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ABSTRACT
The Neuse River Basin has over the past several decades supported some of
North Carolina's most diverse and intense urban, rural and agricultural
development and growth. As such, both water use and nutrient-rich waste
discharge have increased substantially in the Neuse River and its tributaries.
Contemporanecusly, symptoms of accelerated eutrophication, including summer-fall

nuisance blue-green algal (Microcystis aerugincsa) blooms, have characterized

the lower portions of this economically and recreationally important river.
Perhaps the most alarming feature of the river's advanced trophic state is
periodic winter-spring-early summer hypereutrophy, when magnitudes of both
nitrogen and phosphorus loading can exceed resident phytoplankton growth
requirements. Obviously, such characteristics represent an undesirable
situation when viewed from both management and recreational/fishing resource/use
perspectives.

With the need for a proper understanding of the complex interplay of
nutritive and physical characteristics responsible for current eutrophication
and associated water quality degradation, the following study, attempting to
link the physiological ecology of nuisance blue-green algal blooms to
arwvironmental features making the lower Neuse River susceptible to such blooms,
was initiated in 1981. Both field and laboratory monitoring efforts and
experiments were carried out on a continuous basis until 1986 in order to assess
the linkage between periodicity and magnitudes of nutrient inputs (loadings) as
well as amenable physical conditions (water discharge, flow, temperature,
irradiance) responsible for bloom development and persistence during
hydrologically diverse years. Clearly, it can be seen that variable
hydrological conditions, particularly evident as wet vs. dry spring-summer
months, play a crucial role in determining bloom potentials in respective years.
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Both adequate nutrient (specifically nitrogen) loading during wet spring months
as well as subsequent low discharge (low flushing) conditions in summer-fall
months play joint roles in dictating the magnitudes and persistence of blooms.
Optimal bloom development occurred in 1983, a year which featured both excessive
winter-spring nutrient loading as well as dry, low discharge summer months.
Other years, such as 1982 and 1984, featured adequate (excessive) spring
nutrient loading; however, continued high discharge in summer-fall months
negated bloom potentials. Corversely, 1985 and 1986, while exhibiting record
droughts and resultant extensive low summer discharge conditions, failed to
support detectable nuisance blooms. These years also yielded extremely dry, low
discharge spring periods, thus minimizing associated nutrient loading during the
months of February-May. Consequently, inadequate (for subsequent M. aeruginosa
bloom development) nutrient loading took place in these years.

Nutrient addition bioassay techniques revealed that nitrogen, largely as
NO,~, controlled both magnitudes of primary productivity and M. aeruginosa bloom
development. In part, periodic nitrogen limitation is a product of very high
phosphorus (as P043-) loading, which led to excessive (for phytoplankton growth)
PO43' concentrations on a year-round basis. Nitrate assimilation kinetics
experiments indicated a particularly strong demand for high (>800 ,g-g iN) NO5™
concentrations among M. aeruginosa populations vs. non nuisance phytoplankton
assemblages. These results further underscore enhanced M. aeruginosa bloom
potentials in years exhibiting excessive spring and early summer NO;™ loading.
Although nitrogen limitation periodically prevailed, the duration of nitrogen
limitation was not long enocugh to usher in dominance by N,-fixing nuisance blue-

green algal genera (Anabaena and Aphanizomenon).

Through the use of a novel nutrient dilution technique, which proved

effective in evaluating potential nutrient limitation during hypereutrophic
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periods, it was concluded that at least a 30% cutback in spring and summer
inorganic nitrogen loading will be effective in stemming M. aeruginosa bloom
potentials, even during a "worst case" subsequent low discharge summer. It is
emphasized that nitrogen input cutbacks should be targeted as early as spring
months (Feb-May), because residually high loadings (and concentrations)
attributable to this period can in certain years overlap with early summer
development and proliferation of M. aeruginosa populations.

Excessive phosphorus loadings should also be reduced as part of a long-term
management strategy for the lower Neuse River. It was estimated (from dilution
biocassays) that phosphorus availability can at times exceed phytoplankton growth
demands by at least 50%. Current phosphorus loading rates are more than
adequate to support blooms of N, fixing nuisance taxa. However such taxa
currently do not dominate due to parallel excessive nitrogen loading (which
obviated the need for N, fixation). While exclusive constraints on nitrogen
input may restrict M. aeruginosa dominance, such specific restrictions might
enhance the ability of N, fixing taxa to alternatively dominate. It is
therefore recommended that parallel constraints on inorganic phosphorus loading,
on the order of 50%, be instituted in the Neuse River Basin.

Appropriate constraints on nutrient inputs appear to be the only manageable
option for eliminating bloom potentials. Accordingly, it is suggested that
minimal input constraints (30% for N and 50% for P) formulated in this study, as
well as proper timing of input constraints, be considered as a "first approach"

for addressing current water quality problems of the lower Neuse River.
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SUMMARY AND CONCIIUSIONS

From both nutritive (inorganic N and P) and productivity perspectives, the
Lower Neuse River exhibits both eutrophic and hypereutrophic characteristics,
raising concern with respect to poor water quality conditions often accompanying
such "advanced" states. Overall, trophic states reveal distinct seasonal as
well as year to year variation. As is common among temperate river and lake
ecosystems, while ambient nutrient levels may remain extremely high all year,
primary productivity and resultant phytoplankton biomass accumulations
(including blooms) can vary dramaticaly on a seasonal basis. It was shown for
example that surface primary productivity rates range from a wintertime and
early spring low of less than 5 mg C- m~3.h71 (which by biological standards
would reflect oligotrophic conditions) to rates in excess of 300 mg C m3.n7t
in late spring and summer months (eutrophic to hypereutrophic conditions). This
tremendous range is largely governed by physical factors such as light (PAR)
availability, ambient temperature, and perhaps most importantly, discharge and
resultant flushing rates of this river. A good example of flushing rates
dictating production rates can be seen during sizeable late spring and early
summer rainfall and high runoff events. Such events invariably enhance
discharge and residence time of phytoplankton communities. The shorter the
residence time, the less opportunity exists for phytoplankton communities to
develop appreciable biomass, since the inherent cell doubling rates are eclipsed
by short water residence times. As a result, biomass development is curtailed,
and relatively few phytoplankton cells are responsible for observed primary
productivity rates as well as chlorophyll a content. Dramatic "dilution"
impacts on these parameters were cbserved during rainy spring and mid summer

months in 1981 (primary productivity in late August was as low as 5 mg C* m™3. h
'l), 1982 (primary productivity in mid to late July was 5-8 mg cm3- h-l), 1984
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(which had a very wet summer in which rates of 5-25 mg C* m~3 hL were reported)
as well as late August in 1985 (when tropical storm activity lowered the
productivity to less than 25 mg C-m 3+ h™Y).

In contrast, during dry spring and summer periods of low discharge and long
water residence time, phytoplankton productivity and biomass can rapidly
develop, since during these periods nutrient supplies appear plentiful,
temperature and light conditions are near optimal and long residence times
ensure that cell division rates compensate for flushing (dilution). In these
periods phytoplankton cell division seemingly proliferates in an uncontrollable
fashion, being limited only by nutrient availability and/or intermittent
flushing events. Such conditions ultimately lead to the development and
dominance by blue green algal nuisance species, which manifest themseves as
surface blooms (scums) optimizing warm, stagnant, nutrient and PAR rich
conditions while competitively shading sub-surface non-buoyant and often more
desirable chlorophycean and diatom species. There is little doubt that
lengthy, residence times favor bloom development, especially when we consider

the fact that major taxa responsible for such blooms (M. aeruginosa, Anabaena

spp., Aphanizomenon flos aquae) exhibit growth rates and doubling times (even

during optimal growth conditions) that are slower than more desirable
eukaryotes. A length residence therefore "buys time" for these blue—green algae
to develop; once development has taken place, the maintenance of warm, nutrient
and radiant energy rich conditions, all of which are effectively exploited by
these surface-dwellers, represents insurance for bloom proliferation and
maintenance. When examined in concert, the physical, chemical and biotic data
presented for 1983 typify optimal nutritive and physical conditions, as well as
the proper sequence in which such conditions must occur, needed for massive

nuisance bloom development.
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As this report has shown, no single feature, such as nutrient status,
temperature, discharge (and resultant flushing), can by itself dictate whether
or not nuisance blooms will occur in any given year. Whereas it is well-known,
from hydrocorral data as well as field observation, that blooms develop only
during persistent low discharge, long residence, stagnant conditions, these
conditions were prevalent during at least 3 years (1983, 1985, 1986). Such
amenable physical conditions were most extreme and persistent in 1985 and 1986.
Despite such seemingly ideal bloom conditions, nuisance blue—green algal biomass
development was lower in these years than virtually all other years examined
between 1981-1986. Clearly, these observations point to both additional
regulatory conditions, including synergistic interactions of low discharge and
long retention times with nutritive factors as playing critical roles in bloom
development.

Both the magnitudes and timing of late winter - early spring nutrient, and
specifically nitrogen, loading play crucial roles in dictating whether or not
nuisance blooms will manifest themselves in subsequent mid to late summer
months. Nutrient addition and dilution biocassays strongly supported the fact
that excessive (with respect to phytoplankton nutrient requirements) nutrient
loading exists in years featuring high spring runoff and discharge. These same
assays showed that while enhanced nutrient loading might periodically expose
phytoplankton to excessive nutrient concentrations, phytoplankton nutrient
uptake in periods immediately following runoff events effectively ushers in
periods of nitrogen-limited growth. To some extent, the amount of nutrient
overloading that occurs during spring months dictates how long it will take for
nitrogen limitation to set in once discharge has receded. It has been estimated
by a variety of investigators that water residence times in the lower Neuse
River downstream of Kinston can vary from less than a week (during storm-runoff
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events) to as much as 3-4 months (Paerl 1983; Christian et al. 1986) (during
drought-stricken periods). Such highly changeable hydrological conditions are
by and large responsible for a great deal of fluctuation in physical, nutritive
and biological characteristics. Furthermore, rapid changes in physical and
chemical conditions, such as the onset of a relatively dry period following
massive discharge and nutrient loading events, can lead to conditions where
exceedingly hich nutrient loads remain in the system long enough to overlap with
proper physical conditions for bloom development. This appears to have been the
case in 1983, when within a 2 1/2 month period (early April - Mid June) record
high NO3" loading overlapped with sudden decreases in discharge, leaving a
sizeable NO;™~ "pulse" residing in the lower Neuse River at this time. During
this same period, M. aeruginosa developed as a dominant phytoplankter; this
biomass development ultimately proliferated itself as surface blooms as the
river further stagnated during July-September.

As 15N03 assimilation studies pointed out, M. aeruginosa has relatively
high requirements for NO3~ in order to optimize growth. It is estimated from
these uptake kinetic data that for M. aeruginosa to grow at maximum, NO3"
saturated rates, approximately 30-40% higher ambient NO3' supplies are needed
when compared to eukaryotic phytoplankton demands. The latter, more desirable,
phytoplankton group generally reveals N03_ saturated growth at much lower supply
rates. Emphasis on NO;~ was placed in these studies because this nutrient is
consistently the dominant species of inorganic nitrogen, originating largely as
non point (runoff related) sources. Secondly, bioassays and nutrient chemistry
data agree that inorganic nitrogen availability can at times limit or is
potentially most limiting (during hypereutrophic periods) to phytoplankton
growth. Accordingly, the basis for closely examining NO;~ loading interactions
with bloom potentials stems from the conclusion that the availability of this
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nutrient ultimately controls magnitudes of bloom development.

Given the fact that M. aeruginosa NO3" requirements (for optimal growth)
exceed eukaryotic phytoplankton requirements by roughly 30-40%, it would seem
conceivable that a difference in spring NO;~ loading of 30-40% might determine
whether or not this nuisance organism will establish itself during subsequent
months as a competitive (growth rate-wise) and ultimately dominant
phytoplankter. Interestingly enough, dilution biocassays, conducted during the
late spring months (May-June) of 1983 and 1984, indicated that NO;™ availability
could exceed phytoplankton growth demands by at least 30%. Considering that
during these assays eukaryotes were by far the dominant phytoplankton and that
M. aeruginosa biomass was just developing, a comparison of bioassay with
nutrient loading/concentration data form a case for arguing that a 30-40%
excess in NO;~ availability might well set the stage for favoring optimal M.
aeruginosa growth in subsequent months (July-August). Following this line of
thought, it could be argued that a contrasting scenario might take place in
years having relatively low magnitudes of spring NO3‘ loading. In this case,
which can be illustrated by examining bioassay data from 1985 and 1986, NO5™
availability excesses were only infrequently detected; even when excesses were
evident, a 10-20% dilution was sufficient for inducing nutrient-limited growth.
Based on kinetic conditions, one would predict that M. aeruginosa growth would
be subsaturated with respect to NO;~ availability. Hence, these relatively low
NO3' loading years would tend to favor eukaryotic phytoplankton over M.
aeruginosa growth since the former would be expected to reveal NO; ™ -saturated
growth while the latter would exhibit NO;~ sub-saturated growth.

Clearly, these proposed bloom vs. non bloom scenarios strongly rely on
several hydrological and ecological factors which either have yet to be
adequately addressed with relevant research or which are beginning to be
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addressed with appropriate technology. Of foremost concern is the contention
that NO;~, which is discharged during the spring runoff period, is in fact the
source of inorganic nitrogen responsible for supporting and enhancing M.
aeruginosa growth in late spring and summer months. Thus far, it has only been
shown that, given radical changes in hydrological characteristics, such as a
sudden cessation of high discharge and the ushering in of a drought (such as
occurred in 1983), rapid increases in water retention in the broad downstream
segments of the Neuse River may take place such that spring-loaded NO,;™ (or NH3+
and organic N converted to NO3' through in-stream and in-soil microbial
nitrification) can still reside in these river segments in early to mid-summer
months. Certainly, highly variable changes in water residence time (of days to
several months) which can potentially take place during this period tend to
support this contention. Furthermore, using water retention characteristics to
estimate downstream transport of NO;~ may not be an entirely logical and valid
approach, since NO3_ discharged upstream may be utilized by resident biota
(higher aquatic plants, epiphytic and epilithic microorganisms, sediment
microorganisms), incorporated as organic nitrogen for an unspecified amount of
time, only to be released (by decomposition, death and lysis) back into the
water column at a subsequent time. Additionally, it is known that during high
discharge spring months, the Neuse River periodically exceeds its banks,
flooding adjacent swamps, marshes, forests and agriculﬁural lands. Water
deposited along these marginal regions often does not immediately drain back
into the river. Instead, as is the case with swamps and marshes, such flood
waters are left "standing" for weeks to months at a time. Meanwhile, various
soil and aquatic biotic and abiotic processes are capable of converting (to
other nitrogen species) and cycling the NO;~ initially deposited during flooding
events. Eventually, some of this deposited NO;~ makes its way back to the
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river, either through surface or subsurface (groundwater) drainage. In
addition, sudden sizeable precipitation events such as summer thunderstorms, can
rapidly flush previously-deposited swamp, marshland, forest or agricultural NO5~
(and converted nitrogen species) into the river. In concert, such storage and
subsequent release mechanisms could retard downstream NO3' movement in a
physically complex drainage basin such as that supporting the Neuse River. Work
is currently underway, employing stable isotope "signatures" of specific point
and non-point nitrogen sources to better evaluate; i) proportions of such
nitrogen sources utilized by spring and summer phytoplankton, and ii) whether

summer M. aeruginosa populations and blooms utilize nitrogen derived

specifically from the spring non-point (largely NO3™) loading events shown to
exist (Showers and Paerl in preparation).

Collectively, nutrient loading and bioassay results strongly implicate
inorganic nitrogen availability as a key regulatory factor in M. aeruginosa
bloom development; both nutrient addition and dilution bicassays indicated that
inorganic nitrogen was consistently the most limiting phytoplankton nutrient.
Therefore, constraints on its input would be the most effective step in
reversing both general trends in eutrophication as well as bloom development of
this organism. In the previous paragraphs evidence was presented pointing to
the strong linkage between excessive spring loading of inorganic nitrogen and
subsequent nuisance blooms, particularly during hot and persistently dry summer
months. Taking into consideration additional evidence that in some bloom years
(specifically 1983) excessive inorganic nitrogen loading took place during
spring and early summer months, and that M. aeruginosa is capable of optimizing
its growth under these conditions, it would seem appropriate to restrict
inorganic nitregen loading during such months as well as subsequent summer and
fall months. Dilution bicassays revealed that during high discharge periods in
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the spring of 1983 inorganic nitrogen availability exceeded phytoplankton
demands by approximately 30%. In subsequent non-bloom years excess availability
ranged from 0 to approximately 20%. Accordingly, it is recommended that a
basin-wide effort aimed at reducing spring (and summer) inorganic nitrogen
loading by at least 30% (of average yearly loading values) be considered for
effective control of M. aeruginosa blooms. Such reductions occurred through
natural means in 1985 and 1986, largely due to very dry spring months, leading
to decreased non-point source loading. The results of these decreases in spring
inorganic nitrogen loading were evident in the phytoplankton communities which
developed and dominated during ensuing summer months; M. aeruginosa was
virtually absent from such communities in both years, despite the fact that
physical (flow, temperature, irradiance) conditions were very favorable for
bloom development. Additional evidence for the linkage of rainfall-mediated
nutrient loading to M. aeruginosa bloom development came during the writing of
this report, when, following a break in the drought of 1986, appreciable
rainfall arrived in the Neuse River Basin in September. These rainfall events
were substantial enough to enhance both discharge (flow) and nutrient
(especially NO3") loading significantly. River discharge and flow conditions
returned to typical summer levels by early October. As flow rates decreased M.
aeruginosa blooms developed near Vanceboro and New Bern by mid-Octcber. These
blooms persisted for at least two weeks until additional rainfall in late
Octcber flushed the bloom populations ocut of the lower Neuse River. Subsequent
decreases in river water temperature by November negated further bloom activity.

Thus, even though the entire summer of 1986 exhibited flow conditions
favorable for M. aeruginosa bloom development, it wasn't until appreciable
rainfall, accompanied by enhanced nutrient loading, that such blooms finally
began to appear. Fortunately, favorable bloom conditions occurred late encugh
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in the fall to avoid nuisance conditions.

While it is suggested that a 30% cutback in spring and summer inorganic
nitrogen will be effective in stemming M. aeruginosa bloom potentials, parallel
phosphorus input constraints must also be considered. For reasons outlined
below, excessive phosphorus loading should be dealt with in a long-term
management policy for the Neuse River. The fact that nitrogen was found to be
the most limiting nutrient in this system combined with the additional finding
that phosphorus availability can at times exceed phytoplankton demands by at
least 50% should not be interpreted as meaning that we need not concern ocuselves
with the apparent non-limiting role that phosphorus plays in this system. It
must be kept in mind that inorganic nitrogen input constraints will only be
effective in stemming blooms of non-N, fixing blue-green algal species such as
M. aeruginosa, which like many eukaryotic phytoplankton, have a requirement for
combined inorganic nitrogen. Such organisms can be effectively "starved" under
nitrogen (NO3~, NO,”, NH; )-limited conditions. Once we have induced nitrogen
limitation, we have also altered the nutrient (N and P) input balance in favor

of N, fixing blue-green algal genera such as Anabaena and Aphanizomenon. These

genera, which currently play subdominant roles in the Neuse River's summer
phytoplankton communities, are known to periodically form surface-dwelling
nuisance blooms of magnitudes and durations paralleling what we observed for M.
aeruginosa in 1983. One has only to examine the nearby Chowan River, which,
because of more limited inorganic nitrogen availability, hosts summer Anabaena

and Aphanizomenon blooms in chemically (high spring nutrient runoff) and

physically (dry, low flow summer months) favorable years (Paerl 1982). In fact,
such physical-chemical conditions, while promoting M. aeurginocsa blooms in the

Neuse River 1983, stimulated Anabaena and Aphanizomenon blooms in the lower

Chowan River. Interestingly enough, the Potomac River, which like the Neuse
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receives relatively abundant inorganic nitrogen supplies from both point (Blue
Plains Sewage Treatment plant, D.C.) and non-point sources (upsteam agricultural
drainage), experienced a fate similar to the Neuse in 1983, with massive non N,
fixing M. aeruginosa blooms in vast portions of the river in the Washington,
D.C. area (D.C. Council of Government Report 1985; Thomann et al. 1985) between
July and September. Equally interesting is the fact that neither the Potomac,
Chowan or Neuse Rivers have experienced significant nuisance blooms in 1985 and
1986, despite dry, low flow summer conditions in each year. A crucial
similarity among respective river systems was the very wet, high discharge
spring of 1983 vs. record dry spring conditions in 1985 and 1986.

Current phosphorus loading rates in the Neuse River are more than adequate
to support blooms of N, fixing nuisance taxa. Since relative to the Chowan
River, average phosphorus loading and resultant concentrations are very high,
there is reason to believe that such blooms could equal, if not surpass,
magnitudes of biomass previously observed on the lower Chowan River. While
exclusive constraints on nitrogen input may restrict M. aeruginosa dominance,
such specific restrictions might enhance the ability of N, fixing species to
alternatively dominate. Such a scenario commonly takes place in many temperate
lakes and river systems experiencing restricted nitrogen availability (Paerl
1987). In the laboratory we have shown (Paerl and Ustach unpublished) that

replacement of non-N, fixing M. aeruginosa with N, fixing Anabaena circinalis

took place under nitrogen starved, phosphorus sufficient conditions in Neuse

River and Chowan River water.
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MANAGEMENT RECOMMENDATIONS

It is recommended that parallel constraints on inorganic phosphorous
loading be instituted in the Neuse River Basin. Since dilution bicassays
indicate that at least a 50% nutrient dilution is required to approach potential
phosphorus-limited conditions, it is suggested that phosphorus input cutbacks of
this magnitude be considered. Granted, this is a large proposed cutback in
phosphorus loading, which from management's perspective may not be attainable.
However, given both extremely high current PO43" loading and concentrations, and
relatively frequent occurrences of physically favorable bloom conditions during
summer months, input cutbacks on this order are realistic.

Whereas contraints on nitrogen loading will have to be sought largely among
often difficult to identify and control non-point source inputs such as
agricultural runoff, quantitatively significant phosphorus input sources, such
as sewage treatment plants and industries, are certainly easily identified, and
given adequate financial resources, more easily controlled. In addition, at
least 5-7% of the river's current phosphorus loading can be elminated by
avoiding the use of phosphorus-based detergents, utilizing readily available
and effective (as the author's wife has proven over the past 5 years!)
phosphate-free detergents. If best management practices (BMP) will receive
basin-wide application as an economically and effective means of limiting
excessive nitrogen locading from agricultural catchments, it is certain that some
parallel reductions in phosphorus loading will arise as a side benefit.
Therefore, not all the burden of improved phosphorus input constraints will rest
with sewage treatment plants and industrial sources. Lastly, since it was shown
that phosphorus loading is not necessarily confined to elevated spring discharge
events, efforts must be made to assure effective input cutbacks throughout the

entire spring-summer season.
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In summary, it must be concluded that excessive nutrient loading has
continued at an alarming rate over the past few decades in the rapidly
developing and diversifying Neuse River Basin. This report serves to provide
basic physical, chemical (nutrient) and biotic data and seasonal trends deemed
relevant to understanding the dynamics of phytoplankton production, associated
eutrophication and nuisance bloom formation, and forms a basis for formulating,
initiating and properly applying remedial management steps. It has been shown
that a complex scenario of exéessive spring nitrogen loading, combined with
chronic and luxuriant year-round phosphorus loading, physically-amenable summer
discharge and flow conditions makes this river particularly susceptible to
periods of intolerable eutrophication, as exemplified by nuisance blue-green
algal blooms. Appropriate constraints on nutrient inputs appear to be the only
manageable option for eliminating bloom potentials. Accordingly, it is
suggested that minimal input constraints presented in this report be considered
as a "first approach" to addressing current water quality problems plaguing the
lower Neuse River. Future work should be directed at quantitatively "fine

tuning" and seasonally adjusting these initial recommended input cutbacks with
both laboratory and field experimental work.
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INTRODUCTICN

I. Physical, Demographic and Economic Characteristics of the Neuse River Basin

Among the major river systems draining the Piedmont and Coastal Plains of
North Carolina, the Neuse is considered to be of prime economic and recreational
importance. The Neuse River and its diverse tributaries traverse some of North
Carolina's most productive and rapidly expanding urban, industrial and
agricultural regions, starting with the headwater community of Hillsborough,
then passing through the urban and light industrial Raleigh-Durham, Research
Triangle area (Fig. 1). In particular, the Research Triangle has recently
experienced unprecedented population and industrial growth. Although this
region spans only one-third of the River's length, it contributes a bulk (>70%)
of point-source nutrient inputs, largely as treated sewage and industrial
effluents (N.C. Dept. of Natural Resources & Community Development Unpublished
Data). As testimony of anticipated growth in this region, Raleigh was recently
voted one of the top 20 communities most desirable from economic, environmental
and demographic perspectives. In addition, Falls of the Neuse Reservoir, a
large impoundment constructed for water supply and recreational use, has been a
physical feature of the Neuse Basin for the past 4 years. Clearly, future
diversification, overall expansion of water consumption and waste discharge are
foregone conclusions for this portion of the Basin.

Downstream of the Raleigh-Durham-Research Triangle Area and extending to
the Pamlico Sound, the Neuse River traverses segments of the Coastal Plain
receiving intensive and diverse agricultural use (Fig. 1). This region is
largely rural; however, it includes several small cities which are currently
experiencing population increases and light industry development/
diversification. Included are Fuqua-Varina, Goldsboro, Smithfield, Kinston and

New Bern. Many of the North Carolina's most valuable agricultural commodities,
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Figure 1. Major riverine drainage basins in Eastern North Carolina, including
the Neuse River Basin. Boundaries of each drainage basin are shown. Major
municipalities in the Neuse River Basin are shown. This project focused on a
10 km segment of the Neuse River just upstream from New Bern, N. C. This

segment has, over the past decade, been the site of numerocus nuisance blue—green
algal blooms.



including corn, soybeans, peanuts, tobacco, wheat, hay, a variety of marketable
vegetables, orchard fruits, and to a lesser extent, commercially exploited
forests, typify production in this region. ILarge segments of recently cleared
forest land are currently being prepared for agricultural production within the
River's watershed. Such diverse agricultural activities generate a variety of
non-point source nutrient inputs, ranging from fertilizer runoff losses to
enhanced erosion characteristics of recently cleared, channelized former forest
land. Lastly, poultry (chicken and turkey) farms, pig and cattle feed lots
represent an additional source of agricultural income and nutrients (both
organic and inorganic wastes and surface runoff). As might be expected,
agricultural production and fertilizer use have steadily expanded in the Coastal
Plains region over the past 3 decades, leading to accelerated non-point and (to
a somewhat lesser extent) point source nutrient loading (N.C.D.N.R.C.D.
Unpublished Data).

II. Current Trophic State of the Iower Neuse River

From both management and environmental perspectives, enhanced nutrient
loading has been viewed with suspicion, since severe water quality degradation
has accompanied this trend in recent decades (Tedder et al. 1980; Paerl 1983;
Stanley 1983). During the past decade alarming symptoms of eutrophication have
become commonplace in sections of the lower Neuse River (Paerl 1983). 1In
particular, as the river widens between Kinston and New Bern, downsteam current
velocity can slow to virtually undetectable rates during relatively dry summer
and fall months. Dramatic increases in water retention time can result,
especially if dry, low runoff conditions persist in excess of several weeks
during this period (Paerl 1983; Christian et al. 1986). Under such hydrological
conditions this stretch of the lower Neuse River can physically resemble a lake

or reservoir, exhibiting distinct vertical water column stratification,



resulting in surface heating and stagnation. As shown in some detail in this
report, periodic summer stagnation in these nutrient enriched, highly productive
waters favors oxygen depletion events in bottom waters and surface sediments.
Perhaps the most cbvious signs of "runaway eutrophication" are surface blooms of
nuisance blue-green algal (or cyanobacterial) (chiefly the non N, fixer

Microcystis aeruginosa) species, which in favorable years can become dominant in

large segments of the lower Neuse River (Tedder et al. 1980; Paerl 1983;
Christian et al. 1986). Sustained (several weeks to months) low flow, thermally
stratified, nutrient sufficient (for maintaining blue-green algal growth)
conditions favor bloom formation and persistence (Paérl 1983; Christian et al.
1986). To our best knowledge, nuisance blooms are a fairly recent feature of
the lower Neuse River; neither laymen, management or scientific reports of
summer blooms (particularly surface scum-forming blooms) exist prior to the late
1970's. Since then, periodic bloom activity has been reported, with severe
surface blooms witnessed in 1980, 1981, and 1983 (Fig. 2).

Nuisance blue-green algal blooms are known to be detrimental from
trophic/food chain, health and aesthetic perspectives, translating into long-
term negative impacts on domestic water use, fisheries, recreational use and
tourism, which all represent significant economic resources within the Neuse
Basin as well as Eastern North Carolina's estuarine and coastal communities
(N.C.D.N.R.C.D. Unpublished Data). It is particularly unfortunate that several
of the more notorious genera make up the blooms. In terms of numerical

dominance, the non N,-fixing species Microcystis aeruginosa is by far the most

problematic bloom former. At times this organism can bloom to massive
proportions in the Kinston - New Bern segment. During 1983 alone M. aeruginosa
at times constituted 99+% of total phytoplankton biomass, accumulating in

surface scums containing 1500-2000 ug-z"l of chlorophyll a (Fig. 2). During



Figure 2. View of a surface dwelling bloom (scum) of the dominant colonial
nuisance blue-green alga Microcystis aeruginosa, during early September 1983.

Photograph was taken near Vanceboro, N. C.



peak bloom stages, which normally occur in August-September, local fishermen and
residents have attested, in no uncertain terms, to the severity of water quality
deterioration. Included are claims (thus far unproven) that surface scums have
been thick and dense enough "“to walk on". It has been our experience that such
scums can accumulate to 3-4 cm thickness, interfering with small boat travel,
fouling engine coolant intakes and all but eliminating fishing and swimming
potentials of affected regions. Setting aside the more exaggerated claims, it
is difficult to argue with the fact that nuisance blooms cause serious
aesthetic, recreational and commercial (fishing) problems. When blooms die off
and dissipate (usually in response to sudden unfavorable environmental
conditions) senescent scums can accumulate on river banks or in tributary creeks
and neighboring wetlands as rotting blue—greenish masses, having a distinctive
pungent (geosmin) smell.

In addition to obvious negative aesthetic impacts, blooms can act as
vectors for a variety of pathogenic microbes, including specific bacteria
responsible for skin-lesions and infections among fish, including "red sore

disease" (Aeromonas hydrophila), (Esch and Hazen 1983) saprophytic and

pathogenic fungi and protozoans thought to infect and rapidly proliferate in
fish and invertebrate species already stressed by the presence of bloom algae
(Noga personal communication). Lastly, growth of human pathogenic bacteria,

including certain members of the notorious genera Vibrio, Escherichia,

Salmonella and Spirillum and parasitic gastrointestinal protozoans appears to be
enhanced in blue-green algal blooms, presumably because blooms represent massive
accumulations of organic matter on which such microorganisms can thrive (Fogg
1969) .

Blue-green algal nuisance species, including Microcystis aeruginosa, as

well as the N, fixers Anabaena circinalis, and Aphanizomenon flos aquae, all of




which commonly inhabit the lower Neuse River, yield strains which produce intra-
and extracellular toxins. Toxic characteristics of these species can vary
widely among different waters and contrasting environmental conditions. Reviews
on this subject commonly cite cases of toxicity varying seasonally within a
single system (Gorham and Carmichael 1980). Using resident crustacean
zooplankton as test animals, we (Fulton and Paerl in press) have shown that
variable toxicity can be conferred for the dominant blue-green alga Microcystis
aeruginosa. Both avoidance of M. aeruginosa (presumably due to the ability of
zooplankton to sense noxious compounds produced by this alga) and death in the
presence of or following ingestion of M. aeruginosa were commonly observed
during these toxicity tests. Among other freshwater systems periodically hosting
these bloom species, toxic impacts include gastro-intestinal and hepatic
disorders among vertebrate (including domestic pets, cattle and man) and
invertebrate consumers of infested waters (Gentile 1971; Collins 1978), and
neurological malfunctions, including paralysis and seisures, which can be
followed by death (Gentile 1971; Collins 1978). Death among cattle and
domesticated pet consumers of tainted waters has been reported in tropical
(India, Pakistan, Malaysia, Indonesia, Thailand, Cameroon, Kenya, Somalia,
Zaire) subtropical (North Eastern Australia, Israel, China, Southeastern U.S.A.)
and temperate (Montana, North Dakota U.S.A., The Netherlands, Sweden, Norway,
U.S.S.R.) regions of the world (Collins 1978; Gorham and Carmichael 1980; Paerl
1987). This rapid death toxicity phenomenon has been attributed to a group of
peptide-based exotoxins known as very fast death factors (VFDF), produced by

both Microcystis and Anabaena species (Collins 1978).

ILastly, and perhaps most important, are potential negative trophic impacts
attributable to both toxicity and/or poor palatability and food (assimilatory)

values of ingested algae. As a group, blue-green algae are often avoided (due



either to toxicity or poor taste) by filter feeding zooplankton (Porter and
Orcutt 1981; Lampert 1981), sessile and larval invertebrates (Fogg 1969; Gentile
1971) and larval fish species (Fogg 1969; Collins 1978). Many nuisance blue-
green algal species exist as multicellular filaments or colonies. M. aeruginosa
forms buoyant irregqular to ovoid shaped spherical colonies composed of from
several hundred to thousands of cells (Fig. 3). Even if this organism proved
non-toxic, the colonies make it a prohibitive food item for dominant cladoceran
or copepod zooplankton as well as larval fish inhabiting the lower Neuse River.
Experiments conducted during a related Sea Grant - supported project have shown
that M. aeruginosa colonies present mechanical constraints to effective feeding
by virtually all resident crustacean zooplankton (Fulton and Paerl in press).
When M. aeruginosa was grown as single cells, it was still found to be
distasteful by many numericially dominant cladoceran and copepod species. The
few remaining species which did exhibit filtration of single-celled M.
aeruginosa revealed poor assimilation of the ingested cells. In short, despite
the fact that periodic blooms of M. aeruginosa represent large amounts of
biomass, little, if any, of this biomass is likely to be consumed and
transferred up the food chain by either herbivorous zooplankton or larval inver-
tebrate and fish species. Experimental data thus far obtained from the lower
Neuse River and its receiving estuary indicate agreement with other, diverse
freshwater studies (Schindler 1971; Porter and Orcutt 1980; Lampert 1981), indi-
cating that nuisance blue-green algal species can represent a "dead end" with
respect to direct ingestion and assimilation by herbivorous consumers.

III. Research Problem: Linking Current Physical-Chemcial Conditions to Bloom

There exists little doubt that accelerated eutrophication, as exemplified
by recurrent blue-green algal blooms, is linked to excessive nutrient loading in
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Figure 3. Photomicrograph of a segment of a buoyant Microcystis aeruginosa
colony, sampled just upstream from New Bern, N. C. during a bloom in August
1983. Colonies are composed of hundreds to thousands of coccoid-ovoid cells,
each having an approximate linear dimension of 3-6 iym. Granular inclusions in
individual cells are gas vesicles, which are responsible for buoyant
characteristics of this species.




the lower Neuse River. The dynamics of nutrient loading, including seasonal
contributions of point and non-point sources, as well as relevant physical
factors playing roles in the development and proliferation of nuisance blooms
have been identified in previous reports (Tedder et al. 1980; Paerl 1983;
Christian et al. 1986). However, on year-to-year and seasonal bases it still
remains unclear how nutrient loading and hydrological events jointly induce and
sustain bloom events. Furthermore, it is far from obvious why in some years
bloom intensity and duration are severe and lengthy, while in other years the
river appears virtually free of nuisance algal species, let alone blooms. A
cursory lock at environmental monitoring data, including physical, chemical and
biotic parameters, collected by the North Carolina Department of Natural
Resources and Community Development (Div. of Environmental Management) The
University of North Carolina (Institute of Marine Sciences) and East Carolina
University (Dept. of Biology/Institute of Coastal Marine Resources) a priori
leads one to believe that no single environmental parameter is uniquely
responsible for the initiation, development, proliferation and maintenance of
nuisance blooms. Although it is evident that current magnitudes of nutrient
(nitrogen and phosphorus) loading can support luxuriant growth and biomass
development among bloom species, sufficient nutrient loading alone does not
ensure summer blooms, as will be seen for 1982 and 1984, when very high
magnitudes of spring and early summer nutrient loading preceded bloom-free
summer and fall months. Previous studies, including some conducted at this
laboratory (Paerl 1982; Paerl and Ustach 1982; Paerl 1983), have shown a strong
relationship beteen relatively dry, low discharge (and low flow), spring and
summer conditions and bloom potentials. Certainly, long term (several months)
hot, dry summer conditions were closely implicated in the massive bloom of 1983
(Paerl 1983; Christian et al. 1986). However, both 1985 and 1986 proved to be

10



drought years, with 1986 alone posting one of this century's most severe and
lengthy droughts. Discharge and flow were continuously low, remaining 400-600
cfs at Kinston from as early as February through most of August. Such hydrolog-
ical conditions, as well as similar but less severe conditions in 1985, left
aquatic biologists, water quality managers and local residents with the notion
that blooms were a virtual certainty in these years. Surprisingly to all, the
blooms never appeared. In fact, parallel cbservations by both the N. C. Div. of
Environmental Management (unpublished data) as well as this laboratory revealed
that nuisance blue-green algal species, including M. aeruginosa failed to
accumulate as significant contributors to phytoplankton biomass in 1985-1986.
The question has therefore arisen; what has happened to nuisance blooms on the
lower Neuse River? In addressing this vitally important question, it becomes
intuitively evident that flow conditions alone cannot explain bloom potentials,
and that an interplay of physical-chemical factors, each qualitatively and
quantitatively adequate for supporting blooms, and temporally compatible for
optimizing growth and proliferation of bloom species, must be operating in a
consortial manner to bring about bloom conditions. It is accordingly the goal
of this study to identify and quantify those environmental factors and to
determine optimal timing of combined factors responsible for initiating and
sustaining the river's bloom potential. This goal is most appropriately trans-

lated into 3 objectives; 1) to identify and quantify "threshold" nutrient

concentrations and loading characteristics below which nuisance bloom species

are not likely to dominate the river's phytoplankton community, 2) to define

and temporally delineate the sequence of physical-chemical events most likely to

yield bloom conditions, and 3) to set upper and lower bounds, based on current

as well as limited historical data, as to the likelihood of blooms in years

yielding specific temporal and spatial discharge, flow, nutrient loading (and
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resultant concentrations), stratification and temperature patterns.

In a separate analysis of some of the data presented (1983-1985) we (Lung
and Paerl in preparation) have constructed a mathematical model aimed at
predicting bloom potentials based on known biotic responses of major
phytoplankton groups (including blue-green algae) to varying physical (flow,
light, temperature) and chemical (nutrient levels, salinity) conditions. The
current report will specifically scrutinize, in a quantitative as well as
qualitative manner, itemporal and spatial sequences of relevant (to bloom
development) environmental factors in as much detail as nearly six years of
field data and associated laboratory analyses permit. The rationale for
conducting such an analysis is based on the following informational needs: 1)
From a basic research perspective, there exists a need to examine known
physiological and ecological "strategies", attributable to blue-green algal
bloom species, and their modes of interaction with physical-chemical "limiting
factors" operating in situ and under controlled laboratory conditions.
Specifically, an understanding of growth-limiting levels or quantities of such
factors will help us define "threshold conditions" capable of regulating or
controlling the proliferation of blooms. 2) Periodic hypereutrophic (where
nutrient inputs can exceed nutrient demands of phytoplankton) conditions shown
to exist in the lower Neuse River (Paerl 1983) render this system unsuitable for
conventional means of assessing nutrient limitation. Conventional techniques
include nutrient addition biocassays; clearly, such biocassays are often
inapplicable (during excessive nutrient loading periods) to the Neuse River.
Therefore, there exists a technological need to develop alternative ways of
assessing which nutrients are "potentially" most limiting as well as current
excess loading characteristics of such nutrients. We have accordingly devoted

appreciable research efforts to developing a nutrient dilution bioassay, which
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is applicable to addressing informational needs. 3) From a management
perspective, it is important to define "tolerable" or "allowable" nutrient input
levels, below which blooms might be arrested.

It should be mentioned at this point that proper regulation of nutrient
inputs appears to be the only realistic and potentially attainable management
option for bloom control. Although enhanced physical flushing of the lower
Neuse River, by releasing reservoir-storage water supplies during bloom-prone
summer periods, may be an effective means of ameliorating such conditions, it is
highly unlikely from both economic and demographic perspectives that such a
control measure is a feasible option. Water supplies in upstream reservoirs are
currently in high demand in North Carolina; the Neuse Basin is no exception (as
witnessed by drought conditions in 1986). This demand is likely to accelerate
with increasing agricultural, urban and industrial development in the Basin.
Downstream water needs for flushing purposes are highest during mid to late
summer. At this time upstream demand is also at its peak. Clearly, use of this
precious water supply for river flushing would, and should, receive low priority
at this time.

It would furthermore be unrealistic to rely on an optimal sequence of
meteorological events (i.e. relatively dry spring months followed by wet, cool,
summer months) to consistently suppress bloom potentials in the lower Neuse
River. Judging from the fact that serious blooms have infested this river
segment at an average of once every 3-4 years since the mid 70's, it is likely
that reliance on fortuitous climatological events will at best yield a 30%
chance of experiencing a bloom year.

Lastly, recent observations and research findings have shown that salinity
levels in excess of approximately 2 ppt (as NaCl) impair growth and eventually

kill major nuisance blue-green algal species, including Microcystis aeruginosa
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(Paerl et al. 1983). Although it is true that periodic upstream salinity
intrusions during relatively dry, low freshwater discharge summer months will
help eliminate nuisance organisms, such intrusions enter oniy the extreme lower
segments of the Neuse River (New Bern to Vanceboro) (Fig. 4), thereby affecting
a relatively small portion of the entire bloom once it develops and
proliferates. Salinity wedges fail to impact upstream segments (Goldsboro-
Kinston-Vanceboro) known to act as inocula for bloom organisms, which travel (as
scums) many kilometers downstream. Hence, salinity intrusions are neither
effective controls or management tools for eradicating blooms.

We are therefore left with nutrient input constraints as the only option
for potential control of blooms. In light of the fact that we already recognize
that both nitrogen and phosphorus inputs can at times exceed assimilatory
capacities of resident phytoplankton (Paerl 1983; Paerl and Bowles 1986), we
embarked on the current study with a priori knowledge that ultimate nutrient
input cutbacks needed to stem "runaway eutrophication" in the form of nuisance
blooms would in all likelihood be large. Nevertheless, if North Carolina is to
seriocusly consider proper and effective management of this river, its estuary
and assoclated resources, the following basic questions should be addressed: 1)
Which nutrients must be considered for input constraints? 2) What are
effective (in controlling blooms) input constraints for relevant nutrients? 3)
What nutrient sources should be targeted for input constraints? 4) What will
the implementation (of nutrient input constraint programs) logistics and costs
be? and 5) Given the above information, what long-term management strategy will
e effective in controlling bloom and related water quality degradation in this
system? Results presented here will, to some extent, touch on all points.
However, based on previously-stated objectives and the limited scope of this
project, points 1, 2 and 5 will form the focus of this report.
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METHODS AND MATERTALS

I. Research Area

During the past 5 years a 50 km segment of the lower Neuse River between
Kinston and New Bern has consistently been the site of severe bloom activity.
Accordingly, a 10 km segment stretching from New Bern upstream to Vanceboro was
chosen for experimental and monitoring activities (Fig. 4). This site has been
the focus of previous limnological and water quality monitoring studies
conducted by the state of North Carolina (D.E.M.) (Tedder et al. 1980), U.S.
Geological Survey, U.N.C. Institute of Marine Sciences (Paerl 1983; Paerl et al.
1983, 1984a, b) and E.C.U. Biology Department and Institute of Coastal and
Marine Resources (Stanley 1983; Christian et al. 1986). We utilized this
collective knowledge as a framework for current research activities and the
development of a water quality management strateqgy.

Previous studies by the Principal Investigator and coworkers demonstrated
the feasibility of conducting in situ determinations of phytoplankton
productivity, and a wide array of physical/chemical water column measurements at
marker 52A during biweekly (1981-1982) (1985-1986) and weekly (1983-1984)
sampling periods. Both containerized bioassays and hydrocorral column
enclosures were tested and deployed near marker 52A. This research site is
readily accessible from numerous docks and launch ramps near New Bern.

In addition, a transect of sampling sites located between marker 52A and
the Cowpens area (near Vanceboro, N.C.) was sampled on a biweekly (1981-1986)
and weekly (1983-1984) basis (Fig. 4). Surface nutrient, chlorophyll a and DIC
samples were taken while primary productivity samples were incubated at marker
52A (~3 hours). Vertical dissolved oxygen, temperature, and salinity/conductiv-
ity profiles were also monitored at each of 6 transect locations.

A site was selected and tested for Cubitainer nutrient addition/dilution
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Figure 4. Project sampling area covering approximately a 10 km river segment
stretching from upstream of New Bern, N. C. (Marker 52) to just upstream of the
Streets Ferry Bridge ("school" location), near Vanceboro, N. C. The location
where hydrocorrals and biocassays were routinely developed was approximately 0.5
km downstream of the Streets Ferry Bridge ("Hydrocorrals"). The site of the
Weyerhaeuser Corp. pulp and paper plant is outlired. The discharge peint of
this plant is located approximately 1.0 km downstream of the hydrocorral

location.
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and hydrocorral bicassy experiments (Fig. 4). The site is located near the
Streets Ferry Bridge, 1.0 km upstream from Weyerhaeuser's effluent discharge
point near Vanceboro, N. C. This location allowed for independent testing of
the effects of pulp mill effluent, nutrients, salinity and physical
stratification on bloom develcpment. It was located in a segment of the river
having firm, muddy, sandy sediments, adequate for anchoring biocassay incubation
rigs and hydrocorrals, and is clear of the navigational chamnel. This location
was readily accessible by a boat launching ramp, kindly made available to this
project by the Weyerhaeuser Corp. pulp and paper mill at Vanceboro.

II. Field and laboratory Techniques Employed

A. In situ measurements of bloom potential, and relevamt physical/chemical

parameters
1. Phytoplankton Productivity Measurements

Previous work (Paerl 1983) has revealed the following biological parameters

to be of relevance to assessing bloom potentials: 1) phytoplankton primary

productivity - using the 14¢ method, and 2) chlorophyll a concentrations of the

phytoplankton community, and 3) Phytoplankton identification and enumeration.

Nitrogen fixation can for all practical purposes be ruled out as either a

biologically or chemically (budget-wise) important process, since prior field

examinations confirmed its absence, despite the presence of potential N, fixing

blue-green algal genera (Anabaena, Aphanizomenon). The absence of N, fixation
is attributed to excessive ambient dissolved inorganic nitrogen (NH;y and NO;”)
concentrations in the lower Neuse River, which lead to consistent suppression of
this process (Kellar and Paerl 1980; Paerl 1983).

Primary productivity was examined (at marker 52A) on a biweekly basis
during 1981-1983 and 1985-1986 and at weekly intervals during summers of 1983-
1984 using the 14c-method (Steeman-Nielsen 1952) as modified for limnological
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use by Goldman (1963) and Paerl and Kellar (1979). An 8 depth in situ profile
was examined. Incubation depths were concentrated near the surface because; 1)
light transparency is greatly restricted to the surface layers and 2) blue-green
algal blooms tend to accumulate near the surface, contributing an important
proportion to both productivity and chlorophyll a content of the water column.
Accordingly, sampling and incubation depths were 0,0.25,0.5,0.75,1,1.5,2 and 3
m. Samples were cbtained with an alcchol-cleaned 2 liter non-metallic Van Dorn
sampler, constructed to be tripped in a horizontal position so as to ensure
close interval sampling near the surface. For primary productivity 2 light and
1 dark 125 ml Pyrex ground-glass stoppered reagent bottles were filled at each
depth, injected with 0.3 ml of a 7.5 uCir m oL l4’C-NaHCO3 solution (58 mcCi-
mmole'l) ampulated in sterile deionized water at pH 7.0. Bottles were then
suspended at respective sampling depths on an incubation rig moored near marker
52A. Iate morning to midday (10 AM=-1 PM) 3 hour incubation periods were
conducted, preferrably on clear days. Photosynthetically active radiation
(PAR), being that part of the visible light spectrum used in plant photosyn-
thesis (400-700 nm), was constantly monitored at The Institute of Marine
Sciences (using a Li-Cor II 550 printing integrator which recorded PAR flux at
hourly intervals; an LI-190 PAR sensor was used to collect photon flux data).
During incubations, in situ PAR transmittance properties were monitored by a
submersible spherical PAR quantum sensor (Li-Cor 11-192S) coupled to a Li-Cor
11-185A quantum radiometer.

Following incubations, bottles were retrieved, stored for approximately 1 h
in a light-tight insulated box while transported to the Institute of Marine
Sciences, where 25-50 ml of each bottle was gently filtered (at 200 Torr vacuum)
through 25 mm Whatman GFC or 934 AH glass fiber filters. Filters were then
fumed in a HC1 saturated atmosphere to remove abiotically precipitated 14C, air
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dried and incorporated 1dc was quantified using liquid scintillation counting.
A Beckman ILS-7000 micro-processor-controlled liquid scintillation spectrometer
was utilized for this purpose. Through the use of calibrated l4c-1abeled
unquenched hexadecane internal standards (New England Nuclear) we determined
counting efficiencies of filtered river samples. Counting efficiencies of 92-
95% for l4c were normally encountered for these samples.

Dissolved inorganic carbon (DIC) samples were cbtained in parallel at each
depth in order to determine 12c-prc availability. A 0.25 ml sample was injected
into a Beckman 865 infra-red analyzer, modified by Paerl (1982) for detection of
the low DIC levels normally encountered in Neuse River water. The injected
sample was acidified in 10 N H4PO, and argon was used as a carrier gas, first
sweeping the CO, evolved through a "tell-tale" drierite column, then into the
infra-red analyzer. A range of Na,CO; concentrations made up in double-
deionized water served as DIC standards. All DIC samples were also analyzed for
PH, using a Fisher 750 ion-analyzer having a combination pH probe.

Primary productivity was computed (using software programs for both TI 58
calculator and a Zenith model Z-158 micro-computer) using the following formula

14¢ fixed (I)

12¢ fixed = x 12¢ available x AxBxC
14¢ available

where: A = Correction for the aliquot filtered %55; ml
B = Correction for incubation time to an hourly rate
C = Conversion factor to ug/2 or mg/m3
(I) = isotope effect of 14¢c over 12¢c = 1.06
Standard integration techniques were used to determine primary productivity
rates per m2.
Chlorophyll a, as an indicator of phytoplankton biomass, was analyzed on
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subsamples from primary productivity bottle casts. A 100-500 ml sample was
filtered (at 200 Torr) through a 47 mm diameter GFC filter. Towards the end of
each filtration 1 ml of saturated MgQ0; was added to assure buffering against
potential acidic conditions which could chemically degrade chlorophyll a.
Filters were stored in alumimum foil wrappers at -20°C until analyses (within 2
weeks). A trichromatic spectrophotometric (Bausch and Iomb 710 and 2000
spectrophotometers) absorption technique (Strickland and Parsons 1972) was used
to determine chlorophyll a content on 90% acetone, sonication-extracted filters
(using software programs for TI-58 calculator or Zenith model Z-158 micro-
conputer) .
2. Phytoplankton identification and biomass determinations

Phytoplankton species composition and biomass were microscopically
determined on 2% buffered (pH 8.0) formalin preserved river water samples. Both
samples obtained from bioassay experiments and selected field monitoring
stations were examined from 1981-1983. After 1983 monthly observations were
made on samples collected at marker 52A. In depth phytoplankton analyses were
made during hydrocorral experiments conducted between 1984-1985. Preliminary
studies conducted during summer-fall of 1983 by this laboratory indicated that
formalin preservation was superior to either ILugol's iodide or direct
filtration/optical clearing methods of sample preparation. Following
preservation, 20-30 ml samples were slowly centrifuged at 300-400 RPM for 10
min. Sedimented pellets were then transferred to a heamocytometer counting
chamber and examined at X450 using a Wild M-20 phase contrast microscope.

In addition to microscopic cell counts, a photographic record of
numerically important as well as unique phytoplankton species has been kept.
This record was available throughout the course of this study as a taxonomic
reference for diverse investigators requiring information on Neuse River
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representative phytoplankton species. It is our objective to publish a
pictorial inventory of such species in order to complement previous taxonomic
efforts on the Pamlico and Chowan Rivers. This information can be made
available to interested individuals through the Water Resources Research
Institute.
3. Nutrient analyses

Soluble phytoplankton nutrients were routinely monitored in this study.
Filtrate from chlorcphyll a filtrations (prior to MgCO, additions) was examined
for nutrients. Nitrate (NO3'), ammonia (NH3/NH4+) and orthophosphate (PO43")
were routinely analyzed as biologically available soluble nitrogen and
phosphorus nutrients respectively. Nitrate was determined using the cadmium
reduction technique outlined by Strickland and Parsons (1972); ammonia was
determined using the phenol-hypochlorite technique developed by Solorzano (1968)
and orthophosphate was analyzed by the molybdate blue (corrected for arsenate
and silicate interference) method of Murphy and Riley (1962). Absorption
readings were entered into linear regression programs (based on standards)
developed for TI-58 and Apple II, and Zenith Z-158 micro-computers.

4. Other environmental measurements

Dissolved oxygen and temperature were routinely measured in the river as
well as hydrocorrals, using a YSI model 5390 probe and temperature sensor
coupled to a YSI model 54 ARC D.O. meter. Salinity-conductivity-temperature
were monitored using a Y.S.I. model 33 salinometer with conductivity probe.

River flow rates, in m-sec ! were monitored in various locations through
deployment of General Oceanics digital current (flow/directional) probes, which
were suspended at 0.25 m depth from a weighted (1.5 kg) line. River discharge
data was kindly provided by the U.S. Geological Survey, Raleigh, N. C. Daily

discharge in ft3-s'l, was recorded at Kinston. At the time this report was
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prepared, the 1986 data were provisional.

B. Biocassay Techniques

1. Nutrient addition biocassays

During the early part (1981-1983) of this study, we proposed and executed
an extensive series of in situ nutrient addition biocassays, designed to identify
those inorganic nutrients actively controlling or "limiting" phytoplankton
growth. Among nutrients of interest we included inorganic nitrogen (as NO;T),
inorganic phosphorus (as PO43"), inorganic carbon (as HCO3") , iron (as Fe3+) ,
and a mixture of minor, but required, metals (including Mn, Cu, Co, Mo, B, and
Zn). Since in situ deployment, assuring natural light and temperature
corditions, was of paramount importance, both an incubation rig and appropriate
bioassay containers were essential. We settled on a square, buoyant rig
constructed of tubular (4" diameter) PVC, measuring 6 ft on each side and
supported in each corner with styrofoam floats. The rig was anchored on the
river bottom by several cement cinder blocks chained together. After extensive
testing (for growth characteristics, including potential toxicity,
positive/negative "surface effects", PAR transmittance characteristics and
chemical inertness) of a variety of glass, polycarbénate and polyethylene
bicassay containers, we found flexible, unbreakable, virtually transparent
Cubitainers to be far superior to any other vessels. Cubitainers, constructed
of extruded, chemically inert, non-toxic polyethylene having 80% PAR
transmittance, passed our basic field incubation requirements. They were
unbreakable (glass containers failed to stand up to periodic wave action caused
by either boat traffic or storm events), maintained a high degree of
transparency throughout 2-3 week exposure periods (polycarbonate vessels
revealed "yellowing" which led to significant alteration of PAR transmittance
characteristics during incubation periods), and they showed no significant
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deviation from either glass or polycarbonate vessels with respect to promoting
attached microbial growth during field incubations. Of additional importance
was the fact that Cubitainers were relatively inexpensive and reusable
(following HCl and deionized water cleaning).

Initial deployment of differing volume (li, 4g, 10p) Cubitainers showed
that within a 5-7 day in situ incubation period no significant differences,
either in the types or magnitudes of phytoplankton growth responses, to nutrient
additions were recorded. Furthermore, the choice of Cubitainer size had no
discernable impact on qualitative differences in phytoplankton community
composition at the termination of incubation. We therefore concluded that no
detectable '"bottle effect", discriminating for or against specific phytoplankton
species, was present among Cubitainers of varying volume. Accordingly, for
logistic purposes we preferred the use of smaller 1y Cubitainers. The use of
smaller containers also allowed us to maximize replication among different
treatments.

Nutrient addition bioassays were conducted in the following manner:
Generally from 20 to 40 % (depending on numbers of treatments and replicates) of
surface water were collected with pre—cleaned (dilute HC: rinse, followed by 2
distilled-deionized water rinses, followed by several rinses with sample water)
25 Nalgene polypropylene carboys having bottom taps. In the event floating
debris, insects, larval fish or zooplankton were noticeable in sample water,
they were screened (200 um Nitex) prior to filling carboys. A 900 ml subsample
was then dispensed on each Cubitainer, leaving approximately 100 ml of
"headspace". Nutrients were then dispensed from stock solutions. Stock
solutions were highly concentrated so that no more than 1 ml of each solution
was necessary to obtain desired nutrient enrichment. Nutrients were added
either singly or combined; a general set of schemes utilized in bioassays is
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given in table 1. In all cases, controls (no nutrient addition) and individual
treatments were either triplicated or quadruplicated. Following nutrient
enrichment, a small aliquot of 1%c-labeled NaHOD, (0.5-0.8 ml of a 10.5.Ci » m17t
solution), having a specific activity of 58 mCi. mmol™! was dispensed into each
Cubitainer. Either polypropylene or polyethylene plasticware and pipettes were
utilized for transferring river water, nutrients and 14c into cubitainers.

During preliminary bioassay experiments in 1981-1982, it became evident
that natural levels of dissolved organic carbon (DIC) were depleted during the
course of a 5-7 days in situ incubation period in closed Cubitainers. The Neuse
River, like numerous other "soft water" rivers draining the eastern slope of the
Appalachian and Coastal Plains in the southeast, exhibited extremely low levels
of fotal alkalinity (<200 qu-z'l). Accordingly, DIC levels proved consistently
low (1.5-5 mg C-l-l). To circumvent the problem of potential DIC limitation
induced in closed Cubitainer biocassays, DIC enrichment of from 5-15 mg C-g ™t as
NaHCO5, was routinely carried out in experiments lasting longer than 3 days.
The potential for DIC limitation in hydrocorral experiments is discussed in a
subsequent section.

Nutrient addition bicassays were incubated in situ, for periods lasting 2

to 7 days. Cubitainers were fastened to the PVC tubes of the incubation rig by
way of nylon cords tied around the mouth of each Cubitainer. In most cases
Cubitainers were collected at the termination of incubation periods, and brought
back to IMS for processing. On several occasions 100-200 ml subsamples were
removed from Cubitainers during the course of incubation in order to examine
specific phytoplankton growth rates and rates of nutrient uptake/depletion.
Subsamples were placed in precleaned Nalgene polyethylene reagent bottles which
were brought to IMS for processing. Multiple growth response parameters were

examined in parallel so as to most thoroughly assess phytoplankton growth
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Table ]1: Basic schemes for nutrient addition and nutrient dilution
bicassays used in this sltudy River water is denoted as RW. Nitrogen (1\31)
additions were as N-NO™+, while phosphorus (P) additions were as P-FO, ~.
Iron (Fe) was added as Fe Na EDTA, whereas trace metals consisted of a

mixture of essential trace elements as prescribed by Walsby and Booker
(1980) . (From Paerl and Bowles, 1386).

Addition Bioassay

Control (RW)

RV + 200 ppb N
RW + 400 ppb N
RW + 100 ppb P
RW + 200 ppb P
RW + 200 ppb N
RW + 200 ppb N
RW + 200 ppb N

+ + +

Dilution Bioassay

Control (RW)

RW + 300 ppb N

R4 + 100 ppb P

90% RW + 10% MIS (major ions)
90% RW + 10% MIS + 300 ppb N
90% RW + 10% MIS + 100 ppb P
80% KW + 20% MIS

80% RW + 20% MIS

80% RW + 20% MIS + 300
80% W + 20% MIS + 100
70% RW + 30% MIS

70% RW + 30% MIS + 300
70% RW + 30% MIS + 100
60% RW + 40% MIS

60% RW + 40% MIS + 300
60% RW + 40% MIS + 100
80% RW + 20% filtered RW
60% RW + 40% filtered RW

it it B
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responses.

All samples were examined for chlorophyll a production and ldc
incorporation, each parameter serving as an independent indicator of
phytoplankton growth and biomass production. On specific occasions pH,
phytoplankton species composition and total community biomass were additionally
analyzed. The methodologies for respective growth response measurements are
described in detail earlier in this section.

2. Dilution biocassays

During initial spring-summer deployment of in situ nutrient addition bio-
assays- (1981-1982) we found that in a majority 60-70% of cases either individual
or combined nutrient additions failed to enhance phytoplankton growth above
control conditions. The lack of biostimulatory responses was true both under
DIC-enriched or non-enrichment conditions. These results indicated that during
maximum phytoplankton growth periods (spring-summer) hypereutrophy (where
nutrient supplies exceeded algal growth requirements) was a common feature of
the lower Neuse River. It became clear from these prelimenary data that
nutrient addition biocassays would be ineffective in identifying even potentially
limiting nutrients. Accordingly, in response to a need for novel bioassay
technology designed to assess potential nutrient limitation among these
eutrophic to hypereutrophic waters, we developed and employed nutrient dilution,
as opposed to addition, biocassays.

Dilution biocassays are based on the following steps: waters revealing
nutrient excesses (relative to phytoplankton growth demands) are diluted with a
solution containing major ions, such as Na+, K+, 504", Cl~, etc., but no macro
or micronutrients. A range of dilutions is examined until nutrient-limited
growth (relative to undiluted controls) is achieved (Fig. 5). At this dilution
point nutrients, either individually or combined, are added to assay for: i)
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Figure 5. B5A: Illustration of the relationship between phytoplanktcn growth
response and concentrations of growth-limiting nutrients under hypereutrophic
conditions. Hypereutrophic systems such as the Neuse River can reveal nutrient
concentrations in excess of phytoplankton growth demands, placing such systems
at location "1" of the growth vs. nutrient concentration curve. Location "2" on
this curve represents a point where nutrient concentrations match phytoplankton
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5B: Dilution point "4" (derived from Figure 1A) can be examined for
those nutrients causing reduction in phytoplankton growth response following
dilution with a major ion solution. Three hypothetical nutrients, termed "&",
"E" and "C", are being examined as potential growth-limiting mutrients in this
hypereutrocphic situation. Individual additions of nutrients "aA" and "B" are not
effective at cverriding negative growth impacts of dilution. However, nutrient
" effectively overrides negative impacts of dilution. Combinations of

nutrients "A" and "C" as well as "B" ard YCY Zail to further ennhance growdh
abcve “Ct alcne. Accordingly, nutrient "M is considered as being clesest to

potentiaily iimiting in this hypereutrophic eystem. (From Paerl and Bowles
1986) .



priorities among limiting nutrients effective in controlling phytoplankton
growth, ii) relative concentrations of limiting nutrients needed to control
phytoplankton growth, and iii) prescribable cutbacks in nutrient (one or
several) loadings which, when enacted, control and/or regulate nmuisance blooms
and associated water quality degradation (Fig. 5).

All dilution biocassays were conducted, in triplicate or quadruplicate, in 1
liter Cubitainers. Those nutrients suspected of being most limiting to
phytoplankton growth (namely nitrogen and phosphorus) as well as trace metals
were examined. A range of dilutions was attempted (from 10 to 50%).

Both GFC-filtered river water and deionized water containing only major
ions (Ca2+, Mg2+, Na*, kT, 5042", cl-, sio32" and 0032') were used as diluting
media. The rationale for adding major ions to deionized water is to approximate
the proper ionic balance of river water free of nutrients. The major ion
composition of Neuse River water (Wilder and Slack 1971) was used to formulate
this medium (Table 2). Nitrogen, as NO;~, was added to diluted and undiluted
water in concentrations ranging from 50 to 500 ug N~l. Phosphorus was added at
a range of 20-200 ug P2l Iron, as Fe>t was added at a range of 5=50 ug Fe-g
=1, A trace element mixture (containing Zn, Cu, Mo, Co, Mn, B) was also added
(2 ug-z'l of each metal). Pre-cleaned (dilute HCl, followed by 2 rinses of
distilled, deionized water) plasticware was employed for collecting water
samples, storing sterile nutrients and dispensing water/mtrients/l4c solutions
in Cubitainers. Plasticware was either polyethylene, polycarbonate or
polysulfonate.

At the start of bicassays l4c-NaHO; was added at 10 ci.2™%, followed by a
4-5 day in situ incubation period. If DIC proved to be growth limiting during
incubation periods 7 mg C-2”} NaHCO, was supplied to maintain DIC sufficiency.
Biocassays were incubated in surface waters on a floating frame anchored at the
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Table 2: Chemical composition and final concentration of the major ion

solution (MIS) used in dilution biocassays. (From Paerl Bowles, 1986).

Chemical Form Final Concentration (as mg-z'lof
element)
si%* as Na,Si05-9H,0 4.3
ca?t as cacl,-2H,0 5.6
Mg?" as Mgso,- 7H,0 1.7
Na* as Naso, 8.4
XK' as K80, 2.6
C1” as CaCl,-2H,0 9.9
50,2” as MgSO, - 7H,0 8.2
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Vanceboro location (above Weyerhaeuser's effluent discharge point) (Fig. 4). At
the termination of incubation 50-100 ml subsamples were filtered (GFC filters
used) for determination of +4c assimilation and chlorophyll a content of
phytoplankton. A tabular scheme for dilution (and undiluted) bicassays is
presented in Table 1. Because a great number of combinations of dilutions and
nutrient additions were executed, biocassay experiments were conducted in stages,
with triplicate combinations of 5-9 treatments attempted during each experiment.
3. Hydrocorral Experiments

In situ hydrocorral experiments were conducted during summer (May-
September) periods of 1983-1985, in order to examine; i) physical/chemical
factors regulating bloom potentials and ii) the relative importance of sediments
vs. the water column as sources of nutrients supporting bloom activity.

Previous W.R.R.I.-and N. C. Sea Grant-supported pilot feasibility and
deployment studies have proven the applicability and relevance of using
mesoscale hydrocorrals for bicassay purposes (Fig. 6). From physical, chemical
and biotic perspectives, hydrocorrals most closely approximate in situ hydro-
logical conditions: 1) by enclosing a relatively large volume (1-2 m3) of river
water, "bottle effects" or "container effects" sometimes plaguing
interpretations of smaller bicassays are minimized, (2) hydrocorrals are fully
exposed to the atmosphere, allowing for gaseous (CO,, O,) exchange between
aqueous and vapor phases, thereby eliminating DIC limitation, associated
unrealistic increases in pH and O, saturation/depletion, which may occur in
closed containers, 3) physical stratification/destratification of the water
column is attainable. In concert, the above qualifications are essential for
developing, maintaining and monitoring nuisance blue-green algal bloom develop-
ment under a variety of physical-chemical constraints and manipulations.

Normally, 9 hydrocorrals were deployed simultanecusly. Since triplicated
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cylindrical hydrocorral in place in the Neuse

31



hydrocorrals (for each treatment) are most desirable, we normally tested the
impacts (long vs. short-term) of 2 nutrient manipulations vs. a control (no
alteration of nutrient status).

Hydrocorrals were anchored in the river at the Vanceboro location (Fig. 4)
and either floated (with bottoms closed) or anchored into the sediments (with
bottoms open). Four types of experiments were conducted. They included:

a. Impacts of Induced Stratification

In this experiment 6 hydrocorrals were utilized. The bottoms of all
hydrocorrals were closed with heavy (16 mil thickness) polyethylene sheeting in
order to isolate bottom sediments from the water column. A triplicate set of
hydrocorrals was left to float undisturbed, while the other set was floated with
a small, battery driven electric bilge pump placed at 0.5 m depth, constantly
destratifying the latter set of columns. The cbjective of this experiment was
to cbserve the effect of short term (within 7 days) periods of destratification
on Microcystis bloom potential. Temperature and oxygen stratification, PAR, as
well as chlorophyll a accumulation and microscopic species identification at
0.25 m intervals served as indicators of bloom potential. River conditions
outside of the hydrocorrals were also monitored in order to examine the impacts
of open water vs. hydrocorral stratification conditions on bloom potentials.

b. The effects of sediments on bloom potential

Triplicated open-vs. closed-bottom hydrcorrals were examined (at 0.25 m
intervals) for chlorophyll a, temperature, PAR, oxygen nutrients and algal
species composition over a 2 week period (hydrocorrals were examined weekly).
We determined if nutrient sufficiency in the water column alone could support
nuisance blooms or whether nutrient supplementation from sediments was necessary
to sustain bloom activity over this period. The importance of sediment nutrient
release and its impact on bloom potentials during stratified periods were
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examined in detail in this experiment. These experiments were conducted during
1983-1984. This experiment was conducted during 1983.

c. The effects of nitrogen vs. phosphorus on bloom potential

A group of 9 hydrocorrals, all having closed bottoms, were utilized. One
triplicate set was left untreated (control). A second set received 500 ng N- 1
(as NO;7). A third set received 200 1ug el (as P043'). The cbjective of this
experiment was to examine individual effects of nitrogen vs. phosphorus
enrichment on bloom potentials. A 1-2 week incubation period was utilized.
Growth response parameters included chlorophyll a, algal species composition,
dissolved oxygen, PAR and nutrient levels, each determined at 0.25 m intervals.
Experiments were conducted during 1983-1984.

d. The effects of DIC on bloom potential

A group of 9 hydrocorrals (closed bottoms) were utilized. One triplicate

set was left untreated (controls). A second set received 10 mg C-z_l

(as
NaHCO,") and a third set received 10 mg C-¢ -1 plus 500 ugN-z'l (as NO,;™) and
200 ug p-y~L (as PO43"). Growth response parameters included chlorophyll a,
species composition, oxygen, PAR, and nutrient levels, determined at 0.25 m
intervals. This experiment was aimed at testing the differential ability of DIC
by itself, or combined with nitrogen and phosphorus, to stimulate and support
bloom activity. Growth responses were monitored weekly over a 2-week period.
Experiments were conducted during 1983-1984.

4. Nitrate assimilation studies

During 1984 several experiments were conducted to examine inorganic
nitrogen assimilation characteristics of major phytoplankton taxa inhabiting the
lower Neuse River. Since NO;~ was by far the dominant inorganic nitrogen source
(loading-wise, it is estimated that approximately 92% of inorganic nitrogen

loading is attributed to NO3' while NH; and Noz' make up the remaining 18%),
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emphasis was put on examining phytoplankton assimilatory kinetics of this
nutrient. Nitrate assimilation was measured using 15N-1abeled K15N03 as a
tracer (Harrison 1978; Priscu 1984). Since Neuse River water generally exhibits
very high natural concentrations of 14NO3" (ranging from 300-1500 u g N NO5")
appreciable amounts of 15NO3_ could be added without significantly altering
ambient NO;~ levels.

Chief objectives of 15N03" assimilation experiments included: 1) To
determine general assimilatory kinetics for intact, naturally-occurring phyto-
plankton communities, and 2) to examine if different assimilatory kinetics

existed between nuisance blue-green algae (specially Microcystis aeruginosa) and

non-nuisance phytoplankton. 1In order to address objective 1, whole
(unfractionated) river water samples were examined, whereas river water was
pretreated in order to separate M. aeruginosa colonies from non-blue-green algal
communities (largely diatoms and chlorophytes) in order to address cbjective 2.
The separation protocol was relatively simple. Since M. aeruginosa colonies
were virtually always buoyant, effective separation was achieved by allowing
freshly sampled Neuse River water to stand for approximately 1 h in 12 Pyrex
beakers. Virtually all (>95%) M. aeruginosa cells accumulated at the surface;
these cells were removed by mild suction, using a 20 ml sterile syringe, and
dispensed in pre-filtered (0.2 um porosity Whatman GFF filters used) Neuse River
water. Prefiltration quantitatively removed all the resident phytoplankton;
hence, when resuspended in the filtrate, M. aeruginosa could be examined
individually for NO,~ assimilation characteristics. The original sample from
which M. aeruginosa was removed was examined for NO;~ assimilation among non
blue-green algal taxa.

For kinetic analyses, 200 ml subsamples of each fraction were dispensed
into 500 ml sterilized erlemmeyer flasks. Triplicate samples were run at each
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NO;~ concentration. Flasks were then spiked with different amounts of 15NO3'
(98% 15N enrichment - Monsanto Corp.) covering a range of concentrations from
approximately 400 to 2400 ,g-. ,Q’l NO3'. Samples were allowed to incubate under
illuminated (200 pEem~2.s71 PAR) conditions on a slowly oscillating (100 rpm)
gyratory shaker for 4-6 h. Uptake of No3" was terminated by immediate
filtration on 47 mm diameter precombusted GFF filters. Samples were washed with
20 ml of 0.2 um prefiltered (GFF filters used) Neuse River water to remove
excess 15NO3'. Filters were then air-dried and stored at -20°C until analysis.
Based on ambient inorganic nitrogen content, particulate nitrogen concentration,
the initial 1°N atom % in solution and final 15N atom % in the particulate
fraction, NO3' assimilation was calculated in accordance with the following
formula:

(Part. N) (At.% Exc. in Part. N)
ug NOy-N-¢~1 n7l =

T (At.% Exc. in NO;™ pool)

where: Part. N = Nitrogen content of particulate matter

At. % Exc. = Atom percent excess (over background) 15y

T = incubation time (in hours)
To calculate Atom % excess of 15N—N03' at each concentration used, we utilized
the following formula:
At. % Exc. in NO;™ pool =ug 15N added x 100
g 13y added x ug lay present

All particulate 13y samples were prepared for emission spectrometry by a
modified Dumas dry combustion method according to Kanazawa and Yoneyama (1976).
Metalic copper was added to cupric oxide (4:3 CuO:Cu by weight) to ensure
complete reduction of nitrogen oxides during combustion. Precombusted (600°C)
calcium oxide (0.29 mg per sample) was added to absorb excess Q0,, free O, and
water vapor during the combustion. A JASCO model NIA-1l emission spectrometer
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was used to measure the fraction of 1PN in the assay gas. Optimal emission was
obtained with sample sizes in the range of 5-10 ,gN. Calibrated 15y gas
standards, supplied by JASCO, were run in parallel with each set of samples
analyzed by emission spectrometry.

All NO;~ asssimilation results were normalized for phytoplankton biomass as
chlorophyll a.

5. Data Processing

Experimental and field data were processed using Apple IT+ and Zenith z-158
(IBM PC/XT compatible) microcomputers. The software used to calculate primary
productivity, chlorophyll a, nutrient concentrations, and data integrated over
depth from field and analytical measurements was produced in-house using two
different implementations of the programming language Pascal. Plots were
produced using various commercially available graphics packages, as well as
graphics software written in-house. Both dot-matrix printers and plotters were
used as output devices. Statistical analyses were performed using commercially
available packages for the microcomputer, as well as programs available on
mainframe computers at the Triangle Universities Computation Center (TUCC).
Copies of data collected for this report are stored in text files on floppy

disks, a 20 MB hard disk on our Zenith Z-158, and at TUCC.
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RESULTS AND DISCUSSION

I. Hydrological corditions in the ILower Neuse River

A. Discharge characteristics

Discharge and resultant flow vary substantially, both seascnally as well as
between individual water years. Although daily measurements by the U.S.
Geological Survey (Raleigh, N.C.) at the Kinston location (gaging station Ref.
No. 02089500) generally reveal enhanced discharge and flow during late winter-
early spring months (Feb-May) of 1978-1986, both the magnitudes and timing of
winter-spring discharge events vary substantially between years (Fig. 7). In
addition, although summer and early fall traditionally constitute the driest
seasons in North Carolina, a great deal of variability exists as to the extent
and duration of relatively dry periods at these times of the year. Basically,
three types of hydrological years can be distinguished from 1978-1986 data.
These include: i) Drought conditions, exemplified by persistent absence of
appreciable rainfall in the Basin, which were evident during 1980, 1983, 1985
and 1986. Among these, 1985 and 1986 proved most extreme, with very dry
conditions commencing early in the year (February), and persisting well into
August. ii) In contrast, while both 1980 and 1983 proved to be summer drought
years, the summers were preceded by relatively wet winter-spring months. In
particular, 1983 had a very wet spring, characterized by extremely high and
persistent discharge from mid Febraury through May, followed by a virtual
cessation of rainfall and decreased discharge starting early June (Fig. 7).
Minimal discharge rates continued well into late November of that year. iii) A
third type of water year appeared in 1979, 1982 and 1984, when average to high
spring discharge rates were followed by continued high summer discharge rates.
These years were relatively wet, having ill-defined dry and wet seasons.

Specifically, the summer months of such years witnessed abundant and rather
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evenly distributed periods of rainfall as thunderstorms, major fronts
originating in Midwestern and Gulf States, as well as mid-to late-summer
tropical depressions, resultant storms and hurricanes. Except for the winters
of 1980-1981 and 1985-1986, winter months (December-March) are periods of
abundant rainfall in North Carolina. Typically, March appears to be the wettest
and highest discharge month in the Neuse River Basin (Fig. 7).

Although distinct seasonality in rainfall and discharge can be documented
for the Neuse River Basin over the 1978-1986 period, there are numerous
exceptions to any general pattern. In fact, it can be concluded that no two
years were close to identical during this period. This conclusion is
particularly relevant to late winter - early spring discharge periods, when a
bulk of the non-point source nitrogen and phosphorus loading takes place (Fig.
26), as well as summer-fall months, when bloom conditions are optimal. In
subsequent sections it will be shown that both winter-spring and summer-fall
discharge characteristics are intimately linked to bloom potentials, in that
optimally (for bloom development) high spring discharge months must be followed
by optimally low summer discharge months in order to yield maximum bloom
development.

Individual storm events (days to weeks) revealed dramatic impacts on
discharge rates during specific years. This especially proved to be true during
either early spring or late summer. Maximum discharge rates exceeding 20,000
cfs and 13,000 cfs were reported during spring storm periods in 1979 and 1983
respectively. Tropical storms which passed through the Neuse River Basin during
September 1979 and August-September 1984 led to enhancement of discharge rates
ranging from 7,000 to 11,000 cfs over more typical (low) discharge rates of 400-
800 cfs (Fig. 7). Discharge enhancement due to spring storms generally lasted
from several weeks to a month, whereas elevated discharge associated with summer
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storms lasted no longer than a week. Elevated discharge had a profound flushing
effect on the lower river; during both the summers of 1979 and 1984, high
discharge flushed developing nuisance blooms out of this portion of the river
(Figs. 38, 39). Such events were especially timely, because falling water
temperatures and shorter daylength during ensuing fall months created suboptimal
conditions for further bloom development once flood waters had receded.

Generally, a lag of a few days to a week existed between extensive rainfall
events and observed enhancement of discharge at Kinston. Conversely, once
rainfall events had dissipated, river discharge receded within a 4 to 10 day
period. Notable exceptions to this were localized (in Coastal Plains)
thunderstorms, which at times led to flood stages and highly significant
enhancement of discharge within 24 h periods. However, such flood stages were
also dissipated rapidly, with waters receding to preflood discharge levels
within a 3-4 day period.

Extensive summer drought conditions (see 1980, 1983, 1985, and 1986 data)
led to minimal discharge rates of 300-600 cfs, which during such years persisted
from weeks to several months (Fig. 7). During both 1980 and 1983 surface scums

of Microcystis aeruginosa appeared when discharge rates fell below 600 cfs for

periods of at least 2 weeks (Figs. 7, 36).

B. Surface CQurrent Measurements

Surface flow rates (currents) fluctuated as a consequence of downstream
discharge as well as upstream tidal movement in the Vanceboro-New Bern region.
We initiated horizontal surface current measurements at marker 52A and at
Vanceboro during April 1983, which coincided with one of the highest discharge
events reported for the entire 1979-1986 period (Fig. 8). At this time
downstream (positive) currents exceeded 100 cm/sec. As a result, the lower
Neuse River proved difficult to navigate by small vessel during this event.
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Such current velocities probably reflect maximal downstream water movement.
Reasonably good agreement was cbserved between current measurements at these two
locations, during both high and low discharge periods throughout 1983-1986 (Fig.
8), with the 52A location consistently exhibiting slightly (2-5%) higher current
velocities in both downstream (positive) and upstream (negative) directions.

Following the 1983 record spring runoff period (March-May), downstream
current velocities revealed a sudden dramatic decrease; by early June velocities
had slowed to <25 cm/sec at both locations. Velocities were further reduced to
<15 cm/sec by mid July (Fig. 8). Sub-15 cm/sec velocities remained in place
until early November, when rainfall in the Neuse River Basin finally led to
significant increases in discharge. The greatest discrepancies in surface
currents among these locations existed during mid-summer (Fig. 8). From mid-
July through early October Vanceboro current velocities remained between 15 and
0 cm/sec; a downstream (positive) current direction was detected on virtually
all sampling dates within this time span. In contrast, simultaneous current
measurements at marker 52A revealed virtually no downstream water movement cver
this time interval. In fact, on most occasions upstream (negative) currents
were detected, indicating that saline estuarine waters (as salt wedges) were
displacing stagnant river water at this location. Indeed, simultanecus vertical
salinity profiles along the sampling transect illustrated the presence of salt
wedges which were periodically driven upstream by tidal forces (Fig. 10). For
all practical purposes, the lower river segment between Vanceboro and New Bern
physically resembled lake-like conditions (including little downstream discharge
and vertical stratification of the water column) during the summer of 1983.

It is of interest to note that at the Vanceboro location net downstream
(positive) currents, albeit low (0-15 cm/sec), were reported during the entire
summer, including the period of maximum M. aeruginosa bloom intensity (August-
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September). Considering the fact that M. aeruginosa blooms were established
well upstream from this location (blooms were reported as far upstream as
Goldsboro, more than 100 km upstream - N.C.D.N.R.C.D.-D.E.M.), and that upstream
locations supported currents in excess of those measured in the broader
Vanceboro-New Bern segment, it can be concluded that bloom development can take
place in regions having horizontal currents exceeding 15 cm/sec velocity. Most
likely, current velocities less than 25 cm/sec are conducive to bloom
development and proliferation, the key factor being the duration of su-ch
physical conditions. Previous observations, based on discharge characteristics,
indicate that low discharge (<600 cfs), low downstream current (<25 cm/sec)
conditions persisting in excess of 2 weeks should eliminate hydrological
barriers to bloom development.

Examinations of current velocities during the subsequent summers of 1985
and 1986 reveal low downstream flow conditions paralleling those of 1983 in
terms of magnitudes and duration (Fig. 8). Both summer periods (May-October)
generally exhibited downstream flow ranging from 0-20 cm/sec, with specific 3-4
week intervals (May-August 1985 and May-August 1986) supporting downstream flows
of <15 cm/sec on a continuous basis (Fig. 8). During most of April and early
May as well as June of 1986 downstream flow virtually ceased, creating periods
of upstream (negative) current induced by salt wedges as cbserved in 1983 (Fig.
8). There would therefore appear to be no obvious flow or discharge-related
barrier to periodic bloom development in the summers of 1985 and 1986.

The summer of 1984 provided a sharp contrast to 1983, 1985 and 1986, in
that frequent precipitation and discharge events between May and October greatly
enhanced downstream current velocity on more or less a biweekly basis (Fig. 8).
Downstream current velocities at both 52A and Vanceboro were commonly in excess
of 25 cm/sec during the summer; velocities ranging from 60-90 cm/sec were the
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norm at this time. Several 1l-to 2-week relatively low current velocity periods
did occur. However, in comparison to the persistent low velocities observed in
1983, 1985 and 1986, "low" velocities in 1984 were more on the order of 20-40
cm/sec, significantly higher than those reported for drought-stricken years.
Clearly, hydrological conditions, either viewed as current or discharge,
represented a formidable barrier to bloom development in 1984.

II Physical Characteristics of the ILower Neuse River.

A. Surface water temperatures and vertical temperature regimes in the
lower Neuse River

Figure 9 shows surface water temperature fluctuations at 52A for May 1981
through August 1986. Minimum winter temperatures typically occurred from mid-
January through mid-February. On occasions (see late January 1985) surface
temperatures dropped below 4°C, the temperature at which maximum density of
water is reached, as a thin layer of ice had briefly formed on the preceding
day. In general however, winter temperature regimes revealed good uniformity
between various years examined, with a period of sub-10°C temperature
(considered winter conditions) lasting approximately 4 months in any given year
(early December through late March). Such conditions paralleled surface
temperature regimes reported for other North Carolina Coastal Plains river
systems, including the Chowan, Pamlico and Newport (N.C.D.N.R.C.D.-D.E.M.).
There appears to be a reascnable consensus in the literature that sub 20°C water
temperatures are unfavorable for the development and proliferation of nuisance

blue-green algal (Anabaena, Aphanizomenon, Microcystis) blooms (Fogg 1969;

Reynolds and Walsby 1975). Accordingly, during 1981-1985 the initial as well as
final date exhibiting >20°C surface water temperatures as well as the duration
of >20°% temperatures at 52A were reported (Table 3). Furthermore, maximum and

minimum surface water temperatures at 52A, as well as throughout the entire
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Table 3. Summary of thermal properties of surface waters at station 52A.

during 1981-1985.

: Included are; initial and
final dates of >20°C surface temperatures, duration of >20°C temperatures, and maximum temperatures

Also shown are overall maximum teperatures throughout sampling transects.

First date of Last dage of Duratign of Maximum temp. Maximum Temp.
YEAR >20°C >20°C >20°C at 524 overall
(days) (transect)
1981 21 May 1981 7 October 1981 139 29.9 31.9
1982 19 May 1982 5 October 1982 139 28.0 28.5
1983 23 May 1983 13 October 1983 143 29.9 31.0
1984 22 May 1984 5 September 1984 106 28.0 29.0
18 September 1984 17 October 1984 + 29
135
1985 15 April 1985 23 October 1985 190 29.0 30.5




sampling transect, were recorded.

A synopsis of these "bloom threshold" temperatures reveals several notable
consistencies as well as some distinct differences among the years examined.
Except for 1985, which had extremely dry and warm spring and summer months, the
timing of surface warming to >20°C proved remarkably consistent throughout 1981-
1984. Within a period of 4 days (19-23 May) this temperature was normally
reached. Furthermore, except for an unusually high amount of precipitation and
discharge which cooled the surface waters during Ene week in September 1984, the
timing of cooling to <20°C temperatures was also quite consistent among
respective years. Sub 20°C temperatures generally appeared in the first to
third week of October. Again, 1985 proved to be an exceptional year in that
hot, dry conditions maintained >20°C surface water temperatures until 23
October, the latest date of any of the five years examined. Overall, 1985
provided lengthy spring and summer potential bloom conditions, as judged by the
total number of +20°C days encountered (190). The number of >20°C days reported
for 1981-1985 revealed remarkable consistency, ranging from 135 in 1984 to 143
in 1983 (Table 3). Likewise, maximum temperatures recorded at either 52A on
any of the transect locations showed little deviation between years (Fig. 9 ).

While surface temperature measurements made at 1-2 week intervals between
1981-1985 represent an admittedly simplistic approach to examining potential
impacts of yearly thermal regimes, such measurements do reflect climatic trends
(relatively warm, dry, clear vs. cool, rainy, overcast periods), which over
weekly to monthly intervals are known to influence, if not dictate, bloom
potentials and intensities. Data presented here however do not clearly
distinguish the summer of 1983, when massive M. aeruginosa blooms prevailed,
from other summers, among the years examined. In fact, 1985, which proved to be
a year completely devoid of any nuisance blooms (or even periodic dominance by
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blue-green algae), was a year featuring the most days with >20°C surface water
temperatures (Table 3) as well as near-maximal surface temperatures along the
lower Neuse River transect (Fig. 9). Although the 1986 data included in this
report only extend into early August, the cumulative data showed a pattern
similar to 1985, including relatively early heating of surface waters to >20°C
(1 May 1986) and near-maximum over-all surface water temperatures (>31°C).

It would therefore appear that nuisance bloom potential is not exclusively
linked to either absolute water column temperatures or the length of time at
which favorable (>20°C) temperatures presist. Undoubtedly, climatically unfav-
orable years such as 1984, when abundant mid to late summer rainfall led to both
minimal absolute water temperatures and shortest continuous >20°C temperature
spans, are relatively easy to differentiate and justify as "non bloom years"
given the data collected. However, comparative thermal conditions between 1983
(2 bloom year) and 1985 (as well as 1986) revealed no obvious differences which
could prove useful for predicting that blooms were either imminent or highly
unlikely in these specific years.

C. Thermal and salinity stratification characteristics

A review of vertical temperature profiles conducted between 1981-1986
indicates that significant water column stratification (a vertical temperature
difference of >1°C per meter of water column as criterion) is confined to
intermittent summer periods occurring between June and late September.
Stratification events are ephemeral, being highly dependent on wind, daily river
discharge, air temperature, irradiance and salinity conditions. Stratification
events usually lasted no longer than a few days at a time; hence summer vertical
stability (mixing vs. non-mixing) can best be categorized as "polymictic" with
diurnal stratification events often mediated by sequential tidal movement of
salt wedges (at downstream locations), daylight surface heating, nighttime
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convective cooling, and predominant south-westerly afternoon winds during
summer-fall months. Even hourly stratification events promoted surface scum
formation of M. aeruginosa populations. With the advent of afternoon wind-
induced mixing of surface layers, such scums were occasionally broken up and
redistributed throughout the water column. However, such events only occurred
when relatively strong (>15-20 kts) winds prevailed; more often less intense
(<15 kts) breezes failed to mix buoyant M. aeruginosa populations into
subsurface waters. Thus, even though thermal stratification was easily broken
down by afternoon wind mixing, the magnitude of wind-induced mixing was often
insufficient to overcome buoyancy-induced surface scum formation . Such a
scenario proved true for much of the summer of 1983 along the entire river
transect.

During low discharge late summer (August-October) periods, salinity
intrusions, as salt wedges, proved to be a strong physical barrier to both wind
or convective mixing of the water column (Fig. 10). This form of density
stratification was a common feature of downstream stations (52A-74) in drought
years (1983, 1985, 1986). One resultant water quality impact of such
stratification events was deoxygenation of entrained, high salinity bottom
waters which acted as "traps" for particulate matter (phytoplankton and
detritus) originating in the low salinity but highly productive surface waters.
Bottom water and underlying sediment deoxygenation events were commonplace
during the summers of 1981, 1983, and 1986 (Fig 1)), largely as a result of
relatively low discharge conditions facilitating upstream salt wedge movement.

In summary, temporary diurnal, thermally-induced vertical stratification
can be documented for the lower Neuse River, especially during dry, warm low
discharge summer months. Intermittent stratification events help promote and
enhance existing M. aeruginosa bloom activity (as will also be shown by
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Figure 10. 1CA: Verticzl salirity, exygan and dissolved incrganic carbon (DI
distributions ot mairker 5ZA during late summer (8 September) 1983: The _LI\'E)C’:.. ts
of salinity stratitication (salt wedge) on hypolimnetic O, depletion and DIC
enrichment ere clearly evident during these low discharge perilods.
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352A 5'8 68 74
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10B: Vertical isopleth plot revealing upstream penetration of a salt
wedge along the various sampling locations routinely examined within the New
Bern (522) to Vanceboro (extreme right hand location-unmarked) transect. Data
from an 8 September 1983 transect are shown.
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hydrocorral experiments), especially if stratification persists for days to
weeks. However, once the bloom has developed, buoyancy-induced surface scum
populations appear, to a limited extent, to be able to override periodic wind-
induced vertical mixing events. As a result, most low to moderate intensity
wind-induced (<15 kts) destratification events play a relatively unimportant
role in controlling the ultimate intensity and fate of nuisance bloom
populations. It is therefore concluded that summer thermal, as well as current,
discharge and hydrocorral data collectively indicate that; i) summer physical
conditions alone do not necessarily dictate bloom potentials and that ii)
hydrological events during preceding winter-spring periods must be included in
the linkage of relevant and conducive environmental conditions to summer bloom
potentials.

D. Surface photosynthetically active radiation (PAR) and water column

A record of surface PAR characteristics, measured between 10-11 AM on days
when in situ primary productivity incubations were conducted is presented in
figure 11. Results indicate a typical seasonal pattern, mirroring relative
changes in sun angle conditions typical of this northern temperate region. A
general overview of these patterns leads ocne to conclude that while substantial
variability exists as to individual sampling dates among respective years,
average summer maxima and winter minima appear to be quite similar between
years. Accordingly, no single year stands out as being exceptionally clear or
cloudy, to the extent that such differential climatic conditions might be
significant and long-lasting enough to play a role in determining primary
productivity rates, chlorophyll a content or bloom potentials during the 1981-
1986 sampling period.

Variability within a single season is largely the product of cloudy, partly

52



IVER AT MARKER 5Z2A

(]

SE R

]
J

NEL

!
N

o —
—_—
_
~_
= lll”’tld.l
I
[——
o
=
I&/Ilffl
T —— -
s

4003 -

A,\\V
e ™~
Y
T ———
Aﬁi\tllill
<
A\\W
—_— T
I T T ——
N i [ T T — T T T T T T T A
i o (] o (@) ) o
[on] 9] (] o c ] (@)
n @] i} ("] N o] [tp)
m m V| o — —

_J

33V NS

(s/J4210w dbs/3arhy [H9I
‘ 53

sanpling dates.

—

sekly primary productivity determinations

<

Average surface light (ghotosynthetically active radiation - PAR)

intensities during weekly to biw
corxlucted at marker 52A. Values shown are field determinations conducted at

approximately 10 AM on respactive

Figure 11.




cloudy vs. clear days during primary productivity incubations (Fig. 11).
Although efforts were made to determine primary productivity rates during sunny
days, it is evident that our efforts were at times met by limited success.
Furthermore, PAR conditions often varied during the primary productivity
incubation period; this variability was reflected in the timing of field PAR
measurements. Despite such sources of variability, it is unlikely, as concluded
for seasonal variability, that bloom vs. non-bloom years were reliant on this
source of variation. In fact, 1983, which was a bloom year, actually revealed
lower mean daily summer PAR values than 1984 or 1985 or 1986 which were non-
bloom years. It is therefore concluded that while surface PAR intensities are
of obvious importance in mediating integral primary productivity potentials,
sufficient similarities in mean daily and seasonal PAR measurements among
respective years warrant the conclusion that neither overall primary
productivity, chlorophyll a or bloom characteristics of each year are
attributable to radical contrasts in seasonal surface PAR conditions.

Daily and seasonal PAR transmittance characteristics are of vital
importance in determining photosynthetic potentials of the water column. This
is particularly true for the highly colored and (at times) sediment-laden waters
of the lower Neuse River.

Water column PAR transmittance characteristics are illustrated by vertical
transmittance profiles (Fig. 12) as well as light extinction coefficients
(determined by measuring differential PAR transmittance between 0.25 and 1 m
depths) depicted over time in figure 14. Because dissolved humic and fulvic
acids render the water yellowish-brown and significant suspended sediment loads
periodically occur, a vast majority (>90%) of the surface PAR irradiance is
absorbed in the upper 2 m of the water column (Fig. 12). As a result,
extinction coefficients are quite high by most standards (Hutchinson 1957),
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l, averaging near 3 m~1 and at times exceeding 10 m~L (Fig.

always exceeding 1 m~
13). In addition to periodic service restrictions in transparency caused by
sediment loads during spring runoff events (May 1981, May 1982, February-March
1983) (Fig. 13), maximum summer phytoplankton growth periods can additionally
decrease transparency, due to the accumulation of light-absorbing biomass (Figs.
12, 13). Decreased vertical PAR transparency due to biogenic absorption was
particularly evident during the summer of 1983 (July-September), as M.
aeruginosa blooms accumulated at the water's surface, resulting in "light
shading" of subsurface waters (Figs. 12, 13). At this time virtually no runoff
occurred, facilitating the separation of sediment from phytoplankton impacts on
PAR transmittance characteristics. During spring, fall and winter months much
of the variability observed in PAR transmittance and extinction resulted from
changes in hydrological conditions, including rainfall-induced runoff which
altered the river's sediment load, as well as dissolved humic and fulvic acid

concentrations.

ITI. Soluble inorganic nutrients (NO;~, NH, and P043_)_ in the Iower Neuse

Rivers: Absolute concentrations vs. loading

A. Nutrient concentrations

The three soluble inorganic nutrient species considered: to be of major
concern with respect to regulation (and potential limitation) of phytoplankton
growth in freshwater ecosystems include nitrate-nitrite (NO;7/NO,7), ammonia
(NH3/NH4+) and orthophosphate (PO4'3) (Hutchinson 1957; Likens 1972).
Accordingly, routine monitoring of these nutrients was conducted on either a
weekly or biweekly basis at both a vertical profile station (523) and along the
New Bern to Vanceboro transect. By most freshwater standards, the Neuse River
can be considered eutrcphic (Likens 1972; Wetzel 1978; Goldman and Horne 1985);
in fact, as shown later, nutrient addition and dilution bicassays indicate that
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at times the lower river exhibits hypereutrophic conditions, where nutrient
availability (as concentration and loading) can exceed phytoplankton growth
demands (Paerl and Bowles 1986). An examination of nutrient concentrations
during 1981-1986 at various sampling lcoations underscores this classification.
Both at the extreme upstream (Vanceboro) and downstream (52A) locations,
inorganic nitrogen and phosphorous concentrations exhibit great abundances
throughout virtually all seasons of respective years examined. Since nutrient
concentrations were fairly homogeneously distributed in the water column,
surface concentrations are generally representative of vertical/horizontal con-
ditions in this river segment. As such, 1981-1986 summaries of NO,~
concentrations at both 52A and Vanceboro reveal a range from 200-2000 ug Neg™L
(Figs. 14, 15). Of the sum [N03'/N02-J routinely analyzed by the cadmium
reduction method, NO;~ proved to be the overwhelmingly dominant species (Table
4). On a few occasions, most notably August of 1981 and August-September of
1983, NO;~ concentrations fell below the 200 ug N-271 level (Figs. 14,15).
These proved to be periods of maximum bloom development which coincided with
nitrogen-limited phytoplankton growth periocds. During the massive M. aeruginosa
bloom of late August-early September 1983, NO3' concentrations ac;tually
approached lower limits of analytical detection, with concentrations in the
range of 7-15 ug N-2”1 reported throughout the transect (Figs. 14, 15).
However, aside from these isolated events, sub 200 ug Nes 1 NO;~ concentrations
were rare. On a seascnal basis, winter-spring NO;~ concentrations averaged near
800 ug N-Sl'l, whereas summer-fall concentrations averaged near 500 ug N-¢~1
(Figs. 14, 15). Summer averages, which reflected both maximum planktonic NO;~
utilization rates as well as minimal NO,”~ loading, proved to be quite high by
limnological standards.

As will also be shown by nutrient loading calculations, NO,~ concentrations
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Table 4: Relative proportions of NO; -N and NO, -N periodically determined from
surface samples cbtained at station 52A.

Date Total NO, +NO,™ NO5~ (ugr 2 TIN) NOy”(ughg TIN)  3NOy(of

(uge 2 1N NO, ™+NO, ")
24 Jan. 1982 1089 1054 35 96.8
12 Apr. 1983 702 685 17 97.6
22 Aug. 1983 208 187 21 89.9
14 Jun. 1984 690 669 21 97.0
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were strongly affected by hydrological events. Generally, seasonal periods of
relatively high rainfall and resultant elevated discharge, showed maximal NO5~
concentrations. Throughout .ae study period high NO;~ concentration "pulsing'
was well correlated with river discharge and current (Figs. 7, 14, 15, 16).
Accordingly, late winter-early spring high discharge periods hosted maximal NO,~
concentrations. Another clue that NO;~ concentrations were strongly linked to
discharge events was obtained by noting consistent "spiking" of NO,™
concentration values following rainfall and subsequent runoff events (Figs. 7,
14, 15, 16). This linkage was particularly evident during intense rainstorm and
resultant runoff in the springs of 1982 (January - February) and 1983 (April-
May). During the spring of 1985 (at both Vanceboro and 52A) and 1986 (at
Vanceboro), elevated NO3' concentrations were observed (Figs. 14, 15, 16).
However, such enhanced NO,~ concentrations were not necessarily linked to high
spring discharge. Most 1985 and 1986 NO;~ spikes were a result of localized
(near individual sampling locations) NO3' inputs, perhaps originating from
recently fertilized adjacent farmland. Particularly in 1986, localized NO3"
inputs could have been responsible for the high NO;~ concentrations reported
during May and June at the Vanceboro location (Fig. 15), for discharge levels at
this time were near minimal for the entire 1981-1986 period. Aside from such
spatially and temporally isolated events, a strong positive relationship between
rainfall events (discharge) and NO;~ concentrations prevailed during this study
(Fig. 16). This relationship became even more evident when NO;~ loading was
calculated from river discharge and concentration data (see next section).
Ammonia concentrations (as N) were substantially lower than NO;~ (Figs. 17,
18). The range of NH, concentrations was approximately 10 to 200 ug N-Q-l, with

mean winter values of approximately 60 ug Nep L

and mean summer values of
approximately 40ug N2t (Figs. 17, 18). Considering these ranges and means,
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it is estimated that, on the whole, average N-NH, concentrations were
approximately 5-10% of N-NO3_ concentrations at any given time. This clearly
implicates NO;™ as the dominant inorganic nitrogen source. Nutrient loading
results (next section) substantiate this conclusion.

As with NO;~, NH; concentrations showed dramatic fluctuations with time at
any location (Figs. 17,18), whereas vertical NH; distributions were fairly
uniform. On a few occasions relatively high NH; concentrations were noted in
oxygen—depleted bottom waters entrained in salt wedges moving upstream during
dry summer and fall months. Presumably, NH, release, mediated by both microbial
decomposition and favorable redox conditions in anoxic underlying sediments!
were responsible for such ammonia release events. However, such events were
quite limited in scope, represented relatively small NH; concentration
increases, and thus had little impact on loading calculations.

Pulses of relatively high NH; concentrations appeared less clearly linked
to hydrological events than was the case with NO3_ (Fig. 19). Such pulses were
evident throughout the year, including relatively dry mid-summer and fall low
discharge months as well as wet or dry winter and spring months. No clear
picture often emerged as to linkage of NH; concentration spikes to either
meteorological or hydrological conditions (see NH; loading results as to this
effect as well). Two factors did appear to play an important role in mediating
NH; concentrations. The first, and most cbvious, was Weyerhaeuser's pulp mill
effluent discharge point below Vanceboro. Whenever the pulp mill was actively
discharging processing waste, downstream (52A) NH; concentrations (Fig. 17) were
generally elevated in comparison to upstream (Vanceboro, bridge) locations (Fig.
18). No effort was made to calculate the proportion of NH, loading specifically
attributable to the mill, largely because effluent discharge varied between
sampling dates and resultant total NH; concentrations (and loadings) still
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proved to be only a fraction (<10%) of N03’ values at downstream locations.
Nevertheless, preliminary calculations based on differential NH; concentrations
upstream vs. downstream of the mill's discharge point indicated that this source
can contribute as much as 50-70% of the NH, loading on the lower Neuse River.
Another, more subtle, but nevertheless important periodic source of NH,
concentration spikes appeared to be internally generated during peak
phytoplankton growth, bloom and decomposition periods. Close examination of the
Vanceboro NH; concentration data (thus eliminating the confounding impact of
Weyerhaeuser's effluent) reveals numerous occasions during mid to late summer
when highly significant NH; concentration spikes appeared (Fig. 18). Such
spikes invariably occurred during low discharge, warm, dry, stagnant periods
when phytoplankton production and biomass accumulation were maximal.
Furthermore, river flushing rates were minimal and hence water retention times
were lengthy. It appeared that relatively high NH; concentrations coincided
with surface bloom as well as non-bloom biomass accumulations, strongly
suggesting that phytoplankton biomass itself was a likely source of NH;. At the
same time the underlying sediments were an unlikely source of such spikes since;
i) these sediments did not reveal significant deoxygenation at the time of NH,
spikes, and ii) vertical distributions of NH; concentrations indicated that
bottom waters bordering sediments did not yield elevated (in comparison to near-
surface waters) NH, concentrations. On the contrary, surface and near-surface
(0.5-0 m) NH, concentrations were often higher than those detected among
subsurface and bottom waters, suggesting that surface waters were a more likely
source of NH;. ILastly, close interval sampling of a stagnant water column near
Vanceboro supporting an M. aeruginosa bloom during September 1983, showed very
high NH,y concentrations at the depths (0.25-0 m) of maximum bloom accumulation

(Fig. 20).
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Depth (m)

o NO
X NHq
2 PO,

A

Figure 20. Vertical distributions of NH;-N, NO, -N and PO 3=-P concentrations

during a surface-dwelling Mjicrocystis aeruginosa bloom near Vanceboro, N. C.

Note elevated NH;-N and PO, 5 -P concentrations in near-surface depths (0-0.25 m)

supporting maximum M. aeruginosa biomass concentrations, whereas NO; -N

concentrations are lowest at these depths.
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It is therefore concluded that phytoplankton, either through active
excretion, microbial decomposition of senescent cells, or consumption,
including "sloppy feeding" by herbivorous zooplankton were ti.e likely source of
NH; spikes during summer months. There is indeed gowd evidence that
heterotrophic microbial decomposition and invertebrate and protozoan grazing
activities were generally enhanced among surface dwelling blooms of M.
aeruginosa (Paerl and Fulton in preparation). In particular, several rotifers
(Fulton and Paerl in preparation) and amoeboid protozoans proved to be voracious
consumers of M. aeruginosa and associated (attached) bacterial biomass (Fig.
2l). In addition to active grazing and decomposition processes, senescence,
followed by death and lysis of M. aeruginosa cells and colonies, was an
additional and direct source of liberated NH; (Tucker in preparation). In
concert, such biotic sources could easily have accounted for "internal" NH,
release and loading events observed during summer months. These events were not
observed for NO3'; however, as discussed in the following paragraphs, evidence
exists for a similar release scenario with respect to Po43_.

At all transect locations PO,3~ concentrations proved to be high, typically
ranging between 70 and 250 u g P-;~1 with some extremely high summer values
observed during 1985-1986 (250-475 ug P.g~1) (Fig. 22, 23). On one occasion
(mid-May of 1984) extensive river flushing lowered the PO43' concentration to
less than 5 ug P=~4(Figs. 22, 23). However, this proved to be an isolated event.

During all other sampling periods PO43' levels never fell below 50 ug p-¢~ L.

1

Levels equal to or surpassing 50 ;g P-2 — are considered excessive by freshwater

and marine standards (Likens 1972; Parsons et al. 1977). As will be shown in

3

biocassay results, PO, ~ concentrations and loading never approached growth-

limiting conditions, even during the massive M. aeruginosa blooms ocbserved in
1983.
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Figure 21. Fig. 21A: Microphotograph illustrating ingestion of M. aeruginosa
cells by amoeboid protozoans (arrows) which are commonly observed grazing inner
portions of M. aeruginosa colonies during bloom events. This sample was

obtained during a 1983 bloom event near Vanceboro, N. C.

i

Figure 21B: Microphotograph showing the rotifer Brachionus calyciflorus grazing
inwsa colonies. Note that M. aeruginosa colonies

od by kacteria ard protozoans.
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Seasonal patterns of }?043

~ concentrations appeared somewhat similar to
those reported earlier for NH; (Figs. 17, 18), while being in sharp contrast to
NO,~ patterns (Figs. 14, 15). C.asistently, P043' concentrations were maximal
during summer-fall months, while late winter and spring months typically yielded
lower concentrations (Figs 22, 23). Clearly, the high discharge February-May
period led to substantial dilution of PO43' concentrations by rainwater.
Apparently, enhanced runoff during rainy, high discharge periods yield
relatively less PO43" than NO;~. While NO;~ concentrations often revealed
either increases or remained constant during storm-driven runoff pericds, PO43'
concentrations dramatically decreased by as much as 50 to 75% (Fig. 24). It is
therefore concluded that, given known runoff and discharge patterns, NO3"
enrichment is closely correlated with enhanced runoff, while PO43' enrichment
was poorly related to runoff. Such results strongly implicate non-point inputs,
such as agricultural, urban and rural runoff, as key NO;~ sources, while Po,3~
enrichment was more closely linked to point sources (sewage treatment plants,
industrial effluents) and "internal loading" events, which played a relatively
important role during low discharge summer and fall months.

As shown earlier for NH,, substantial Po43" pulses of relatively high
concentrations (200-500 g P-%¢ _l), were common during summer and fall
phytoplankton growth and bloom periods (Figs. 22, 23). At these times such
PO43" pluses were not related to specific discharge events. Examinations of
what appeared to be profound "internal loading" events revealed that relatively
high concentrations of phytoplankton biomass, especially of bloom proportions,
coincided with PO43_ pulsing (Figs. 39, 31). Slightly elevated pH also
coincided with such pulsing (Fig. 25). Close-interval vertical sampling of
bloom populations during 1983 convincingly showed that, like NH,, PO,3” release
was occurring within surface blooms and scums (Fig. 20). PO43' release from
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blooms was particularly evident during late summer and early fall months,
perhaps resulting from intense zooplankton grazing, microbial decomposition and
senescence/lysis of phytoplankton biomass. Additional sources of "internal"
P043— release may have included sediments as well as solubilization of colloidal
and/or suspended particulate (detrital) matter. Although one might expect PO~
release from sediments only under anaercbic conditions (Wetzel 1978; Goldman and
Horne 1985) such conditions, although periodically present at downstream
locations (52A) supporting salt wedges, appeared to be quite rare in bloom
infested upstream waters near Vanceboro. It is suspected that anoxic sediments
were even rarer in faster moving upstream (above Vanceboro) waters. Hence, it

seems unlikely that occasional PO 43

~ pulsing could be attributable to bottom
anoxia. It has been suggested that pH mediated changes in the solubility of
iron-phosphorus complexes (at elevated pH conditions) and precipitates could
lead to release of PO43" from bottom sediments, suspended particulate and
colloidal matter. Certain iron-phosphorus complexes and precipitates, including
oxides/hydroxides can be solibilized under high pH conditions (Breeuwsma and
Luklema 1973; Stumm and Morgan 1981). Poorly buffered, low alkalinity waters,
including those of the Neuse, Chowan, Potomac and other Appalachian (Eastern
slope) and Coastal Plains impoundments and river systems characteristically
exhibit sizable pH changes in response to precipitation (runoff) events (which
generally lower pH values), specific point and non-point source inputs (which
can either lower or raise pH depending on their chemical nature) and
photosynthetic activities of resident phytoplankton, epiphytic or rooted higher
aquatic plants (which elevate pH due to preferential CO, uptake). Summer
phyteoplankton bloom periods are typically accompanied by localized pH increases.
Previous blue-green algal blooms examined in the Chowan (1980-1981) and Potomac
(1983) Rivers have resulted in pH rises ranging from 8.2 to 10.6 in ambient
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