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Summary and Recommendations

Nitrogen’concentrations in the Pamlico River estuary
changed seasonally with highs occurring in winter and early
spring ahd lows occurring in summer. Of the five forms of
nitrogen measured (nitrite, nitrate, ammonium, dissolved
organic and particulate nitrogen); the dissolved organic
fraction was the largest, Concentrations of total inorganic
nitrogen varied over distance and over time, basically
reflecting(nitrate fluxuations. Seasonal peaks in nitrite
and nitrate concentrations occurred in winter with concen-
trations’at barely detectable levels in summer. Concen-
‘tfations were consistently higher upstream and were reduced
to’low ;eyels near the mouth of the estuary during'all
éeasons° Ammonium was present in relatively high concen-
tratibns year round and was distributed uniformly throughout
the estuary. Dissolved organic nitrogen concentrations were
at least equivalent to inorganic nitrogen concentrations
most of the year. Seasonal patterns were not evident yet a
slight downstream increase was detected. Particulate
nitrogeﬁ distribution was similar but concentrations were
only a fraction of the dissolved,organiq'nitrogen values.

Of the several pathways of nitrogen transformation
possible, biological uptake and release were most important.
Despite considerable nitrate production‘in the upper reaches,
gspecially in winter, uptake resulted in a net decrease in

inorganic nitrogen concentrations for the greatest portion of



the estuary. Supporting evidence came from enzyme and 140—
uptake studies. Considerable nitrogen release was evident
from observations of high exchangeable ammonium concen-
trations in mud sediments and from high release rates of
sediment ammonium to the overlying waters. Nitrogen

release in the water column nearly equalled the high rate

of uptake in summer. Organic nitrogen utilization was
evident from low urea concentrations, coinciding with high
urea decomposition rates. In addition, urea and amino acid
enriched estuary waters appeared to stimulate biological
carbon uptake. Unfortunately, the extent to which the
crganic nitrogen pool was utilized was not determined. Other
biological nitrogen transformations Were considéred |
negligible from indirect evidence (utilization of atmospheric
nitrogen) or needed additional investigation for assessment
(conversion of nitrate to atmdspheric nitrogen).

The calculated annual inorganic nitrogen budget for the
estuary revealed that of the total inorganic nitrogen
entering the system, nearly 40% disappeared. The predbminant
form in the tributary inputs was nitrate, which was reduced
to nearly undetectable concentrations before leaving the
estuary; nitrite followed a similar pattern. 1In contrast;
ammonium concentrations in inflowing waters increased. Since
the net decrease in nitrite and nitrate was two orders of
magnitude greater than ammonium increase, a net decrease in
total inorganic nitrogen resulted. It was apparent from high

concentrations of the organic nitrogen fraction (usually



increasing downstream) that the . disappearance of inorganic
nitrogen was reflected, in part, in organic nitrogen
increase.

A balance sheet of contributors to increase and‘decrease
of inorganic nitrogen in the estuary indicated that in
winter, the uptake of nitrogen was‘adequate to account for
the net decrease in inorganic nitrogen within the estuary.
In summer, the large discrepancy between estimated nitrogen
uptake and net decrease in inorganic nitrogen within the
estuary indicated that inorganic nitrogen release to the
estuary waters almost matched the high uptake rates.

Although the organic nitrogen fraction was not included
in the nitrogen budget, evidence of high concentrations of
both dissolved and particulate organic nitrogen (increasing
slightly downstream) indicated that this fraction was largely
refractory and represented a true nitrqgen loss from the
estuary.

At present, nitrogen appears to be a major factor
limiting the production of the estuary although the amounts
entering have caused nc noticeable 11l effects. Yet, dense,
non-toxic algal blooms have been linked tc seasonally high
inorganic nitrogen inputs. Possible problems could develop
if high nitrogen inputs coincided with mild, calm weather
conditions. In this situation, the high concentrations of
nitrogen would be quickly exhausted due to rapid uptake and
slow estuary flushing, production would increase (as well as

respiratory activity) with the higher water temperatures and



deoxygenation could follow; Fortunately, the combination
of these factors does not normally occur in the estuary.
High nitrogen inputs occur during cold winter months with
high river flows and low nitrogen inputs normally occur
during the wafm and calm summer months.

Efforts shoﬁld be directed particularly toward wise land
drainage programs and careful use of agricultural fertilizers
in the estuary basin, toward anticipating and dealing with
the problem of increased sewage inputs before the problem
develops and toward preventing any activities which could
seriously impede water movement in the estuary (e.g.,
impoundments).

Future research should be conducted, preferably utilizing
the‘15N isotope, to better quantify the important trans-
formational pathways of nitrogen in the estuary (e.g., bio-
logical uptake and release) and to better determine the
importance of the sediments as a nitrogen sink and a nitrogen
source. Additional work could also be conducted to clarify
the various factors, aside from nitrogen, which limit the

estuaries' production and to assess their relative importance.
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INTRODUCTION

Investigations of factors controlling primary production
have traditionally focused upon cycles of nitrogen and
phosphorus. Early studies were based on field correlations
between nutrient concentrations and changes in the rate of
primary productiqn° Later, laboratory studies were added and
physiological techniques such as radioisotopes revealed the
various pathways these nutrients feollow in the organic matter
cycle. More recently, nutrient cycles have been viewed at the
system level where nﬁfrient budgets are calculated and related
tO'production of the entire system. Although there is
considerable information on nutrient concentration cycles in
estuaries, much less information is available from laboratory
and radioisotope studies and practically no estimates of
nutrient budgets for this aquatic environment.

The Pamlico River estuary of eastern North Carolina is
a rélatively oligotrophic ecosystem which is entering the
initial stages of cultural eutrophication (noticeably
increased nutrient loading). The estuary is naturally rich
in phosphorus and indirect evidence indicates that nitrogen
probably limits primary production. Although preliminary
field studies of seasonal changes in concentrations of the
forms of nitrogen in the estuary have been made, more detailed
investigations into the various pathways of nitrogen movement
and transformation were needed to determine the importance of

nitrogen in controlling production in the estuary. In order



to answer these questions, a study of the nitrogen cycle of
the estuary was undertaken. In addition to observing
seasonal changes in concentration, laboratory studies and
radioisotopes were used to follow cycling of nitrogen and an
annual budget was calculated.

Harvey (1926, ,1928) and Rakestraw (1933) were among the
first to demonstrate a relationship between the concentrations
of inorganic nitrogen, primarily nitrate and ammonium, and
primary production. Most noteworthy in these studies were
observations of almost complete disappearance of inorganic
nitrogen concurrent with maxima of phytoplankton populations.
Supporting data came from additional studies in which entire

seasonal cycles were investigated (e.g., Cooper, 1933;

Newcombe et al., 1939; Harvey, 1942). This approach probably

culminated in various attempts to summarize factors affecting
aquatic primary production (e.g., Harvey, 1942; Redfield,
1958) and attempts to equate phytoplankton population changes
gquantitatively with environmental factors, including these
essential nutrients (Riley, 1946). Although a relationship
did exist, the relative success of these attempts at
correlation could have been attributed, in part, to the
imprecise methodology available at that time for measuring
both nutrient concentrations aﬁd primary production.

Since this simplified approach was not always reliable
(Cooper, 1933), the next step was to integrate both field
and laboratory studies. In a study of the nitrogen cycle of

Long Island Sound (Harris, 1959), laboratory studies indicated



that some 50% of the nitrogen requirements for the resident
‘phytoplankton could be supplied by zooplankton excretion., 1In
addition, rapid in situ regeneration of ammonium accounted
for a large part of the yearly nitrogen turnover, a fact
which was not evident from measurement_of nitrogen concen-
tratien changes alone.

The introduction of tracer studies using isotopes of
carbon, phosphorus and nitrogen (e.g., Steeman-Nielsen,
1952; Rigler, 1956; Dugdale and Goering, 1967) clarified
many nutrient-phytoplankton relationships. One important
finding from these early studies was that the cycling or
turnover rates of the essential nutrients were very rapid,
in the range of minutes to days, rather than in the range of
months or years as was hypothesized from annual changesvin,
nutrient concentration. Another finding was that primary
production may not be controlled by a single,nutrient,vbut_v
by an integration of several factors, often including minor
elements (Ryther and Guillard, 1959; Goldman, 1960).

The most recent approach has been to consider nutrient—‘
primary production relationships at the ecosystem level.
This in contrast with the previcus works in which
consideration was given only to specific system compartments.
Frink (1967) and Hannan et al. (1972) have developed nitrogen
and phosphorus budgets for lake ecosystems in an evaluation
of the role of these nutrients in primary production levels.
Shannon and Brezonik (1972)_have gone one step further and

treated the problem statistically, so that they could obtain



relationships between nitrogen and phosphorus loading rates
and ecosystem trophic status. Ecologists have now attempted
a generalized evaluation of the degree of organic production
of ecosystems with either nutrient concentrations or loading
rates as criteria (Vollenweider, 1970). The most meaningful
assessment of the relationship between nutrients and primary
production levels requires an integration of as many
investigative approaches as possible.

Recent awareness of the accelerated rate of organic
production (or eutrophication) of aquatic environments has
further stimulated investigation into the role of essential
nutrients. In the forefront has been consideration of
phosphorus and nitrogen (Likens, 1972; Vollenweider, 1970).
The essence of these studies was that phosphorus generally
initiates accelerated eutrophication, ‘since high relative
concentrations are present in industrial and cultural waste
products and only small amounts are required for increasing
organic production at the primary producer level. After

phosphorus concentrations have exceeded requirement levels,

nitrogen may then become the limiting factor, so that nitrogen

enrichment would further increase organic production. Ryther
and Dunstan (1971) have investigated the role of phosphorus
and nitrogen in eutrophic coastal ecosystems and have
concluded that nitrogen was the limiting factor. Relative

to productivity requirements, waters entering these coastal
ecosystems carried limited nitrogen but an excess of

phosphorus.



The Pamlico River estuary, North Carolina, although
still relatively oligotrophic, is also receiving excess
phosphorus inpufs. The amount of phosphorus entering the
system, from tributaries and from a phosphate mining plant,
has been steadily increasing and has almost tripled in the
past seven years (Hobbie, 1970a; Hobbie et al., 1972).
Nutrient enrichment experiments by Harrison (unpublished data)
and Carpenter (1971) showed that nitrogen was probably a major
factor limiting’primary production in the estuary. As a
result of these findings, a program was initiated for
ménitoring nitrogen entering the estuary with the purpose of
both describing the amounts and seasonal distribution and of
establishing possible correlations with hydrographic
conditions and biological parameters such as phytoplankton
abundance. The main conclusions drawn from this study
(Hobbie et al., 1972) were: 1) inorganic nitrogen concen-
trations varied seasonally with highs in winter (correlated
with high freshwater inflow) and lows in summer; 2) nitrate
was the dominant form of nitrogeﬁ in winter, dropping to
almost zero in summer when ammonium was the dominant form;

3) nitrite concentrations were negligible; 4) nitrate concen-
trations and assimilation were correlated with winter peaks
in algal population; 5) the organic fraction (dissolved and
particulate) was larger than the inorganic fraction and was
probably biologically inert.

The importance of nitrogen in the Pamlico River estuary

and a need for more detailed investigation into its sources,



6
transformations and fate upon ehtering the estuary as well as
the neéd for nutrientkbudget estimates for estuarine environ-
ments in general provided the impetus for this study of the
nitrogen cycle in the system.

The objectives of the study were: 1) to determine
possible sources of inorganic nitrogen entering the estuary;

2) to determine possible fates of the nitrogen entering the

estuary; 3) to determine nitrogen loading of the system;

4) to formulate an annual nitrogen budget based on the above

information.




DESCRIPTION OF ESTUARY

The Pamlico River estuary is an oligohaline system
(Copeland and Horton, 1969) extending some 65 km seaward
from the eastern limit of the Tar River at Washington, North
Carolina directly into the Pamlico Sound (Fig. 1). The
estuary is relatively broad (13 km maximum) and shallow
(mean depth of 3.5 m) with water circulation and mixing
significantly influenced by wind-generated tides. Since the
sound is a barrier island system, lunar tides influencing
the estuary are greatly dampened (te about 15 cm). Salinity
distribution is primarily controclled by river flow and values
range from zero to 20 O/oo. Salinity stratification is
present but does not become very strong due to frequent and
vigorous wind mixing. Temperatufés range from 3 to 30°C and
may contribute to relatively strong summer stratification
during brief periods of calm. Water turbidity decreases
seaward with the 1% surface light level ranging from 1 m at
the head to 4 m at the mouth.

Phytoplankton are dominated by dinoflagellates (Hobbie,

1971) with a pronounced bloom ¢f Peridinium triguetrum

occurring yearly from December through March. The assemblages
are similar to those found in other shallow, slow-flowing
estuaries,

Zooplankton are dominated by the copepod Acartia tonsa

(Peters, 1968) and most of the fish present are salt water

forms; including permanent residents (e.g., white perch,
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9
striped anchovy, hogchoker),‘species present except in winter
(e.g., spot, croaker) and migratory species (e.g., hickory
and American shad).

Benthic organisms are dominated by the bivalves Rangia

cuneata in the freshwater sections and Macoma bpalthica in the

saltier areas (Tenore, 1972). Pronounced seasonal changes in
species and distribution occur, mainly because of oxygen
variations.

The 11,137 km?2 drainage basin of the estuary is sparsely
populated and is 71% farmland (60% of this is forested) with
tobacco as the chief agricultural crop. The remainder of the
drainage basin is swamp and unproductive woodland. The
limited industrial activity is dominated by fertilizer
producers anhd fish processors.

Nutrients entering the estuary are primarily phosphorus
(both naturally occurring high levels and high inputs from_a
phosphate mining industry) and nitrogen (likely from
agricultural fertilizers). Increased phosphorus levels have
not appeared to affect the biology of the estuary appreciably
(Carpenter, 1971; Sherk, 1969), but there is evidence of
phosphate accumulation in the sediments (Davis, 1968).
Nitrogen appears to be limiting production in the estuary

(Carpenter, 1971).
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MATERIALS AND METHODS

Sampling

The field sampling was divided into two separate studies.
The hydrographic~nutrient monitoring study was carried out by
technicians at the Pamlico Marine Lab and was, as the name
implies; a study monitoring the‘hydrographic conditions and
nutrient concentrations in the estuary. The experimental
study was a separate series of field and laboratory measure-
ments of various transformational pathways of nitrogen.

Stations used in the hydrographic-nutrient monitoring
study (Fig. 2) were sampled every two weeks. Measurements
of temperature and salinity were made in the field with a
Beckman RS5-3 induction salinometer. Samples of surface
water for chemical analysis were collected with a brass
Kemmerer sampler, placed in plastic bags, immediately frozen
with dry ice and transported back to the laboratory for
analysis.

For each station used in the nitrogen experimental
study (Fig. 3), temperature and salinity were measured in
the field with a thermometer and Goldberg refractometer.
Water samples were taken from a depth of 1 m with a non-
metallic Kemmerer sampler, put into amber Nalgene bottles and
kept in an insulated cooler during transportation (less than
3 hr) back to the laboratory for analysis. The sampling was
divided into two 2-week study periods; one in winter and one

in summer.




PAMLICO RIVER

o . Nl

PAMLICO
I i SOUND

KM

Figure 2. Location of sampling stations, hydrographic-nutrient monotiring study:
( ®)- estuary stations; (@)-tributary stations; @=p»)-tributaries used
in calculating inorganic nitrogen loading; (G )- gauged for water flow
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Chemical Analysis

Five forms of nitrogen were analyzed in water samples
from the hydrographic-nutrient monitoring study: 1) nitrite
(NOg), 2) nitrate~(N03); 3) ammonium plus amino acids
(NHy4 + a.a.), 4) total unfiltered nitrogen (TUN) and 5) total
filtered nitrogen (TFN). All forms were converted to
nitrite for analysis. Nitrite was measured colorimetrically
as an azo dye after reacting with sulfanilamide and
N-(l-naphthyl)-ethylenediamine. Nitrateiwas converted to -
nitrite through reduction by copperized-cadmium. = Ammonium
plus amino acids were converted to nitrite through oxidation
by alkaline hypochlorite. Both total unfiltered and filtered
nitrogen were converted to a mixture of nitrite and nitrate
through oxidation by a strong UV light source. This was all
converted to nitrite by subsequent reduction treatment with
‘copperized~cadmium. Particulate nitrogen (PN) was calculated
as the difference between total unfiltered and total
filtered nitrogen. Dissolved organic nitrogen (DON) was.
calculated as the difference between total filtered nitrogen
and the sum of nitrite, nitrate and ammonium plus amino acids.
Except for total unfiltered nitrogen, all water samples were
initially filtered through Gelman A glass fiber filters
before nitrogen determination. A more detailed description
of the chemical techniques outlined above can be found in
Strickland and Parsons (1968). Technique precision for
nitrite and nitrate analyses was similar to that described in

the literature. Crawford et al. (1973) found the average
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concentration of dissolved free amino acids in the estuary

1 and their contribution to

to be only around 20 ug C liter™
the ammonium analyses was probably negligible. The greatest
erfor occurred in analyses of particulate and dissolved
organic nitrogen. The UV apparatus used by this laboratory
has been found to underestimate the amount actually present.
Although the error has not been found to be quantitatively
consistent, it can still be said that the values obtained

are minimum estimates.

In the nitrogen experimental study, six forms of
nitrogen were measured: 1) nitrite, 2) nitrafe, 3) ammonium,
4) total filtered nitrogen, 5) particulate nitrogen and
6) urea. Nitrite, nitrate and total filtered nitrogen were
determined as discussed in the previous section. Ammonium
was determined colorimetrically after reacting with phenol
and hypochlorite at high pH to form indophenol blue (Solérzano,
1969). Particulate nitrogen (retained on 4.25 cm Reeve Angel
934-AH glass fiber filters) was determined colorimetrically
after conversion to ammonium by acid digestion and complexing
with ninhydrin and hydrindantin (Holm-Hansen, 1968). Urea
was determined by the carbamido diacetyl reaction yielding
an orange to red color (Newell et al., 1967).

Determinations were also made of particulate carbon,
alkalinity, pH and dissolved oxygen. Particulate carbon was
determined by wet oxidation of the particulate matter
retained on 934-AH glass fiber filters (Strickland and

Parscns, 1968). Alkalinity was determined by the acid
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titration method of Karlgren (1962). In this technique, a
suitéble quantity of water sample (up to 50 ml) was
continuously purged with COg9-free Ny, a mixed indicator (SBV)
was added, and the sample was titrated with 0.02N HCl until
an endpoint (indicator color change) was reached, utilizing
the amount of acid required for calculating alkalinity of
the sample. A glass electrode pH meter was used to measure

pH and oxygen was determined by the method of Carpenter (1965).

Nitrogen Experimental Study

Net Changes in Inorganic Nitrogen in the Water Column

Water samples were collected from the central stations
of each transect (Fig. 3). At the laboratory, a 1 liter
subsample from each sample was immediately filtered through a
934-AH glass fiber filter and frozen for later analysis of
nitrite, nitrate and ammonium. The remainder of each sample
was dispensed into duplicate 1 lifer glass-stoppered Pyrex
bottles. The bottles were then placed in a flowing water
system outdoors to maintain near-ambient light and temperature
conditions during their 8 to 24 hr incubation period. At the
end of incubation, each sample was immediately filtered,
frozen, and later analyzed for nitrite, nitrate and ammonium,
The net change in inorganic nitrogen was calculated as the
difference between the mean value of the duplicate incubated
bottles and the value for the initial sample. This experiment
was run twice (about one week apart) during both winter and

summer studies.
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Net Exchange of Nitrogen Between the Water and Sediment

Four troughs (Fig. 4) were constructed of polystyrene
séctions bonded with epoxy and sealed on the inside with
InertOlGD'(Koppers Corporation, Pittsburg, Penn.) rubberized
sealant. Each trough was connected with 1 cm (I. D.) latex
tubing to a 60 liter holding tank (HT) from which the
estuarine water was gravity fed. All flow rates were
adjusted (to approximately 1 ml sec‘l) by screw clamps and
measured periodically with graduated cylinders. A
submersible pump was used to transfer water from a 1200
liter reservoir (R) to the holding tank.

Sediment and water used in this expefiment were
collected from South Creek, a tributary of the Pamlico River
estuary. Sediment was distributed along the bottom of three
of the four troughs to a depth of 5 cm. Two were considered
duplicate undisturbed sediment systems (T-1, T-2) and the
third contained previously autoclaved sediment (T-K). The
fourth trough contained no sediment and was considered the
control system (C). Before being fed into the reservoir,
the estuarine water used in the experiment was passed through
a FilteriteCD (Filterite Corporation, Timonium, Maryland)
prefiltering apparatus containing a 1 p nominal pore size
polyethylene tube filter. The inlet and outlet openings
for the troughs were located so that 8 cm of water would be
above the sediment or, in the case of the control system,

thé bottom cf the trough.




Figure 4.

Laboratory apparatus for measuring nitrogen exchange between water and
sediment: (R)- reservoir; (HT)- holding tank; (T-1, T-2)- undisturbed
sediment systems; (T-K)- autoclaved sediment system; (C)- control system
(no sediment)

LT
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At the time the experiment was started (i.e., when water
was introduced into the troughs), a 1 liter water sample was
taken from the holding tank, immediately filtered through a
934-AH glass fiber filter and frozen forviater analysis of
nitrite, nitrate, ammonium and dissolved organic nitrogen.
In addition, two 100 ml samples were filtered and}the glass
fiber'filters frozen for later particulate nitrogenvﬁnalysis.
The water was allowed to fill the troughs and the sediment
allowed to settle before trough effluents were sampled}‘ At
6; 12, 24, 48, 72 and 84 hr from the’initiation of the
experiment, trough effluents were sampled, whereas‘the
holding tank was sampled atyo, 24, 48, 72 and 84’hr.v.The
experiment was terminated after 84 hr as the reservoir water
sdpply became exhausted. The net exéhange of nitroéen was
calculated as the difference between the mean concentration
for,the two undisturbed:systems (T—i; T-2) and the control
systeﬁ (C), expréssed as ug-at N m—2 day"l. Temperature,
salinity, pH and dissolved oxygen were monitored for the
holding tank.v.One‘experimental series was run for each of

the winter and summer studies.

Urea and Urea Deco@position

Samples for urea were taken from the central stations
of each transect (Fig. 3) at two to four week intervals
for a 13 month period. Additional samples were taken at the
abové stations as well as from tributary stations (Fig. 3)

during the winter and summer experimental studies.
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Urea decomposition was determined for water samples
collected from the central stations of each transect (Fig. 3)
twice (approximately one week apart) and from tributary
stations once during each of the winter and summer studiés,
The technique employed was a modification of that of Remsen
et al. (1972). In the present study, sample volume was

14C was added per sample (although the

20 ml, 1. uCi of urea-
total amount of urea added was the same on a per liter basis
as Remsen added), the reaction was stopped by adding HgSO4,
and 14002 was absorbed by phenethylamine. The apparatus and
general technique used was similar to that of Hobbie and
Crawford (1969). After the reactionbwas terminated, radio-
activity was determined by liquid scintillation using a
cocktail consisting of one part Triton X-100 B (Packard
Instrument Co., Downers Grove, I1l.), two parts toluene and
one package Omniflour B (New England Nuclear Corp., Boston,
Mass.) per liter of liquid. Duplicate flasks were run for
each sample in addition to controls consisting of one flask/
containing a sample initially filtered through a 0.45 u
Millipore filter and another flask containing an unfiltered

sample which had been initially killed (H5S04 added).

Nitrate Beductase Activity

Samples were collected at the same stations and times
for nitrate reductase assays as those for urea. The assay
technique used was the method of Eppley et al. (1969) as

slightly modified by Harrison (1973). The filters used were
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4.25 cm 934—AH‘glass fiber filters and sample volumes

filtered were 200 to 1000 ml.

Nitrogen Enrichment

Water samples were collected from the central stations
of each transect (Fig. 3) once during each of the winter and
summer studies. These samples were analyzed at the
laboratory for photosynthetic response to enrichment with
nitrite, nitrate, ammonium, urea and a mixture of some 18
amino acids. Additional samples were taken on another date
from a single station for each study and analyzed for
photosynthetic response to each of 18 amino acids. The
procedure used was similar to that of Goldman (1960); 125 ml
pyrex bottles were used. Five bottles contained enrichments
of 10 ug-at NO,-N liter ' (as NaNO,) or 100 pg-at NOg-N
litér‘l (as KNO3) or 50 ug-at NH,-N liter™! (as NH,C1) or
50 ug—at urea-N liter~! or 48 ug C liter~! of a mixture of
18 amino acids. Three bottles were unenriched (two light
bottles and one dark bottle). Each'bottle was ilnoculated
with 1 uCi NaH14CO3 and incubated in an outdoor flowing
water system (to maintain near-ambient temperature and light
conditions) for 6 hr. The incubation was stopped by adding
10 drops of Lugol's sodium acetate solution to each bottle.
The same procedure was used for the individual amino acid
enrichments. In this case, there were 21 - 125 ml bottles
used. Eighteen bottles contained enrichment from different
amino acids and the remaining three bottles were unenfiched

(two light bottles and one dark bottle).




21

Inorganic Nitrogen Concentration in Rainwater

Once during the winter and summer studies 1 liter acid-
cleaned beakers were placed in several locations outside the
laboratory for the collection of rainwater. The beakers were
placed 1 m above the ground and in an open area in order to
colléct only direct-falling rainwater. The beakers were
left out (approximately 2 hr) until a storm had passed at
whichbtime all the samples were pooled, frozen and later

analyzed for nitrite, nitrate and ammonium.

Exchangeable Inorganic Nitrogen in Sediment

Sediment samples were collected with a Peterson dredge
from the stations of each transect (Fig. 3) once during both
the winter and summer studies. At the lab, a subsample was
oven dried at 100°C for 24 hr for determination of water
content. Another subsample was analyzed for exchangeable
inorganic nitrogen by the method of Jackson (1958). This
subsample (25 g wet weight) was transferred to a 500 ml
Erlenmeyer flask containing a 200 ml solution of 10% NéCl
(pH 2.5). The flask was intermittently shaken for 30 min
and the contents then filtered through an 11 cm 934-AH glass
fiber filter. An additional 250 ml of the NaCl solution
was uséd to wash the flask. The clear supernatant was frozen

and later analyzed for nitrite, nitrate and ammonium.
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Nitrogen Budget

Total Amount of Nitrogen in the Estuary Waters

Nitrogen concentration was measured near the surface of
the water and was assumed to be uniform with depth. The
volume of water represented by each station was célculated
from an arbitrary rectangular boundary area (Appendix D
Figure 2) and from mean water depth for that area. The sides
of each rectangular area represented a line approximately
equidistant from station locations. All calculations
(Appendix A Table 2) were based on the daily average for

each month.

Inorganic Nitrogen Loading froﬁ Tributaries

| The total amount of inorganic nitrogen entering the
estuary from its tributaries (Fig. 2) was calculated from
the nitrogen concentrations and frem flow volumes (Appendix A
Tables 3-8; Appendix B Table 2). Nitrite, nitrate and
ammonium concentrations were measured for tributary surface
waters and were assumed to be uniform with depth. Values
for tributaries not measured were assumed to be the same as
for tributaries in close proximity for which measurements
were made. Flow volume information came from permanent
U;S,G;So flow gauges (Fig. 1). An average daily flow volﬁme
was calculated from daily values for the entire month to
compensate for lag effects. This lag is defined as the
difference between flows measured at distant tributary gauges

and flows actually entering the estuary. Flow volume for
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tributaries not gauged was estimated by the proportion
resulting from comparing their drainage basin with that of

nearby gauged tributaries.

Net Increase or Decrease in Inorganic Nitrogen Within

the Estuary

The amount of increase or decrease in inorganic nitrogen
within the estuary was calculated as the difference between
total tributary inputs and output through the estuary mouth
(Appendix A Table 3). Inputs used were the values calculated
in the previous section on nitrogen loading. Outputs were
calculated as the product of outflew volume and the concen-
tration of inorganic nitrogen at the mouth of the estuary
(corrected for dilution). Foer these calculations, the out-
flow volume was assumed to be equal to the inflow volume

(i.e., precipitation and evapotranspiration were balanced).
e oo ’ v

Contributors to Inorganic Nitrogen Increase

The amount of inorganic nitrogen released from Pamlico
River estuary sediments was calculated from the product of
the ratio of the estuary sediment surface area to the experi-
mental trough sediment surface area times the exchange rate
calculated from the laboratory experiments (Appendix A
Table 9). Only the surface area of the estuary mud sediments
(same type used in laboratory experiments) was used in the
calculations. Approximately 60% of the Pamlico River estuary
sediments are muds which are located in the deeper waters

starting at approximately the 1 m contour.
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The total amount of inorganié nitrogen reaching the
estuary from direct rainfall was estimated from the concen-
tration of inorganic nitrogen in the rainwater, the amount of
rainfall and the surface area of the estuary (Appendix A

Table 10).

Contributors to Inorganic Nitrogen Decrease

The amount of inorganic nitrogen assimilated in the
water column was calculated as a fraction of the amount of
carbon assimilated (from 14C—uptake experiments) by assuming
a constant assimilation ratio of 100:16 (C:N),; a generally
accepted ratio for the carbon, nitrogen composition of most
phytoplankton (Fogg, 1965). For all stations where measure-
ments of 1%C-assimilation were made, the values were
multiplied by the water volume represented by the particular
station (see section on total amount of nitregen in the
estuary) corrected for light extinction (Williams, 1966) and
summed (Appendix A Table 11). |

The processes listed above as contributing to the
increase or decrease in inorganic nitrogen within the estuary
were by no means complete, but were cohsidered the major

ones. All calculations were expressed as daily averages for

the months presented (February and August, 1972).

Computer Maps

Computer maps were produced with the SYMAP (Synagraphic
Computer Mapping) program developed by the Graduate School

of Design at Harvard University (Cambridge, Massachusetts).
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RESULTS

Hydrographic Data

Temperatures in the Pamlico River estuary from August
1971 to August 1972 (Fig. 5) ranged from less than 5°C in
February to higher than 25°C in July and August. Typical
spatial distribution during the extreme seasons (Fig. 6)
indicated little difference in temperatures throughout the
length of the estuary, although slightly colder temperatures
in winter and slightly warmer temperatures in summer were
often found upstream.

Salinities greater than 4 O/oo were seldom found
farther upstream than mid estuary except during the late
summer and early fall (Fig. 7, 8). During late summer,
salinities greater than 6 O/oo were generally found through-
out most of the estuary. The pattern of higher salinities
in summer, extending farther up into the estuary, and low
winter values due to high freshwater flow, is the same as

was found in earlier hydrographic work in the estuary

(Hobbie, 1970b). Lower overall values for the present study,

as compared with previous data, were caused by the
exceptionally heavy rainfall during the year (see also

Appendix B Table 1).

Nutrient Data

Nitrite concentrations were very low throughout the year

(Fig. 9) in comparison with the other forms of nitrogen found

in the estuary. Values ranged from greater than 0.5 ug-at N
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Figure 9.
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1 during the winter months to almost undetectable

liter™
levels (0.1 ug-at N liter'l) the remainder of the year. The
only evident pattern of distribution was that of higher
concentrations in the upper reaches of the estuary (Fig. 10).
The yearly cycle of nitrate concentrations (Fig. 11)

was similar to that of nitrite, although concentrations were
much higher (up to 35 ug-at N 1iter'l) and the high concen-
trations persisted for a much longer period of time. Concen-

1 were found through a

trations greater than 5 ug-at N liter™
large portion of the estuary from September through March.
Concentrations were always higher upstream and usually did

not fall below 10 pg-at N liter~?!

year round in the upper
reaches. Very little nitrate was found near the mouth of the
estuary during any season. The general pattern of decreasing
concentration downstream and the seasonal contrasts in the
amount of nitrate found in the estuary were also apparent
from data for individual sampling dates (Fig. 12).

A seasonal pattern for ammonium plus amino acids (Fig.
13) was difficult to detect except for the slightly higher
concentrations observed during a short period in winter.
Most of the values for the year fell within a relatively small
range of 4 to 8 ug-at N liter‘l° The spatial distribution for
ammonium plus amino adids (Fig. 14) also illustrated no
definite pattern, even seasonally.

A yearly pattern for dissolved organic nitrogen (Fig. 15,

16) was also difficult to detect. There did appear to be less

present during the winter when inorganic nitrogen was high.



32

PAMLICO RIVER

rasaresaey
Restsiene

153

4445
b

ae

A
M

23 February 1972
Nitrite! (UG-ATOMS N/LITER)

[iRisotesd
+ e BTN
it ases
++ a3es

2oy

rrees

Seviaer

[Re200504

o

PAMLICO RIVER

SR

risase

9 August|1972
Nitrite (UG-ATOMS N/LTER)

BEPEaeG
88a

£885

Figure 10. Surface nitrite distribution




33

71-72

NITRATE (UG-ATOMS N/LITER)
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Figure 11.
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In addition, concentrations appeared higher downstream much
of the year.  Again, extreme seasonal differences were not
present. Concentrafions were greaéer than 15 pg-at N 1iter_1
most of the yéar and thus dissolved organic nitrogen was the
most abundant form of nitrogen present year round.

The yeariy concentrations of particulate nitrogen

(Fig. 17) did not follow any pattern either. Values between

1 were most commonly found and concen-

1

1 and 5 ug-at N liter™
trations of.gfeater-than 15 pg-at N liter‘ were rare, No

pattern in spatial distribution of particulate nitrogen was
detected (Fig. 18). Similar patterns for all nitrogen forms

described here have already been observed for this estuary

(Hobbie et al., 1972) (see also Appendix B Table 1).

Nitrogen Experimental Study

Net Changes in Inorganic Nitrogen in the Water Column

During experimental incubations of water samples there
was a slight net increase (0.10) in nitrite in the upper
estuary and a slight decrease (0.02 ug-at N liter_lday“l)
downstream (Fig. 19). The statistical significance (5% level)
of the changes measured, using the student's t-test (Snedecor
and Cochran, 1968), indicated that the net increase in
nitrite upstream was real for both samplings (Appendix C
Table 1). No significant changes in nitrite were detected
for the middle reaches and only changes measured for the 23
February sampling were significant for the downstream stations
of the river. In this case, there was a net decrease in

nitrite.


















































































































































































































































































































































































































