevel
was exceeded at Stations 1 and 6., Otherwise, typical DON concentrations were
in the 20-40 ug-at N-1 * range (Fig. 26). It appears that levels were_some-
what higher in the spring and early summer of 1977 (40 to 60 ug—at N<1 l)
than during the same period in the preceeding year (20 to 40 ug-at N«l_l),
but since no samples were taken between April and July 1976, this apparent
difference may not be real.

Particulate nitrogen (PN) levels were highest upstream during most of
the year, but several large peaks in the middle of the river tended to cor-
relate with late-winter algal blooms, At Station 1, all but one sample
contained at least 20 pg-at N1 ~ as PN, whereas only about one-half of those
from Station 6 contained ezfn 10 yg-at N-1 1 ey, Up river, peak concentra-
tions of over 40 pg-at N°1 ~ were measured in October 1975, December 1976,
and January 1977 (Fig. 27). The middle-river stations showed the most sea-—
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Fig. 24, Nitrite distribution in surface waters of the Pamlico River.
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sonal variability in PN. For example, at Station 4 the concentration rose to
over 40 pg-at Nel * twice in the 1975-1976 winter, and again in March 1977,
but at other times varied generally from 10-30 ug-at N1 1 with no obvious
seasonal pattern. The March 1977 peak definitely was correlated with an
algal bloom in the river, which was observed first at Station 1 in early
February (Fig. 27).

Nitrate and Ammonia Uptake Rates; Ambient Conditions

Isopleth plots depicting seasonal patterns of nitrate and ammonia uptake
at the six river stations were developed from the incubator uptake data. All
of the rates used in these plots were measured at the same light intensity,
95 p-einsteinse.m esec™l (at 100% incubator light intensity). These data are
not daily averages, but can be considered as representative of daytime uptake
near the surface, since except on the darkest winter day, nbontime surface
light intensity probably exceeds the incubator light intensity. These data
can also be considered as representative of light-saturated uptake, since
intensities of 50-100 u-einsteinsem” «sec™l were usually sufficient to
saturate uptake in the experimental measurements (see below). The data are
from measurements at ambient river temperatures or were estimated by interpo-~
lating between measurements at two incubator temperatures, one higher and one

lower than ambient,

Nitrate uptake rates ranged from less than 0.03 to over 0,3 ug—atoN-l—l-
h™ ™ between October 1975 and July 1977 (Fig. 28). The lowest rates were at
the downriver stations during winter., Upriver, the winter rates were around
0.03-0.07 ng-at Ne1=l.n71, During summertime, nitrate uptake was higher
(.03-.14 ug—at-N-l"l-h'l) and there was not much difference in the rates at
different stations. Peaks of nitrate uptake occurred in October 1975 at
Station 3 and in February and March of both 1976 and 1977 at Station 4. These
spring peaks exceeded 0.29 ug—at'N-l"l-h'l and they corresponded with the
algal bloom that regularly occurs in the middle portion of this estuary in
January, February, and March (Hobbie 1974).

Ammonia uptake was also slowest during the winter. For example, in
December 1975 and January 1976 the rates were less than 0.07 ug—at-N-l‘l-h‘l
at Stations 5 and 6 (Fig. 29)11 Meinwhile, upriver rates at Station 1-3 were
between .14 and .71 pg-at Ne1 “+h™, During the 1977 spring bloom there was
a peak in ammonia utilization at Station 4. However, this spring ammonia
peak is less obvious than the spring nitrate uptake peak because even greater
ammonia uptake occurred in the late summer and fall, For example, in 1976
the highest rates were at the lower estuary stations during September.
Throughout most of the summer, in fact, ammonia uptake was equal to or
greater than the rates during the spring bloom. Similarly, the 1975 data
indicate high uptake in the early fall, especially at the middle estuary
stations.

In summary, both nitrate and ammonia uptake rates were lowest downriver

during winter. Nitrate uptake peaked during the spring blooms while ammonia
uptake was highest in summer and fall (Fig. 28, 29). Ammonia rates were
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Fig. 28, Nitrate uptake rates in surface waters of the Pamlico River.
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Fig. 29. Ammonia uptake rates in surface waters of the Pamlico River.
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almost always higher than nitrate rates, so that the plot of I ammonia +
nitrate uptake (Fig. 30) is very similar to a plot of ammonia uptake alome.

Nitrate and Ammonia Uptake Rates; Temperature, Light and.Concentration Effects.

Nitrate and ammonia uptake rates for the Pamlico plankton increased with
increasing temperature, at least in the range 10-30 C. This was demonstrated
on several occasions when we compared uptake rates measured in samples in-
cubated simultaneously at two different temperatures: 10 and 20 C, 15 and
25 C, or 20 and 30 C (Table 18). The quotient of the rates at the higher
temperature divided by the rate at the lower temperature (the Qi) averaged
1.39 for ammonia and 1.62 for nitrate. The difference in these means was
not statistically significant, however, in light of the great variation from
one experiment to another. For comparison, the Q1( values were also grouped
according to temperature range. The mean Qi for the 10-20 C range was 1.63,
but for the 20-30 C range it was 1,33 (Table 18). This difference indicates
that the effect of temperature on nitrate and ammonia assimilation
is not linear, and that the effect is greatest at the lower temperatures.

The Q1g values for nitrate and ammonium were quite similar to the Qg values
for phosphate over similar temperature ranges (Table 7)., There must be some
temperature or range of temperatures at which the uptake rates would be
maximum. Our Qjq data do not reveal what this "optimum" temperature is, but
the data indicate that it is greater than 25 C.

Given these Qi values and the observed seasonal variation in water
temperature, we can estimate how much effect temperature alone could have on
the seasonal pattern of nitrogen uptake in the river., For example, water
temperatures in the river range from around 5 C to 30 C during a typical year
(Fig. 5). Combining this variation with our measured Qig's produces an
estimate that summer rates should be about three times the winter rates,
assuming that no other factors were involved in influencing the rates. Of
course factors such as light intensity and nitrogen concentration also influ-
ence the uptake rates, and they vary by much more than a factor of three
between winter and summer, Nevertheless, temperature seems to play a signi-
ficant, although modest, role in determining the seasonal pattern of nitrogen
assimilation in the Pamlico.

Nitrate and ammonia uptake by the Pamlico phytoplankton responded
positively to increasing light intensity up to a maximum, "'saturating" inten-
sity. This was demonstrated in a number of experiments during the course of
the year by simultaneously incubating subsamples of river water at five or
six different light intensities ranging from darkness to 95 u-einsteins-m-2.
sec™l (as PAR).

Dark uptake was always less than uptake in the light, but dark uptake
was never zero (Fig. 31). The maximum, light-saturated rate of uptake varied
from one experiment to another because of different algal biomasses, different
incubation temperatures, and different nutrient concentrations. Nevertheless,
the shapes of all the curves in Fig. 31 are similar, indicating that the
light effect is most pronounced at very low light intensities. For example,
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Table 18.

Temp.
Range (C)

10°-20°

15°-25°

20°~-30°

Date

11/14/76
01/08/77
02/19/77
03/02/77

04/03/76
07/25/76
08/15/76
04/02/77

11/09/75
04/24/77
06/05/77

Mean * s.d.

Qo

(Ammonia)

, 1.4%

, 1.42, 1.3%, 1.96

1.39 + 0.26

Q1o
(Nitrate)

0
22, 2,23, 1.2%
5L 1,74

2

1.6, 1.8%, 2.0°, 2.3%

1.1%4, 1.95, 1.0
1.44

1.62 + 0.43

Q1o values for ammonia and nitrate uptake by Pamlico River phytoplankton.
Superscripts beside Qg values refer to sampling station numbers.

Mean

1.63

1.58

1.33

1+

s.d.

0.40

0.41

0.25
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the ammonia uptake rates increased most rapidly between 0 and 10 py-einsteinse
m‘z-sec‘l, and changed very little beyond 20 i-einsteins.m™2.sec™d (about 1%
of the noon-time surface PAR intensity in summer). For nitrate uptake, light
saturation seemed to occur at somewhat higher intensities, since in four of
the seven experiments, the uptake at 95 u—einsteins~m_2'sec‘1 was consider-
ably higher than at the next lower intensity. The nitrate data also suggest
that the saturating light intensity for uptake depended in part on tempera-
ture. Specifically, saturation was reached at a lower light intensity on

2 March 1977 (Fig. 31, Experiment f) than in most of the other experiments;
this experiment was run at 10 C, whereas the others were run at 20 C or 25 C.

A striking difference exists between the nitrate and ammonia uptake
rates in the dark relative to uptake at saturating light intensities (Fig.
31). Dark nitrate uptake was usually much less than the maximum rate, but
there was little difference between dark and light uptake rates for ammonia.
In order to quantify these differences, we calculated ratios of dark uptake:
uptake at 95 u-einsteinsem~2.sec~l (highest light intensity used). These
ratios, expressed as decimal fractions, are tabulated (Table 19) for all
experiments in which both light and dark samples were incubated. Some of the
variation in these fractions probably derives from the fact that the maximum,
light saturated uptake rate may be higher or lower than the rate at 95 p=~
einsteins-m‘2~sec‘l, as noted above, Nevertheless, the overall mean for the
dark ammonia uptake was 76%Z of the light uptake, while the dark nitrate up-
take averaged only 31% of the light uptake. These differences do not
necessarily mean that more ammonia than nitrate was taken up in darkness,
although this was usually the case, because light ammonia uptake was usually
greater than light nitrate uptake (see below).

The effect of nutrient concentration upon uptake rates was determined
by adding various amounts of l9N-labeled nitrate or ammonia to a series of
otherwise identical samples which were then incubated and analyzed for ni-
trogen uptake. Usually, the enrichment series consisted of additions of 0.2,
0.5, 1, 2, and 3 pg-at N.1-1 (as nitrate or ammonia). When the ambient con-
centrations of nitrate or ammonia were high, the enrichment had no effect on
uptake. Usually, however, the ambient levels were below nutrient saturation
so that enrichment resulted in increased uptake rates. For example, in
experiments in January and May, 1977 (Fig. 32) both nitrate and ammonia up=-
take were stimulated by enrichment. In these as well as other experiments
of this type, the greatest stimulation occurred between 0 and 2 pg-at N-l'l;
concentrations greater than 3 ug-at N.1-1 appeared to be nearly saturating.

These curves are typical for the relationship between nitrogen concen-
trations and uptake rate by algae (e.g., MacIssac and Dugdale 1972) and can
be described by the Michaelis-Menten expression (see Equation. 9), The terms
of the equation, which describes a rectangular hyperbola are: V = velocity
of uptake of ammonia or nitrate (ug-at N'l‘l-h‘l); Vmax = maximum velocity
of uptake; S = concentration of the nutrient (ug-at Ne1-1); K = the con-
centration of the nutrient at which V = 1/2 V,
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Table 19. Dark uptake of ammonia (A) and nitrate (N) as a fraction of uptake in

Date

04/04/76
07/25/76
08/15/76
09/05/76
09/26/76
10/17/76
11/14/76
12/12/76
01/08/77
01/30/77
02/09/77
02/19/77
03/12/77
04/02/77
04/24/77
05/15/77
06/06/77
07/10/77

light (95 peinsteins m™2+sec” )

Temg.(c)

15
25
25
25
25
25
20
20
20
20
20
20
10
15
20
20
20
30

Mean:

Overall Means - Ammonia:

Station

1 2
X A ¥ A X & ¥ & X A ¥ &
.07 .33 —-_— .96 - - .22 .30 —_— - —-— ———
.57 1.04 .26 .88 .26 .83 .27 .76 .20 .88 .30 .91
.36 .96 31 .99 .27 .92 .38 .89 .23 .94 .31 .91
.81 1.00 .24 — .11 .82 .04 .63 — —_— .03 .48
.02 .31 .08 .80 .07 .67 .22 44 .23 .83 .29 .81
.03 .23 .03 .30 .13 .61 14 .82 —-—— .39 .29 .65
37 .93 .10 .95 .06 .99 41 1.16 .36 1.11 .21 .54
b 1.28 A7 .83 .04 .40 .12 .90 .62 .65 .63 .61
.06 W43 —_— - — —_— .74 —_— .84 .97 - ———
——— — —_— - - - .07 .36 —— —— - —_—
- — - —_— - - .59 .66 -— - - -
—— .86 .68 1.62 .32 .17 NYi .57 .26 .78 .48 .74
.50 .85 — - .35 .80 .59 .78 .30 .26 —— -
— - - .27 —_— - e .36 - - —— —
.64 .92 04 .34 <23 .81 .27 1.18 .21 1.09 12 .78
.57 .97 46 .83 .30 1.12 .13 .93 .09 1.03 .26 -
.05 Al .73 .98 .73 .94 47 .66 .33 .74 .16 A8
.55 .72 .77 .39 A 1.01 .17 —_— .38 .54 -— .85
.36 .75 .32 .78 .25 .82 .31 .71 .34 .79 .28 .71

.76

Nitrate: .31
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Effect of ammonia concentration on nitrate uptake rate and nitrate
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formed with surface waters from Station 1 on 27 Sept. 76 at 25 C
and 100% light.




Estimates of Kg for nitrate and ammonia uptake ranged from 0.5 to 1.5
Hg-at N+1-1l for most of the 26 enrichment experiments (Table 20), These Kg
estimated were obtained from graphs of the data (cf, Fig. 32) by first
estimating Vpay, and then reading off the graph the concentration that cor-
responded to 1/2 Vpax. This procedure could not be used for experiments when
the ambient NO3 or NH, concentrations were so high that enrichment produced
no stimulation. In these cases, Kg was assumed to be half the lowest concen~-
tration. The average ammonia Kg was 1,13 ng-at N-1~1 and the average nitrate
Ky was 0.85 ug-at N.1-1 (Table 20), but the difference was not statistically
significant. In addition, there was no obvious correlation between the Kg
estimates and river station or time of year.

Nitrate-Ammonium Interactions

Experiments in which the nitrate or ammonium concentrations of estuarine
water were increased demonstrated the inhibitory effect of ammonia on nitrate
uptake rate. Nitrate concentration had no detectable effect on ammonia
uptake iate (Fig. 33B), whereas even a slight increase (ambient plus 0.2 ug-
at N*177) in ammonia significantly reduced nitrate uptake (Fig. 33A). At
ammonia concentrations greater than about 3 ug—at N+177, nitrate uptake was
almost totally supressed. This experiment was repeated several times during
the year with essentially the same results (data not presented) in those
samples with low ambient ammonia concentrations., There was no significant
nitrate suppression following increased ammonia levels in samples where
ambient ammonia concentrations were high., The ammonium-nitrate interaction
was very rapid; uptake rate incubations were begun immediately after the
ammonia and nitrate additions and were terminated after only 2-4 hours,
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Table 20. Estimates of half-saturation concentrations (K_ in ug-at N-l_l-
hr‘l) and maximum uptake velocity (Vp,y in ug—gt N-l‘lohr'l) for
uptake of nitrate and ammonium by Pamlico plankton samples. The
symbol < indicates probable upper limits for Ky estimated for
cases where enrichment produced no increase in uptake rate,

Ammonia Nitrate

Date Station Vpax  Kg V/Vipax Vmax Ks V/Vpax
10/19/75 4 0.3 <0.9 94 0.03 <0.8 1.00
11/09/75 4 1.2 1.8 .84 - - -
12/15/75 2 0.3 <2.,0 1.00 - - -
04/04/76 1 0.4 0.9 .55 - - -
03/04/76 4 0.4 <0.9 .80 0.40 <1.0 .93
07/26/76 3 0.8 <1l.4 .89 0.32 0.5 .49
08/16/76 1 0.6 1.4 .59 0.32 0.8 .67
08/15/76 4 0.3 <0.9 .67 0.07 <0.5 .50
08/15/76 6 0.4 <1,0 .83 0.07 <0.5 .50
09/05/76 1 0.4 0.6 .50 0.21 0.4 .50
09/06/76 4 0.6 1,2 .63 0.21 0.4 .50
09/26/76 4 1.1 0.5 .73 0.21 0.4 .36
11/15/76 1 0.3 <1.2 .88 0.14 0.6 .15
12/13/76 3 0.1 1.1 .75 0.04 <1.,8 1.00
12/12/76 4 0.1 0.9 .67 0.07 0.4 .40
01/09/77 1 0.1 0.8 W40 0.09 1.0 1,00
01/08/77 4 0.1 1.1 .27 0.11 1.1 .33
01/08/77 6 0.1 0.6 .30 0.07 0.5 .40
01/30/77 4 0.1 1.0 .22 0.14 <1.4 1.00
02/09/77 4 0.1 <1l.1 .60 0.02 0.6 .33
02/20/77 1 0.2 0.7 .80 0.18 <1.4 b
03/02/77 1 1.0 <1l.4 .33 0.71 <2,1 .30
03/13/77 4 0.4 <2,1 .68 0.18 1.0 .40
04/02/77 4 0.7 <1l.4 <40 0.64 <1.3 .89
05/16/77 1 0.3 1.4 W22 0.14 0.6 W45
05/15/77 4 0.4 0.2 .36 0.29 0.5 .40
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DISCUSSION

Phytoplankton Species Composition and Abundance

Several potential sources of error exist in determining phytoplankton
abundance by the method used here., 1In the first place phytoplankton are
patchy in their spatial and temporal distributionms, and samples taken at
widely spaced stations weeks apart reflect this patchiness. Even over
relatively short distances, mixing is not sufficient to destroy patches of
phytoplankton. For example, on 2 April 1977 samples were collected at 12
substations about 230 m apart on a line between Stations 3 and 4 (Fig. 1)..
The most abundant species, Cyclotella cf. glomerata, showed minimal and
maximal densities (14 and 112 x 10° cells.1-l, respectively) at adjacent
substations. Minimal and maximal densities of Heterocapsa triquetra (2.2 and
59 x 104 cells-l’l, respectively) occurred at substations 460 m apart, The
variance exceeded the mean cell count for all 12 substations in the six most
important species; it was more than twice the mean in half of the species,
indicating patchy, overdispersed spacing of these species (Cassie 1971). The
data of Hobbie (1971) also gives strong evidence of large differences in
species abundance from place to place in the Pamlico River., Furthermore,
there are very large differences in cell volume between the smallest species
(Merismopedia, <5 u3) and the largest (Polykrikos, 160,000 u3) counted in
these samples from the Pamlico River, Counts may be biased by the fact that
individuals of a very large species may or may not be seen in strict propor-
tion to their abundance, There is also a substantial difference in volume
between the smallest and the largest individuals of many species. In diatoms,
particularly, the largest cells may be an order of magnitude or more larger
than the smallest cells of the same species., Finally, total cell volume is
not equivalent between members of different algal classes; diatoms, for
example, have large vacuoles and their plasma volume has been suggested as
more satisfactory than total cell volume as an estimate of standing crop
abundance (Smayda 1965). These various errors are difficult to evaluate and
corrections have not been attempted here. The reader, however, is cautioned
to avoid judgments based on relatively small differences from time to time
or place to place. Nevertheless, the correlation between cell volumes (Table
3) and chlorophyll-a concentrations (Fig. 8) was high (r = 0.84), somewhat
lower than reported by Davis, et al. (1978) for independent samples collected
during the same period.

There appears, however, to have been little or no change in the dominant
species of phytoplankton in the Pamlico River since the 1966-1968 period
studied by Hobbie (1971). During the warm period of the year the large dino-
flagellates Polykrikos hartmanni, Gyrodinium resplendens, and Gymnodinium
nelsoni, generally contributed most of the phytoplankton volume in both
studies (Table 3, 21). The cryptophyte, Chroomonas amphioxiea was also an
important contributor to algal biomass in both studies. Similarly the same
species, Heterocapsa triquetra, G. resplendens, Katodinium rotundatum, Pro-
rocentrum minimum, and Gyrodinium estuarale, still constituted the cool
season dominants in our study a decade later than that of Hobbie (Table 21).
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Table 21. The dominant phytoplankton species in terms of total cell volume
during 1976-77 (this report) compared to the dominants during
1966-68 (Hobbie 1971). Species are ranked in order of total cell
volume in our collections.

Species This report Hobbie (1971)

Warm Period (May-October)

Polykrikos hartmanni Zimmermann X X
Gryodinium resplendens¥* Hulbu;t X
Gryodinium aureolum* Hulburt X
Gymnodinium nelsoni Martin X b4
Glenodinium foliaceum Stein X
Peridinium aciculiferum Lemmermann X
Cyclotella spp. , X
Chroomonas amphioxiea (Conrad) Butcher x X

Cool Period (November-April)

Heterocapsa triquetra (Ehrenberg) Stein X pls
Gyvrodinium resplendens® Hulburt X

Gyrodinium au:eolum* Hulburt X
Katodiniuq rotundatum (Lohmann) Fott X biq
Prorocentrum minimum (Pavillard) Schiller b'q X
Gyrodinium estuarale Hulburt X X
Skeletonema costatum (Greville) Cleve X

*These 2 species are difficult to distinguish




Small diatoms such as Cyclotella sp. and Skeletonema costatum (warm and cool
periods, respectively) made substantial contributions at certain times be-
cause of their abundance but never bulked as large as the dinoflagellates.
The diatoms and many other small cryptophytes, chrysophytes, greens, prasino-
phytes, and bluegreens may often be more important in terms of energetics
and elemental cycling than the dinoflagellates because of their high poten-
tial growth rates and their rapid consumption by zooplankton. Unfortunately
the small number of samples counted in the present study and the difficulty
in identifying small preserved algal cells makes it impossible to suggest
whether there have been changes over the past decade in the composition of
the smaller or the rarer forms. It is important to know, however, that the
dominants are still the same as in 1966-1968 (Table 21).

The distributions of planktonic algae in the Pamlico River were depicted
in terms of the chlorophyll-a distributions (Fig. 8). Upstream stations had
significantly higher chlorophyll levels than downstream stations. Because
of large variances, however, the mean chlorophyll-a values at each station,
and the mean at all stations, during the cool season (November-April) were
not statistically higher than during the warm season (Table 22). The mean
chlorophyll concentration in bottom samples during the cool seasons (22 uge
17%) was not different from the surface mean value (25 ugel~l) (Table 22).

At any particular station and date, however, they often differed widely. For
example, at Station 4 on 14 Dec, 75, surface Chl-a was 21 uge1-l while the
bottom concentration was only 4 ug- 1-l, During the 19 Feb. 77 bloom, how-
ever, the surface waters at Stations l 2, 3, and 4 contained only 27-50% as
much Chl-a as the bottom waters. The mean Chl~a level in bottom waters
during the warm seasons (11 ugel-l) was significantly less (P < ,05) than the
mean bottom concentration during the cool seasons (22 ug+l™ ) but not dif-
ferent from the mean surface concentration (18 ug-l~ 1) during the warm sea-
son (Table 22). Chlorophyll data taken from Hobbie (1974) at stations
nearest to our 6 stations showed little spatial difference during the warm
part of the year (Table 22). During the cool season, Hobbie found phyto-
plankton least abundant at Stations 1-3 and 4-6 (corresponding to our Stations
1 and 2) whereas we found abundant phytoplankton then (Table 22). Further-
more, there were significant increases in chlorophyll levels from 1971-73 to
1975-77 at Stations 1, 2, 3, and 6 (and for the mean of all stations) during
the cool seasons, The two studies were not conducted with identical station
locations, with the same sampling frequency, or with the same pigment analy-
sis, but it appears likely that phytoplankton abundance was higher during the
latter study. Comparison of present levels of primary productivity to those
of 1966-67 also suggests significant increases (Davis, et al. 1978; this
study).

Relationships of Particulate C, N, and P to Chlorophyll

The concentrations of particulate C, particulate N, and algal P (surplus
organic P + surplus inorganic P + essential P) were compared to chlorophyll-
a concentrations by linear regression analysis. The correlation coefficients
{r) for particulate C and particulate N were both 0.90 (Table 23) indicating
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Table 23. Regression equations for particulate C, particulate N, and
algal P vs chlorophyll-a, and ratios for slopes_and Y-
intercepts. Element concentrations in ug—at-l’l; chlorophyll
concentrations in ug-l‘l. Data from July 1976-July 1977.

Equation n r
Particulate C = 3,97 Chl + 93.7 87 0.90
Particulate N = 0.657 Chl + 10.7 91 0.90
Particulate P (Station 1) = 0.0076 Chl + 1,18 15 0.58
(Station 2) = 0.012 Chl + 1.04 15 0.33
(Station 3) = 0.031 Chl + 0.58 15 0.91
(Station 4) = 0.039 Chl + 0.49 15 0.96
(Station 5) = 0.033 Chl + 0.48 13 0.75
(Station 6) = 0.045 Chl + 0.31 13 0.82
(A1l Stations) = 0.022 Chl + 0,71 86 0.73

Ratios (by atoms; all stations)

1, from slopes. C:N:P = 180:30:1
2. from intercepts. C:N:P = 132:15:1
3. of means C:N:P = 113:16:1
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that most of their variability resulted from changes in abundance of phyto-
plankton. If one assumes (with caution) that (1) detrital, microzooplankton,
and bacterial concentrations are relatively constant and therefore indepen-
dant of pigmented plant population densities, and (2) that the C or N content
of algae maintain a nearly constant relationship to chlorophyll content, then
the Y-intercepts, 93.7 and 10.7 ug-atel, represent the approximate annual
mean concentrations of detrital and microheterotrophic C and N, respectively,
in the Pamlico River. These values are 607% and 49% of the annual mean con-
centrations of particulate C and particulate N, respectively. The relation-
ship between particulate P and chlorophyll differed from station to station
(Table 23) in terms of the slopes, the Y-intercepts, and the correlation
coefficients. The slopes increased from 0.0076 to 0.045 from Station 1 to
Station 6, .demonstrating a strong tendancy for more particulate P per unit
chlorophyll downstream. This agrees with other analyses which indicate a
switch from P-limitation to N-limitation down the river. The decreasing Y-
intercepts downstream reflect the much lower mean annual quantities of total
plankton at the downstream stations. Using the same assumption given above,
the mean gfantities of detrital and microheierotrophic P ranged from 1.18
Ug=at P+l * at Station 1 to 0.31 ug-at P.17~ at Station 6, or from 84% to
40% of total particulate organic P at Stations 2 and 4, respectively, the
limits of the range. Visual examination of. the plankton suggested, however,
that most of the volume throughout the year was phytoplankton rather than
detritus, microzooplankton, or bacteria. The high correlation coefficients
in Table 23 [P < 0.01 for all except particulate-P at Station 1 (P <.05) and
Station 2 (n.s.)] also suggest that most of the particulate C, N, and P was
algal, The assumptions made above are certainly open to question and, un-
fortunately, the accuracy of the predictions of detrital-zooplankton-bacter-
ial biomass from regression analysis is also uncertain. The ratios of C:N:P
obtained from the slopes of the regressions (Table 23) compared to the Red-
field ratio indicate a deficiency of P whereas the ratios obtained from the
intercepts are very close to those of oceanic plankton (106:16:1; Redfield,
1934). The ratios of the mean C, N, and P values (Table 23) were almost
exactly the Redfield ratio, and the ratic of annual mean PN (22 ug—at-l'l)

to mean chlorophyll-a (16 ug-l‘l) is.very close to unity as proposed by
Strickland (1965).

Spatial and Seasonal Pattern of P Distribution

The patterns of distribution of total phosphorus during 1975-77 in the
Pamlico River are generally similar to those reported during earlier years
(1969-1973), with the highest levels occurring about half-way down the
estuary during summer (Fig. 13) (Hobbie, et al. 1972, Hobbie 1974), Earlier
sampling patterns included stations closer to the Texasgulf site than did ours,
and those data frequently showed high total-P and reactive-P concentrations
along the south shore which probably came from that industrial plant. Very
high concentrations collected close to the site of this industry probably
account for their higher total-P averages in the middle section of the
estuary than our peak values. The distribution of FRP was also similar to
that in prior years, with an even more distinct pattern of high FRP during
summer in the middle of the estuary (Fig. 14) (Hobbie, et al. 1972, Hobbie
1974) ., Earlier studies did not include analyses for pé?ffzzlate—P. It is
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clear from our data that the distribution of particulate-P is usually out of
phase with that of FRP. Surface particulate-P clearly is attributable mostly
to phytoplankton, being highest during the winter blooms in the upper and
middle sections of the estuary (Fig. 15). The positive relationships with
chlorophyll (Fig. 8) algal-P concentrations (Fig. 18), cell counts, particu-
late-N (Fig. 27), and productivity (Fig. 12) confirm this relationship.
Statistical examination of these relationships is given below. The particu-
late-P in bottom samples was sometimes largely phytoplankton; for example,

on Feb 77 cell counts showed more dinoflagellates at the bottom at Station 1
than at the surface. However, observations using SCUBA revealed that a
flocculent layer about 0.5 m thick sometimes existed along the bottom of the
estuary near Indian Island. This material may account for some of the parti-
culate-P in samples of the bottom water.

Total phosphorus concentrations in the Pamlico River during this study
period ranged from < 2 to > 12 ug-at P.1-1, Hobbie (1974) in an earlier
study of the Pamlico River found that total P ranged from 2 to 85 ug—at p.1-1
but was usually below 10 ug-at pP.1"1, Hobbie and Smith (1975) found that
total P in the Neuse River ranged from 1 to 20 ug-at P-17" but usually was
less than 5.5 ug-at P-17l, Faust and Correll £l976) found total P in the
Rhode River ranged from 1.6 to 7.74 ug-at P.1"%, 1In addition, Taft, Taylor
and McCarthy (1975) found a slight summer peak in total P in the Chesapeake
Bay with total P ranging from 0.31 to 1.75 ug-at p.1~1, A1l the above
systems had a peak of phosphorus in the summer with lower values reported
for the winter period. However, Bowden and Hobbie (1977) found that total P
ranged from 0.27 to 12 ug-at p.1~l usually <3.5 ug-at P*l in Albemarle
Sound, but that total P peaked in the winter period.

Levels of FRP were higher in the winter periods in Albemarle Sound, and
were lower in the spring-summer when algal numbers increased. The same trend
was noted for Chesapeake Bay. However, in the Rhode River, FRP concentra-
tions were high during the summer while the seston biomass decreased from a
high during spring. Similarly, the Pamlico and Neuse Rivers had highest FRP
concentrations and lowest amounts of standing crop phytoplankton during the
summer., The Pamlico and Neuse Rivers (and to a limited extend the Rhode
River) undergo winter blooms of algae whereas the Chesapeake Bay and Albemarle
Sound have plankton maxima during the summer. Thus plankton maxima in all
systems is matched by a low in FRP, although the timing of the plankton
maxima are much different,.

Particulate Phosphorus Fractions in Water and Plankton

Particulate inorganic P represented a minor fraction of particulate P
over the length of the estuary (Table 4). Highest concentrations occurred at
the upper end of the estuary in September-October and in July 1977 (Fig. 17).
The middle reaches showed peaks in January, March, and June 1977. Least
variation occurred at the lower end of the estuary. Some of this material is
probably watershed sediments; for example, the September peak at Station 1
(Fig. 17) occurred when Tar River flow was relatively high and salinities
low. However, much of it may be associated with bottom sediments resuspended
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by windstorms, shipping, or trawling, producing erratic changes in concen-
tration. Little of this material reaches the entrance to Pamlico Sound,
indicating that removal of this fraction from the water column takes place
before this point. There is no evidence that Texasgulf Corp. is a signifi-
cant source of particulate inorganic P. ‘

The metabolic P fractions in the plankton varied in importance during
the year (Fig. 18). From August-December 1976 during the pre-bloom period,
the essential P fraction slightly dominated the metabolic fractions, with or-
ganic surplus P the next highest fraction followed by inorganic surplus P.
Inorganic and organic surplus P made up 60-707 and essential P made up the
rest., During the summer-fall period a substantial amount of phosphorus was
bound in complex organic compounds while the more metabolically active pools
were in somewhat lower concentrations., During this period, FRP concentra-
tions were high, algal P levels and uptake rates low, and the algal P:Chl-a
ratios were > 2:1 averaging close to 3 or 4:1 by weight.

During the bloom of Heterocapsa (Feb.-Mar. 1977), the concentration of
FRP decreased to less than that of the algal P fraction for the first time.
Uptake rates were high and the turnover time for algal P became greater than
that of the nutrient P pool. Metabolic P pools changed in size; surplus P
compounds in the plankton increased to 80-90% of algal P while essential P
fell to around 10-20% of algal P (Fig. 18). Most of the absorbed P during
this very rapid uptake period was used to build stores of organic and inor-
ganic surplus phosphorus while essential P decreased in importance., However,
even though algal P increased, the algal P:Chl-a ratio (not shown) decreased
to < l:1., More abundant chlorophyll relative to P may imply an improved
state of N nutrition,

After the bloom period (April-June 1977), FRP levels again exceeded
those of algal P, and the algal P decreased until the algal P:Chl~a ratio
increased again to "»2:1 (not shown). The essential P pool increased while
the organic and inorganic surplus P fractions decreased (Fig. 18). However,
inorganic surplus P was maintained as a P reservoir and this fraction domin-
ated algal P.

Thus at the peak of the algal bloom, the increased phosphate uptake
rate, the shrinkage of the surplus P pool per cell, the decrease in FRP, the
decrease in algal P:Chl-a ratio, and the fact that algal P turnover time
exceeded that of FRP, suggested an approach to P stress. However, the data
indicate that actual P limitation was approached only on March 2, 1977 at
the upper end of the estuary. During most of the study period, over the
entire length of the estuary, P deficient conditions appear to be of short
duration confined to the peak of the algal bloom at the upper reaches of the
estuary.

Biological and Environmental Controls of Phosphorus Uptake

There were wide variations in rate of P uptake not only per unit of
water volume, but to a lesser extent, per unit algal biomass. For example,
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the uptake rates per mass of chlorophyll-a were mostly in the range 2-10 _
ug-at Peh~lemg chl~l (rig. 34), but rates of 26 and 30 ug-at P+h”*.mg Chl
were measured on 9 Jan. and 12 Mar. 1977, respectively, at Station 1 and
rates < 2 yg-at P-h‘l-mg chl-l were found at the downstream stations during
Dec. 1976-Mar. 1977. High uptake rates per unit chlorophyll occurred during
the height of the Heterocapsa bloom at Station 1 in Jan., and Feb., but were
also present there in March after the bloom had been washed downstream. The
bloom at Station 4 on 12 March, however, had one of the lowest rates, 0.85
ug—-at P-h'l-mg Chl‘l, indicating that the physiological condition and nu-
trient needs were much different from those a month earlier at Station 1.

In spite of this variability, the correlation between chlorophyll concentra-
tion and P uptake rate was fairly high (r = .70). Uptake rates of P by
cultures of Phaeodactylum tricornutum per unit of chlorophyll ranged from
10-27 ug-at P.h~l.mg Chl™! (Kuenzler and Ketchum 1962), above the average
rate, but below the highest rate, in the Pamlico River.

In this study two approaches were used to determine the potential im~
portance of bacterial uptake of inorganic phosphate compared to algal uptake.
First, the antibiotics streptomycin sulfate and penicillin G were used as
suggested by Spencer (1952). With 50 units ml~l of penicillin G
and 100 units ml=l of streptomycin sulfate, bacterial activity in sea water
was reduced for at least 7 days without affecting algal cultures. Spencer
concluded (by direct counts) that the ratio of bacteria to diatoms was
decreased tremendously by this treatment. Rigler (1961) found that both
antibiotics were effective in reducing bacterial activity in zooplankton
excretion experiments, and Hargrave and Geen (1968) used the same antibiotics
to inhibit bacterial activity in fla%ellated phytoplankton and zooplankton
studies without affecting uptake of 4o by the phytoplankton. Finally,
Kaushik (1975) used these antibiotics to effectively reduce bacterial activity
in river water and Koenings (1977) obtained the same results in in situ
experiments in lake water.

In addition to the use of antibiotics, size separation of the seston
using 8 um and 0.45 pym filters further characterized the biological nature
of 32p uptake, Both methods were necessary since bacteria may be found tena-
ciously attached to diatoms and may penetrate the gelatinous sheaths of blue-
green algae (Spencer 1952)., Such size separation of the seston was used in
an early study by Rigler (1956) who concluded that bacteria were responsible
for up to 757 of the uptake of 32p in a freshwater nutrient-poor lake. How~
ever, the relative contribution of algae and bacteria to phosphate uptake
probably varies widely in natural waters. Absence of standarized procedures
also makes comparisons between studies difficult. Taft, et al. (1975) as-
sumed that the uptake of phosphorus in Chesapeake Bay was enzzfely algal,
This was largely confirmed by tracer studies which showed that the 0.8-5 um
size fraction dominated the uptake of P both from orthophosphate and from
glucose-6-phosphate (Taft, et al. 1977). Harrison, et al. (1977) found that
approximately 50% of the uptake of phosphate was due to the larger seston
(> 1 ym fractions) and that this fraction could be considered entirely algal.
Faust and Correll (1976) found that most of the phosphorus uptake in the
Rhode River was by bacteria which dominated the smaller size fraction (< 5 um).
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In the Pamlico River both size separation and antibiotics were used to
assess bacterial and algal cycling of 32p (Table 12). Like Harrison, et al.
(1977), we found the uptake of phosphorus in the Pamlico River was from 97
to 38% algal. However, the uptake of 32p by the larger size fraction (> 8
um) was from 0 to 57% bacterial showing that uptake by the larger size
fraction cannot be considered solely algal in the Pamlico River. Bacteria are
often found closely associated with or attached to silt or organic particles
in the water (Goulder 1977, Paerl 1975, Jannasch and Pritchard 1972) although
in some waters the majority of bacteria are free rather than attached
(Goulder 1977, Wiebe and Pomeroy 1972). The bacteria associated with parti-
cles would be caught on the coarse filter with algae and detritus. Even
bacteria free in the water may be trapped inside membrane filters (Hobbie,
et al., 1977). Polycarbonate Nuclepore filters with 8 ym pores retained far
less radiocactivity than Millipore filters of the same nominal porosity when
labeled freshwater samples were filtered (Kuenzler and Greer, unpublished).
Whereas phosphorus uptake by the smaller fraction in the Pamlico River was
predominantly bacterial (43-100%, averaging nearly 807%), the contribution of
this size fraction to the total uptake of 32p yas small, averaging only 147,

Experiments using 14C—labeled bicarbonate indicated that the antibiotics
did not injure the phytoplankton and reduction of 32P uptake was therefore
assumed to result from inhibition of bacterial uptake alone, Overall, bac-
terial uptake of 32p accounted for 3% to 62%, averaging nearly 407 of the
total uptake of 32P in the Pamlico River (Table 12). Thus, as found for
other systems, the bacterial uptake of 2p was important, although not domin-
ant,at both the surface and bottom of the Pamlico River and can effectively
compete with phytoplankton for some of the phosphate.

An increase in temperature always caused more rapid P uptake. QlO
values ranged from 1.3 to 2.7 (Table 7).. Balducci (unpubl. ms.) reported
similar Qig values for the Chowan River of from 1,10 to 3.72 averaging 1.92.
Although the Qi values for P uptake are consistent and reveal the short-
term effect of temperature, they are difficult to interpret over longer time
spans. Specifically, the fact that the highest P uptake rates took place
during the coldest time of year implies that physiological adaptation, shifts
in species composition, or other environmental factors are more important in
determining the uptake rate during different seasons than is the change in
water temperature. The effect of illumination upon P uptake by algae varies.
Kuenzler and Ketchum (1962) found that Phaeodactylum tricornutum can take up
P rapidly in darkness, In the Chowan River light generally had little effect
on the uptake of P by the plankton (Balducci, unpubl. ms.), but Harrison et
al. (1977) found a stimulating effect of light on P uptake by coastal marine
plankton. The data of Faust and Correll (1976) showed uptake rates in the
light were higher than dark uptake during the summer at higher temperatures
and at higher levels of FRP., In the winter period when temperatures were
low, FRP was low, and the differences in light and dark uptake rates were
small, Light stimulated the uptake rate in bottom samples of Pamlico River
water by a factor of about 2 whereas darkening of surface samples decreased
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the uptake rate only slightly (Table 9). At times the assimilation of 32P in
darkness by bottom samples was greater than the assimilation of 32p in the
light by surface samples (Table 8), In all cases where this occurred the
ambient level of FRP was lower in the bottom samples. Thus, as was found in
the Pamlico River and as noted by Healy (1973), the uptake of inorganic P by
algae appears to be stimulated by light but is not dependent on it. The
nature of the stimulation is complex, however, and may be related to algal
biomass, FRP levels, and temperature.

Increasing the P concentrations in short-term experiments has been
found to produce a hyperbolic increase in the rate of 32p uptake (Hanton
1969; Fuhs, et al. 1972; Perry 1976). Perry (1976) found a 4-fold increase
in P uptake upon addition of P to phosphate~poor marine waters. Halmann and
Stiller (1974) showed a 18-fold increase in P uptake rate upon addition of P
to phosphorus-deficient Lake Kinneret plankton, and Rhee (1973) also found P
additions to be stimulating to 32p uptake by cultures of Scenedesmus.

In the Pamlico River, the addition of P generally produced less than a
2-fold increase in 2P uptake, averaging only about 76% increase. Such short-
term additions of P to Pamlico plankton may have stimulated P uptake only
slightly because (1) the algal cells did not have the enzyme systems to res—
pond quickly to the added nutrient, or (2) this nutrient was not limiting at
the time of its addition.

Taft et al. (1975) found the half saturation coefficient (K ) for
Chesapeake Bay plankton to be from 0.09 to 1.72 ug-at P.1l l, and®Balducci
(unpubl. ms.) found Kg values of 0.022 to 0.049 ug-at P.1-1 for the Chowan
River, In the Pamlico River, Kg ranged from 0.32 to 18 pg-at P.1"1, with a
mean of 1.65 ug-at P-l‘l (exclusive of 10 July), and increased as the con-~
centration of FRP increased (Table 13) thereby maintaining an efficient rate
of phosphate uptake. A laboratory study of phosphate uptake by Heterocapsa
triquetra which had been isolated from the Pamlico River gave Kg values of
2.4 - 4,3 ug-at p.1-1 (recalculated from data of Hanton 1969), These values
were within a factor of two of the values which we found for natural phyto-
plankton (Table 13) between November and April when Heterocapsa was an
important component of the assemblage. Hanton (1969) also showed that the
Kg of P-starved Coccolithus huxleyi incubated for two daXs after reaching
stationary phase decreased from 0.93 to 0.094 ug-at P-1"", suggesting that
Ky for phosphate decreased as the cells became increasingly P-deficient.

The Ky for nitrate uptake by Scenedesmus sp. also decreased as the cells
became more nitrogen deficient (Rhee 1978), Thus, the value of K depends
‘on the pre-history of the algae and is not a constant either for one spec1es
or for one system.

In summary, the stimulating effect of a 10 C change in temperature,
light level increases, and nutrient additions produced less than a 1-fold
increase in P uptake rates over those found at ambient temperature, light
levels or nutrient concentrations in the Pamlico River.
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Indicators of Phytoplankton Phosphorus Status

Several indicators of the phosphorus status of planktonic algae in the
Pamlico River were studied: (1) the amount of alkaline phosphomonoesterase
(PMase), (2) the amount of algal surplus inorganic P, (3) the rate of phos-
phorus uptake, (4) the half saturation coefficient (Kg) of phosphate uptake
and (5) the ratio of C:N:P in the plankton and in the water as well as the
C:N:P ratios for the uptake of these nutrients.

The enzyme PMase has been found to be derepressed under P limited
conditions (Kuenzler and Perras 1965, Fitzgerald and Nelson 1966, Kuenzler
1970, Rhee 1972). This enzyme potentially allows the phosphate in organic
compounds outside the cell to be used as an alternate source of phosphorus.
During 2-12 March 1977, particulate ensze activity reached maximum values
of 550~1000 n moles PNP released«1"1.h~ (Table 17), Values of PMase activi-
ty also were high at Stations 4 and 5 on 2 April 1977, but this probably
represents the downstream movement of algae caused by high rainfsll during
March 1977, PMase levels in March are 4 to 10 times the average activity
found for the entire study (exclusive of March), equalling 130 n moles of PNP
released.1"1.h-1, However, the amount of enzyme activity per mg of dry
weight of algae [ determined by assuming an average organic carbon content of
53% on an ash-free dry weight basis (Wetzel 1975), and a 5% ash content of
algae (Vollenweider 1969)] averaged 52 n moles of P released-mg‘1~h‘l during
March, whereas the average value for the entire study equalled 41 n moles of
P 'released-mg'l-h‘l.

Fitzgerald and Nelson (1966) found that P deficient conditions increased
PMase activity per mg dry weight over that of P sufficient conditions by an
average of 18 fold. In addition, values of PMase activity for P-deficient
algae ranged from 2,400 to 28,000 n moles of P released*mg=l.h~1, averaging
11,000. On the other hand P sufficient algae had enzyme levels from 75 to
1,800 n moles of P released-mg_l-h' averaging 620. In the Pamlico, enzyme
levels never exceeded 121 n_moles of P released-mg'l-h‘l, and averaged 41 n
moles of P released.mg” -n-1, Thus, the enzyme levels found in the Pamlico
even at the height of the Heterocapsa sp. bloom during March never approached
the levels indicative of P deficient conditions (Fitzgerald and Nelson 1966,
Healy 1973)., Additionally, since the Ky value for this enzyme was 54 uM,
whereas the potential substrate concentration in the river was probably below
1 uM (Fig. 16), the enzyme was probably not efficient at hydrolyzing P from
organic substrates in this estuary. Its role may be in hydrolyzing FUP
leaked from algal cells. During leakage FUP is concentrated near the cell
membrane, as is PMase. It is at the cell membrane~water interface that sub-
strate concentrations may be high enough to allow the enzyme to operate at
physiologically important rates (Koenings 1977).

The presence of substantial amounts of surplus phosphorus (polyphos=~
phates) in phytoplankton indicates that P is not limiting their growth (Fitz-
gerald and Nelson 1966, Rhee 1972, Healy 1973). When inorganic surplus P
levels exceeded 407 of phosphorus extractable in hot water, P was found not
to limit algal growth., However, when surplus P equalled approximately 10%
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or less of water extractable P, algae could be considered P limited., In the
Pamlico River, surplus inorganic P exceeded 38% of extractable P on 66 out

of 74 samples over a yearly sampling period (Fig. 18). On one occasion (27
Sept. 1976 at Station 4) inorganic surplus P fell to 29Z of water extractable
P. On all other dates, the amount of inorganic surplus P exceeded 30%, and
was at times 80% of hot-water-extractable P, Thus we feel that FRP levels

in the river were more than sufficient to supply the metabolic requirements
of the plankton, and were in fact, high enough for the algae to store excess
phosphate as surplus P throughout almost all of the year.

The rate of P uptake may also indicate the phosphorus status of the
phytoplankton. The P uptake rate has been shown (Kuenzler and Ketchum 1962,
Hanton 1969, Fuhs et al. 1972, Rhee 1973) to vary when the concentration of
phosphate is manipulated; the addition of phosphate causes algae to increase
their uptake rate. On the other hand, algae which have grown deficient in P
have higher rates of P uptake than P-sufficient cells (Healy 1973). Cells
deficient in P may markedly increase their uptake rates when phosphate is
added to the water. In the Pamlico, the rate of P uptake usually increased
upon the addition of P indicating that the uptake mechanism for P was below
saturation on the dates sampled (Table 13). However, rates of P uptake also
increased as ambient FRP concentrations fell in the river. Rates were gen-
erally less than 0.02 pmoles°mg dry wt.'l-h‘l, well below rates found for
P-deficient algae (0.34 to 1.3 umoles.mg dry wt.~l.h-1) (Healy 1973). P
uptake rates in the Pamlico River did not approach those for nutrient defi-
cient conditions except for 2 March 1977 at Station 1 (0.2 umoles mg dry
wt. ~+h~1l), and were not substeatially different from other eastern estuaries.
(Taft, et al. 1975; Faust and Correll 1976; Balducci, unpubl. ms.).

The uptake rate of P in algal cultures was depressed when algal surplus
inorganic P was abundant (Rhee 1972), In the Pamlico, however, we found that
the P uptake (ambient temperature and nutrient concentrations) was positively
correlated with surplus P (r = 0.65), and the Vyax values for P uptake were
highly correlated with surplus P (r = 0.98). Thus, surplus P concentrations
appear to be above the level indicative of nutrient deficient conditions yet
below that at which the surplus P begins to depress P uptake. In all our
tracer studies (e.g., Table 14, Fig, 22), 32p was taken up by the algae and
incorporated at the highest specific activity first into the surplus inor-
ganic P _fraction. This active surplus P pool,which apparently stored some
of the 32P taken up, then transferred a portion to other metabolically im-
portant pools. However, since organic surplus P was not labeled to the extent
of other metabolic pools, the cells were apparently P sufficient; the algae
appeared to be in a healthy physiological state and were capable of maintain-
ing that state under the variety of environmental conditions found in the
estuary.

Finally, half saturation coefficients of phosphate uptake (Kg) and
maximum velocities of P uptake (Vmax) have been used as indicators of algal
nutrient status. As FRP levels decreased, K values tended to decrease and

Vmax values tended to increase (Brown_gg_gl.sl978, Fuhs et al.;1972). 1In
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Lake Kinneret, Kg values greater than FRP concentrations indicated P deficient
conditions; Halmann and Stiller (1974) found Ky values greater than FRP by a
factor of 2 to 18, averaging a 5-fold difference. Taft et al. (1975) also
found K, values to be greater than FRP values by a factor r of 10. These
authors concluded that with such Kg values, the plankton could not effective-
ly utilize existing FRP concentratlons, Halmann and Stiller (1974) suggested
that this represents P limitation whereas Taft et al. (1975) stated that
perhaps surplus P was being used to keep the plankton P sufficient, In the
Pamlico River (Table 13), as FRP values decreased, V.. values also tended

to rise and algal uptake of P increased. At the same time, Kg values fell

to levels very close to the FRP levels in the water column. Our results
suggest that the plankton in the Pamlico River may react to changes in FRP

by varying the uptake rate by selective enzyme production or by switching
from one mechanism of P uptake to another., By doing this, the Kg value re-
mained close to the substrate concentration, thereby allowing the phyto-
plankton to respond rapidly to any changes in metabolic requirements for P
and to maintain adequate uptake rates during periods of varying FRP concen~
trations.

Thus the Pamlico River system provides more than enough nutrient P for
phytoplankton growth most of the time along its entire length. On the other
hand, the plankton did not respond to very high concentrations of FRP by
forming dense blooms, apparently because of other limitations., This suggests
that additional P input from phosphate mining operations would probably not
adversely increase plankton densities in the estuary.

Accuracy of Phosphate Uptake Measurements

FRP turnover time was calculated from changes in radiocactivity over
time and is free of errors associated with chemical analyses. Unlike these
turnover times, however, calculation of the uptake rate of FRP requires that
both the rate of removal of 32P and the concentration of stable FRP be
accurately measured. The accuracy of FRP analyses has been questioned
(Rigler 1968); we measured the amount of colloidal reactive phosphate (CoRP)
to estimate the quantity of FRP that was not in true solution and thus not
equivalent to the added tracer in terms of availability to the plankton., On
the dates sampled, generally <10% of the reactive phosphate was colloidal
(Table 5). Only after a period of heavy runoff in March 1977 did CoRP exceed
16% of total filterable P; levels > 40% were then found at upriver stations.
The mean amount of CoRP was 5.9% of filterable P, and 8.7% of FRP. Most of
the time the analytically measured FRP was probably > 90% DiRP and therefore
was assumed to be dissolved orthophosphate, the same chemical form as the
radiotracer. The chemical overestimate of algal-available phosphate would
then overestimate gross P uptake rates, but usually by less than 10%.

The assumption that the amount of stable FRP remained constant during
the experimental incubation with 32p was tested over a wide range of FRP con~
centrations during April-June 1977 (Table 24), Net uptake (measured chem-
ically) was less than 30% of gross uptake (measured by tracer) except when
gross uptake was low in May 1977, High net uptake rates would result in a
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Table 24, Net uptake of ambient FRP and gross uptake of 32? in Pamlico River water, April-Jume 1977,

Net Uptake Gross Ugtake
Temp FRP _, A FRP. _ a 32 P Efflux: Net Uptake
Date Station (°Cy  (ug=-at:1 7) (ug=-at -1 L.y l) (ug=-at-1 1.h'1) (ug-at-1 1-h'l) (% of Bross)
3 april 77 1s 7 1.42 0.009 0.038 0.029 24
2 April 77 4s 7 1.35 0.015 0.051 0.036 29
24 april 77 3s 10 1.23 0.005 0.019 0.015 26
16 May 77 1s 20 0.68 0,017 0.039 0.022 44
15 May 77 4s 20 4,84 0,011 0.034 0.023 32
6 June 77 18 20 0.81 0.024 0.112 0,088 21
5 June 77 48 21 10.90 0.011 0.088 0,077 © 12
_ ‘
15 Y= 0.86X-0.006
r =0.99
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Fig. 35. Rate of phosphate efflux in relation to gross phosphate uptake
rate. Solid circles and regression, Pamlico River. Open circles,
data from Nalewajko and Lean (1978).
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further overestimate of the gross uptake rates to the extent that the concen-
tration of FRP in the medium went below the analytical quantity used for the
calculation. The error was probably less than 30% most of the time (see
below), although data are not available to verify this, nor to make correc-
tions, for the entire study period. The difference between gross and net
uptake rates (P efflux) is attributable to excretion, leakage, and other
losses of phosphate from phytoplankton, microzooplankton, and bacteria back
to the water. The data in Table 18, although of limited extent, show a
strong correlation (r= .99) between gross uptake rate and phosphate efflux
(Fig. 35). The least squares equation:

¥ = 086X - 0.06

where § = phosphate efflux and X = gross P uptake rate, suggests that leakages
and excretion release a larger amount of FRP back to the water during periods
of high biological uptake than at other times. The rate of P efflux in 3
species of cultured algae also increased with gross P uptake, ranging from

10% of gross uptake when uptake was slow to 947% when uptake was rapid
(Nalewakjo and Lean 1978). Their data (open circles, Fig. 35) suggest some-
what higher efflux at low uptake rates than ours but the slope of the rela-
tionship is probably not different, Net uptake rate predicted from this
equation becomes a very low proportion of the gross uptake rate during periods
of active uptake, It is predicted to be less than15% of the gross uptake rate
when the gross rate exceeds 0.5 ug—-at pP.1"l.h~1l, This rapid efflux helps to
explain the extraordinary gross uptake rates and the short algal-P turnover
times during the winter dinoflagellate blooms (Fig. 20, 21) ; net uptake rate
was probably much less than gross. The actual error introduced into the gross
P uptake rate because of changes in FRP concentration during the experiment
are therefore probably less than 107% at all times. During the bloom periods
when gross uptake rates were high, not only was net uptake a small proportion
of gross, but also the experiments were quickly completed and little decline
in FRP in the water could take place, During non-bloom periods, when gross
rates were low, experiments were run for longer periods to get significant

32p changes; however, although net uptake was a larger proportion of gross,
the absolute net change was small compared to the much higher FRP concentra-
tions. ‘The two errors, then, tend to compensate each other and the gross
rates are probably correct within 10%.

Non-biological uptake of 32P~in the estuary was determined in samples
killed with metabolic poisons, and by extrapolation of nonkilled 32p uptake
curves to zero time. The uptake in killed samples averaged <2,57% of the
tracer added, with biological uptake in nonkilled samples exceeding non~bio-~
logical uptake after the first sampling period, After this time (< 30 min),
the living samples continued to remove 32P from solution whereas the killed
samples did not, The Y-intercept of the regression line used to calculate
the rate of 32pP uptake in living samples averaged ~ 1% of the total activity.
This estimate of non-biological uptake compared favorably to the <2.5% non-
biological uptake derived by direct measurement on samples poisoned with a
variety of metabolic inhibitors and poisons. The non-biological uptake never
exceeded 10% of biological uptake throughout the study. Balducci (unpubl.
ms.) found non-biological uptake to be less than 6% of the total 32p added to
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Chowan River samples.,

We determined directly that abiotic complexing did not affect the tracer
kinetics to a significant extent, and that inorganic 2p was being cycled as
Fr31p by performing three experlments. In the first, we added tracer P to
filtered (Whatman GF/C) water from the surface at Station 3 (3S). 1In the
second experiment we added tracer P to unfiltered 3S water. At the end of
12 h we filtered each to recover the filterable tracer from both experiments
and added it to separate samples of unfiltered 4S5 water, In the third exper-
iment, we added stock 32p to unfiltered 4S water diluted to the same extent
with unlabelled, filtered 3S water. In the last experiment using stock
32p, the rate constant (k) equalled 0,0046 h~l, while in Experiment 1, k =-
0.0044 h~l (coefficient of variation equals 3,1%); and in Experiment 2 k =
0.0042 h™* (coefficient of variation equals 6.4%). These values are Wlthln
the general range of variation obtained from other replicated kinetic-experi-
ments, Therefore abiotic complexing appeared unimportant,

Filter retention of particulate 32P was tested to determine if filtration
artifacts affected the uptake rates, Four filters were tested (Table 25).
Millipore filters of 0.22 um and 0.45 um pore size generally gave the highest
and most nearly constant uptake rates after correction for differential
counting efficiency by Cerenkov radiation. The upteke rates for Whatman GF/C,
and Nuclepore 0.45 p filters were consistently somewhat lower indicating that
some particles might have passed through these filters,

Finally, we determined the analytical variation in the measurement of
phosphorus uptake rates at all Stations in October 1976, In these experiments
two separate flasks were used, each filled with a representative sample of
estuary water from each station., The coefficient of variation varied from
0.97 to 8.87% with an average of 3.84% (Table 26).

Relationships Between Phosphate Uptake and Phosphate
Concentrations in the River

The seasonal and spatial distribution of particulate P (mostly algal P)
showed a high positive correlation (r = .87) with the amount of chlorophyll-
a in the estuary (Figs. 8, 15). However, the amount of Chl-a was inversely
related ( r = ~.22) to the amount of nutrient P (FRP) in the water column.
For example, during Feb.-March 1977, Chl-a values were hlgh (> 100 pg Chl-a-
1~1) and FRP concentrations were 1ow {0.5-1.0 ug- at-i 1y. During July-
August 1976, Chl-a values were low (10 pg Chl-a.1" ), and FRP values were at
their maximum (> 6 ug-at+1l" )(Flgs. 8, 1l4)., Thus the phytoplankton were
abundant during winter when FRP and temperature (1-3 C) were low, but were
less abundant at higher temperatures (25-30 C), insolation rates, and FRP
levels. The availability during the winter of inorganic nitrogen from the
Tar River apparently permitted algal blooms upstream, whereas during the
summer the scarcity of nitrogen did not permit substantial algal accumulations,
Rapid recycling of N, however, must be invoked (see below) to explain the
fact that productivities are as high during summer as during winter.
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further overestimate of the gross uptake rates to the extent that the concen-
tration of FRP in the medium went below the analytical quantity used for the
calculation. The error was probably less than 307 most of the time (see
below), although data are not available to verify this, nor to make correc-
tions, for the entire study period. The differemce between gross and net
uptake rates (P efflux) is attributable to excretion, leakage, and other
losses of phosphate from phytoplankton, microzooplankton, and bacteria back
to the water. The data in Table 18, although of limited extent, show a
strong correlation (r= ,99) between gross uptake rate and phosphate efflux
(Fig. 35). The least squares equatiomn: ‘

¥ = 0.86X - 0.006

where‘Q = phosphate efflux and X = gross P uptake rate, suggests that leakages
and excretion release a larger amount of FRP back to the water during periods
of high biclogical uptake than at other times. The rate of P efflux in 3
species of cultured algae also increased with gross P uptake, ranging from

10% of gross uptake when uptake was slow to 94% when uptake was rapid
(Nalewakjo and Lean 1978). Their data (open circles, Fig. 35) suggest some-
what higher efflux at low uptake rates than ours but the slope of the rela-
tionship is probably not different, Net uptake rate predicted from this
equation becomes a very low proportion of the gross uptake rate during periods
of active uptake, It is predicted to be less than 15% of the gross uptake rate
when the gross rate exceeds 0.5 ug-at p.1"l.h~1l, This rapid efflux helps to
explain the extraordinary gross uptake rates and the short algal-P turnover
times during the winter dinoflagellate blooms (Fig. 20, 21) ; net uptake rate
was probably much less than gross. The actual error introduced into the gross
P uptake rate because of changes in FRP concentration during the experiment
are therefore probably less than 10% at all times. During the bloom periods
when gross uptake rates were high, not only was net uptake a small proportion
of gross, but also the experiments were quickly completed and little decline
in FRP in the water could take place. During non-bloom periods, when gross
rates were low, experiments were run for longer periods to get significant

32p changes; however, although net uptake was a larger proportion of gross,
the absolute net change was small compared to the much higher FRP concentra-
tions. The two errors, then, tend to compensate each other and the gross
rates are probably correct within 10%.

Non-biological uptake of 32P in the estuary was determined in samples -
killed with metabolic poisons, and by extrapolation of nonkilled 32p uptake
curves to zero time, The uptake in killed samples averaged <2.5% of the
tracer added, with biclogical uptake in nonkilled samples exceeding non-bio-
logical uptake after the first sampling period. After this time (< 30 min),
the living samples continued to remove 32P from solution whereas the killed
samples did not. The Y-intercept of the regression line used to calculate
the rate of 32P uptake in living samples averaged " 1% of the total activity.
This estimate of non-biological uptake compared favorably to the <2,57 non-
biological uptake derived by direct measurement on samples poisoned with a
variety of metabolic inhibitors and poisons. The non-biological uptake never
exceeded 107 of biological uptake throughout the study. Balducci (unpubl,
ms.) found non~biological uptake to be less than 6% of the total 32p added to
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Chowan River samples.

We determined directly that abiotic complexing did not affect the tracer
kinetics to a significant extent, and that inorganic 32p yas being cycled as
FR31P by performing three experiments, In the first, we added tracer P to
filtered (Whatman GF/C) water from the surface at Station 3 (3s). 1In the
second experiment we added tracer P to unfiltered 38 water. At the end of
12 h we filtered each to recover the filterable tracer from both experiments
and added it to separate samples of unfiltered 4S water. In the third exper~
iment, we added stock 32p to unfiltered 4S water diluted to the same extent
with unlabelled, filtered 3S water. In the last experiment using stock
32p, the rate constant (k) equalled 0.0046 h~l, while in Experiment 1, k =
0.0044 h~l (coefficient of variation equals 3,1%); and in Experiment 2 k =
0.0042 h™" (coefficient of variation equals 6.4%). These values are within
the general range of variation obtained from other replicated kinetic-experi-
ments. Therefore abiotic complexing appeared. unimportant,

Filter retention of particulate 32P was tested to determine if filtration
artifacts affected the uptake rates, Four filters were tested (Table 25),
Millipore filters of 0.22 um and 0.45 um pore size generally gave the highest
and most nearly constant uptake rates after correction for differential
counting efficiency by Cerenkov radiation., The uptéke rates for Whatman GF/C,
and Nuclepore 0.45 p filters were consistently somewhat lower indicating that
some particles might have passed through these filters,

Finally, we determined the analytical variation in the measurement of
phosphorus uptake rates at all Stations in October 1976, In these experiments
two separate flasks were used, each filled with a representative sample of
estuary water from each station, The coefficient of variation varied from
0.97 to 8,87% with an average of 3.84% (Table 26).

Relationships Between Phosphate Uptake and Phosphate
Concentrations in the River

The seasonal and spatial distribution of particulate P (mostly algal P)
showed a high positive correlation (r = ,87) with the amount of chlorophyll-
a in the estuary (Figs. 8, 15). However, the amount of Chl-a was inversely
related ( r = ~,22) to the amount of nutrient P (FRP) in the water column.
For example, during Feb.-March 1977, Chl-a values were hlgh (> 100 nug Chl-a-
1~1) and FRP concentrations were low {0.5-1.0 ug—at +1~1), During July-
August 1976, Chl-a values were low (10 ug Chl-a.l" ), and FRP values were at
their maximum (> 6 ug~-atel )(Flgs. 8, 14). Thus the phytoplankton were
abundant during winter when FRP and temperature (1-3 C) were low, but were
less abundant at higher temperatures (25-30 C), insolation rates, and FRP
levels. The availability during the winter of inorganic nitrogen from the
Tar River apparently permitted algal blooms upstream, whereas during the
summer the scarcity of nitrogen did not permit substantial algal accumulations.
Rapid recycling of N, however, must be invoked (see below) to explain the
fact that productivities are as high during summer as during winter.




Table 25. Comparison of uptake rates of filterable reactive P (FRP) in the Pamlico River
using Whatman GF/C (GFC), Millipore 0.45 um (M45), Millipore 0 22 um ¢M22), and
MNuclepore 0.45 um (N45) nominal pore size membranes,

FRP Turnover Corrected
FRP Uptake Rate Time Turnover

Date Station Filter (pg-at:1”1) (ug-at-1 len 1) (h) Time* (h)
15 May 77 1s GFC 0.90 0.047 19 17
1s M45 0.90 0.058 16 14
18 M22 0.90 . 0.054 17 16
1s N45 0.90 0.052 18 18
14 May 77 43 GFC 4,68 0.058 81 74
48 M45 4,68 0,063 75 69
48 M22 4,68 0.066 71 ' 69

43 N45 4,68 0.062 76 76

*Corrected for differential counting efficiency of Berenkov radiation.

Table 26. The analytical variation in rate constants for P uptake in replicated
experiments on 17-18 October 1976 in the Pamlico River.

-1 k_ qufficient of
Station Experiment (ug-at+1l ™) (min 1) Variation (%)

18 1 2,35 .000432 0.97

2 2.35 .000438
28 1 2,58 .000171 3.82

2 2.58 .000162
38 1 5.00 .000112 8.87

2 5.00 .000127
48 ~ 1 : 5.26 .000098 2.13

2 5.26 ‘ . 000101
58 1 4,74 .000089 4.93

2 4,74 .000083
6S 1 1.94 .000121 2.29

2 1.94 .000125
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During the winter period of high Chl-a values, the uptake rate of phos-
phorus was greatest at the upper end of the estuary, with FRP turnover times
of less than 1 h. The low temperatures probably reduced the rate of P regen-
eration from the sediments, allowing the rapid flux of phosphate into algal
cells to reduce the concentration of FRP. However, when Chl-a values were
low (Aug.-Sept. 1976), FRP turnover times increased to 200-300 h, even though
productivities were relatively high., During the summer period, river flow
was reduced and the residence time of water in the estuary was increased,
regeneration of P from the sediments probably increased, P uptake was less,
and P therefore accumulated in the estuary.

During the periods of low FRP concentrations, high uptake rates of P,
and short turnover time of FRP, the algal P turnover times decreased to < 2
hours. In contrast, when FRP concentrations were high, and uptake rates slow,
the algal P turnover times increased to > 6 h (Fig. 14, 20, 21). High Chl-a
values were correlated with low FRP concentrations, high rates of P uptake,
and shorter turnover times for both algal P and FRP., The nutrient P turnover
times were longer than algal P turnover times except during the winter period
at the upper end of the estuary., .Thus, nutrient P levels were high enough
to supply the needs of the plankton community.

In the Pamlico River, P uptake rates were generally from 0.0l to 0.05
pg-at«+1=1.h~1l, with higher rates (0.10 to 3.7 pg-at-1-1l. h'l) during the winter
spring period at the upstream stations. Balducci (unpubl. ms ), however,
found maximum uptake rates for phosphorus (0.525 nug-at P. 1-1 1) 1n the Chowan
River in the summer period with minimum values (0.001 ug=-at P. l‘l h~ ) during
the winter, Taft, et al. (1975) found the same trend, i.e., hlgh rates during
the summer and low uptake rates during the winter (0.610 vs. < ,001 ug-at P.
1-l.n~ 1, respectively), Faust and Correll (1976) also found higher rates of
uptake for the summer (1.35 to 16.0 pg-at P-1~l.n~1) compared to winter (0.019
Jg-at P.1” l-h‘l) in the Rhode River. The range of phosphorus uptake by
coastal marine plankton reported by Harrison et al. (1977), however, was only
0.00178 to 0.00547 ug=-at p-1-l.n-1, Thus, the rates of P uptake in the
Pamlico River are not substantially different from other estuaries except
that the maximum rate of uptake occurred during the winter period during the
annual bloom of the dinoflagellate Heterocapsa.

Carbon Assimilation Ratios

Assimilation ratios (also called assimilation numbers or efficiencies)
were calculated from the 14C photosynthetic rates d1v1ded by the chlorophyll-a
values, The highest ratios (> 10 mg C.mg Chl~™ lp-1 )} were found at and below
Station 2 in September 1976 and at Stations 5 and 6 in June 1977 (Fig. 36).
Assimilation ratios generally tended to be lower during the cool seasons than
the warm seasons; only in late Februari 1977 while Heterocapsa was abundant
did efficiencies exceed 6 mg Cemg Chl™ .h-1 during winter. Similar increases
in assimilation ratio with temperature have been reported by Williams and
Murdoch (1966) for shallow bays in North Carolina, by Yentsch, et al. (1974)
for Gulf of Maine, and by Durbin, et al. (1975) for Narragansett Bay. Both
Williams and Murdoch (1966) and Durbin, et al. (1975) found that their data
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fit the equation:
log (mg C-mg Chi~l.n~l) = 0.035T + 0.14,

demonstrating an exponential relationship. Increased productivity per unit
chlorophyll at high temperatures is an important consideration if chlorophyll
‘concentrations is to be used as a standard of natural water quality. Our
results do not support the suggestion of Curl and Small (1965) that low assi-
milation ratios indicate nutrient deficiency, because summer was the period
when inorganic nitrogen was especially scarce in the Pamlico River (Hobbie
1974, Harrison and Hobbie 1974; Fig. 23, 24, 25). The high productivities
and assimilation ratios during summer when algal abundance was relatively

low implies that the algae were being rapidly grazed. This suggestion is
consistent with the findings of Peters (1968) that Pamlico River zooplankton,
and especially the calancid copepod Acartia tonsa, was far more abundant
during warm than cool seasons. Enhancement of primary productivity by herbi-
vore grazing has been documented in laboratory microcosms (Cooper 1973); it
presumably happens also in natural systems. Thus the abundant phytoplankton
exhibiting low production per unit plant biomass during the winter blooms

may be at least partially dttributable to low grazing rates,

Nitrate-Ammonia Interaction

Nitrate uptake by phytoplankton was influenced not only by nitrate con-
centration, but also by ammonia concentration, This was demonstrated by
experimental manipulation of nitrate and ammonium concentrations (Fig. 33).
This phenomenon can also be illustrated by comparing utilization relative to
availability of nitrogen nutrients by means of a relative preference index
(RPI) (McCarthy et al. 1977). This index is used to assess the degree to
which a particular form (e.g., nitrate or ammonia) is selected, and is the
ratio of the fraction of I (nitrate + ammonia) utilized as a simple form of
nitrogen to the fraction of I (nitrate + ammonia) concentration of the same
form. For example, the RPI for nitrate is:

RPT - NO3 uptake NO3 concentration
NO, I (NO3 + NH4) uptake /' ¥ (NO3 + NH4)_concentration

An RPI value of one for & particular nitrogen nutrient indicates that utili-
zation is directly proportional to availability, an RPI less than one indi-
cates selection against and a RPI greater than one indicates selection for
either nitrate or ammonium,

RPI values for nitrate and ammonia were plotted (log-log) as a function
of I (nitrate + ammonia) concentration (Fig. 37) showing data for all sta-
tions and all sampling dates during the study. Uptake rates are for ambient
temperatures and 100 per cent light intensity (95 ueinsteins~m‘2-sec'l) in the
incubation tank, Over 90 percent of the calculated nitrate RPI values are
less than one, indicating a strong discrimination against NO3 by the plank-
ton. The negative correlation between the RPI values for nitrate and I
(nitrate + ammonia) suggests that nitrate is more likely to be utilized as
ammonia becomes relatively less available,
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The preference for ammonia is shown clearly by the high ammonia RPI
values, all but four of which are greater than one (Fig. 37). The ammonia
RPI's are highest at high I (nitrate + ammonia) concentrations because
either (1) ammonium concentration is high, suppressing nitrate uptake, or
(2) nitrate concentration is high thereby reducing the relative concentration
of ammonium. In:either case the effect is the same: The ammonia RPI is
increased. Finally, the negative correlation between the nitrate RPI
and ambient ammonium concentration (Fig. 38) suggests that nitrate utilization
is as much a function of ambient ammonium levels as it is of ambient nitrate
levels. Ammonium levels above about 1 ug-at N:17* suppressed nitrate uptake.

Nitrogen-to-Phosphorus Ratios

The relative amounts of N and P in natural waters and in plankton may
be used as an index of possible nutrient limitation. Redfield (1934) suggest-
ed that the N:P ratio by atoms of marine plankton is about 16:1., Nutrients
in the environment, then, are drawn upon to supply phyvtoplankton with N and P
in about this ratio and marked initial differences in the ratio during periods
of rapid algal growth may result in one element being reduced to low or
limiting concentrations while the other is still abundant. Nutrient N:P
ratios were calculated as (NO3 + NOp + NH41/FRP and phytoplankton N:P ratios
as PON/algal P (concentrations in pg-at.1"+).

Nutrient N:P ratios > 10 were found at Stations 1 and 2 (once at Station
3) and then only during the months October-March, when large amounts of NH,
and NO3 came down the Tar River (Fig. 39). The ratio was < 3 for most of the
year at Stations 3-6, and usually was < 1 during April-October; it was
especially low in the middle of the estuary in the vicinity of Texasgulf,
presumably because of local P inputs. This demonstrates a great excess of P
relative to N requirements of the phytoplankton and suggests that P only
very rarely is a limiting nutrient, and then only at Station 1, or perhaps
Station 2. The N:P ratio equalled or exceeded the Redfield ratio of 16:1
only 7 times out of 103 samples. The annual mean ratio at Station 1 was 6.1:
1. It was 0,94:1 to 3,7:1 at Stations 2-6; the annual mean ratio for the
estuary was only 2,7:1,

Algal N:P ratios varied over a smaller range than did the nutrient ratios
(Fig. 40). 1In spite of low N:P ratios in the water, the algae showed N:P
> 10 for most of the year and > 20 for nearly half of the year, There was no
consistent pattern between ratios at upstream vs. downstream stations. Sta-
tion 1 had the highest mean N:P ratio (23:1) and Station 2 the lowest (17:1);
the mean ratio for all stations was 21:1., Ratios changed rapidly with time,
however, with a 5-fold reduction in the ratio at Station 2 between 19 Feb.
and 12 Mar, 1977, The N:P ratio was high during the dinoflagellate bloom at
Stations 1-3 in February and March 1977 when there was abundant N in water.
These N:P ratios exceeding the "Redfield-ratio" of 16:1 imply that the phyto-
plankton were not nitrogen deficient during most of the year in spite of
deficiencies of N in the water. Furthermore, the algae did not accumulate
excessive stores of surplus-P as might be expected in waters rich in available
phosphorus (Fitzgerald and Nelson 1966).
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Fig. 39. Distribution of the nutrient N:P concentration ratio [(NO3 + N02
+ NHZ)/FRP] in surface waters of the Pamlico River.
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Fig. 40. Distribution of the algal N:P ratio (particulate organic N/algal
P) in surface waters of the Pamlico River.

99






































































































































































































