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ABSTRACT

A study was made of the physical and chemical characteristics of seven
small Coastal Plain streams of eastern North Carolina, Three natural streams
which flow through relatively undisturbed bottomland hardwood forests were
compared to four streams which had been channelized for the purpose of reduc-
ing agricultural losses caused by flooding. Two or three sampling stations
were established on each stream. Some stations on natural streams were
essentially pristine but others received point-source inputs of livestock
farm wastes. The natural streams had broad floodplains and low stream
velocities even during flood stages. Spates occurred in all seasons, but
high discharge, and concomitant flooding of natural swamps, were usually
greatest during winter and spring. The waters of channelized streams, how-
ever, were restricted; they attained higher velocities, carried greater
particulate loads, and were more turbid than natural streams. Some channelized
streams were enriched by sewage, by livestock wastes, or by agricultural
fertilizer.

The waters of the natural streams were darkly colored, moderately acid,
low in conductivity, and very low in plant nutrients. Nitrate and filterable
reactive phosphorus were especially low, much lower than the concentrations
in rainwater of the region. A marked seasonal cycle existed in dissolved
oxygen in natural streams, the concentrations often becoming low during the
summer-fall, low-flow period, or even undetectable in stagnant pools. These
periods of low oxygen coincided with the periods of higher concentrations of
ammonium, total organic nitrogen, particulate phosphorus, and iron in the
water of natural streams. The waters of channelized streams, on the average,
had lower color, but higher conductivities, turbidities, pH's, and phosphorus
concentrations, and were very rich in nitrate compared to natural streams.
Dissolved oxygen was abundant throughout the year., Measurements during the
course of one summer and one winter spate showed that peak concentrations of
nitrate, ammonium, filterable reactive-P, particulate-~P, turbidity, and
particulate silicon, aluminum, and iron usually occurred 1-2 days before
maximal discharge in both a natural and a channelized stream. Concentrations
of soluble cations decreased slightly or remained nearly constant during a
spate. Total elemental tramnsport rates during the high discharge period of
a spate were 10-1000 times the flux rates during normal-flow periods.

Weighted mean concentrations of the nutrient elements N and P were much
lower in waters of unpolluted natural streams than in rainwater, and there
was a net input of these nutrients to the watershed, Concentrations and
fluxes of elements such as Ca, Mg, Na, K, and Cl, however, were higher in all
streams than in precipitation and the net fluxes of these elements were
directed out of the watershed.
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SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

The Coastal Plain of North Carolina has large tracts of wetlands as a
result of its humid climate, low topography, and poor drainage. Agriculture
has moved into flood-prone areas where tillage is frequently inhibited by
flooding during the growing season. Farmers have obtained partial relief by
ditching low-lying fields and channelizing streams to carry away the flood
waters and to lower the water table. The streams of eastern North Carolina
generally have greater discharge rates in winter than in summer, although
high flows (spates) following rainstorms may occur during any season. The
natural streams of the region typically have broad, flat floodplains covered
by second-growth hardwood deciduous forests. The productivity of these
forests is high and the annual leaf-fall provides a large source of organic
matter directly to the stream when flooding becomes the normal condition in
late fall and winter. Because of the very gentle slope of the stream, water
velocities are very low in the natural swamp even during large floods.
Channelization is a process of straightening, widening, and deepening a
stream course to increase the discharge rate, decrease the natural period -of
flooding, and to draw down the water table on each side of the channel. The
channelized stream loses its intimate contact with a bottomland forest. The
increased current velocity tends to transport greater particulate loads thus
resulting in higher levels of turbidity than are normally found in a natural
stream. The greater relative depth of the channelized stream probably in-
creases the proportion of groundwater relative to surface runoff, and undoubt-
edly contributes to the maintenance of flow during the summer.

This study endeavored to describe the major water quality characteristics
of natural Coastal Plain streams, to determine how much effect channelization
has upon these characteristics, and to elucidate the causes for both the
natural and the modified characteristics. Three natural streams (Creeping
Swamp, Palmetto Swamp, and Chicod Creek) in and near Pitt Co., N.C., which
flow through relatively undisturbed seasonally-flooded bottomland swamp
forests were compared to four streams (Tracey Swamp, Conetoe Creek, Grindle
Creek, and Clayroot Swamp) which had been channelized for the purpose of
reducing agricultural losses caused by flooding. Two or three stations were
established on each stream and physical measurements were made and samples
taken for chemical analyses on a regular basis every 2-6 weeks depending on
the stream. Daily samples were also collected at one station for almost 3
months in spring for nitrogen and phosphorus analyses. Daily measurements
and sample collections were also made on one natural and one channelized
stream during spates in January and June.

The waters of natural streams were moderately acid at all times. The
most undisturbed upstream station (CP-20) had a mean annual pH of 5.0, and
the others ranged from 5.6 = 6.3 pH, Natural stream waters were dark with
organic color (averaging 74 - 127 Standard Units) but had relatively low
conductivities (averaging 66 - 122 u mho cm~l), and turbidities (averaging
6 = 15 Jackson Turbidity Units). Inorganic nitrogen concentrations of
natural streams were low where there were no sources of pollution, mean
annual nitrate concentrations being .06 ~ .1l mg 11 and mean annual ammonium
amounting to .05 = .25 mg 1-1, Hog-farm and poultry-farm drainage increased
these levels by a factor of 5 - 10. Total organic nitrogen was a large and
relatively constant nitrogen fraction, mean annual concentrations ranging
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from about 0.4 -~ 0.9 mg 1-1 (after correction for incomplete recovery)
in all streams natural and channelized. Filterable reactive phosphorus

mean annual concentrations were very low (.003 - ,008 mg 1-1) 4n unpolluted
streams, but drainage from livestock operations raised these levels by at
least a factor of 10, Filterable unreactive~P concentrations were also low,
averaging .006 - .018 mg 1=l at all clean stations, natural or channelized.
Particulate~P usually constituted the largest phosphorus fraction, the un-
polluted streams having mean annual concentrations of about 0,01 to .03 mg
171, There were substantial seasonal changes in certain N and P fractions,
ammonium, total organic-N and particulate~P being higher during the low-flow
or stagnant periods of summer and fall., Calcium, magnesium, sodium, potas-
sium, manganese, and chloride were primarily filterable and tended to show
the same patterns as conductivity in both the natural and the channelized
streams. Iron, silicon, and aluminum were primarily particulate, especially
during spates. There was a seasonal pattern of low dissolved oxygen and
abundant iron during summer periods of low stream flow in the natural streams.

The waters of channelized streams had generally higher levels of pH
(mean annual values of 6.1 -~ 7.0), conductivity (69 - 172 u mho cm"l), and
turbidity (15 - 34 J.T.U.) than natural streams. Color, however, was some-
what lower (35 - 84 Std., Units) except for one station on Tracey Swamp which
receives drainage from a lowland hardwood forest (annual mean color of 142
Std, Units). Nitrate concentrations were very much higher than in the
natural streams (mean annual levels of 0.4 - 1.7 mg 17+). There are known
point sources of nitrogen (sewage and livestock farm drainage) and there is
evidence of extensive inputs where fertilizer is leached from tilled fields.
Part of the increase, however, may be attributed to the absence of a
functioning natural swamp floodplain system to strip nitrogen from the water.,
Ammonium concentrations in channelized streams were not different from those
of natural streams when point sources of livestock wastes are taken into
consideration. Mean annual filterable reactive~P concentrations were 0,010 -
0.018 mg 1~1 in channelized streams without point sources, about twilce the
levels in unpolluted natural streams. Particulate-P mean annual concentra-
tions in the channelized streams were in the range .03 - .11 mg l“l, or
several fold higher than in natural streams. The mean annual concentrations
of iron and manganese were generally higher in natural streams because of
their abundance during the summer and fall period of low dissolved oxygen
than in channelized streams which seldom became oxygen depleted. Other
elements (Mg, Na, K, Al, and Si) were ' significantly higher in channelized
than in natural streams, especially elements which existed primarily as
particulates (Al and Si).

Daily sampling showed clear relationships between stream discharge during
spates and water quality for both channelized and natural streams. Nitrate,
ammonium, particulate~P, filterable reactive-P, Si, Al, and iron generally
tended to increase in concentration coincidently with rainfall and with the
rise in stream discharge, often reaching peak concentrations 1-2 days before
maximal discharge. - Transport rates of water-borne materials increased from
one to three orders of magnitude over rates measured during steady or normal
flow periods, these high rates resulting from coupling of high discharge and
elevated elemental concentrations. Measurements made during two spate
periods revealed that a channelized stream (Clayroot Swamp) had flux rates
up to 10 times higher than a natural stream (Creeping Swamp), especially for
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particulate materials. Export of these materials during spates is a major
component of total annual fluxes for North Carolina Coastal Plain streams
because of high elemental transport rates and the relatively high frequency
of spate events during a year.

Weighted mean annual concentrations of several species of nitrogen and
phosphorus were higher in bulk precipitation (rainfall plus dryfall) than in
the waters of either natural or channelized streams. The lower stream water
concentrations coupled with water losses by evapotranspiration point to
strong retentive capacities for N and P by these watersheds, particularly
watersheds drained by natural streams. Increased inputs in the form of
sewage, livestock wastes, and fertilizer runoff does result in higher outputs
of N and P from these watersheds, regardless of the channel characteristics
of the stream. Although the necessary data are lacking, we suggest, however,
that these watersheds retain a proportion of the increased inputs of N and P
from point sources, On the other hand, Ca, Mg, Na, K, and Cl were abundant
in surface waters and there were outputs of these elements greater than
precipitation inputs from most watersheds, natural or channelized. The up=-
stream station at Creeping Swamp, however, apparently received very little
groundwater and consequently the precipitation inputs of Ca, Mg, Na, K, and
Cl accounted for most of the output by the stream.

Based on the above findings we recommend:

1. The bottomland ecosystem should be recognized as a wvaluable resource
in its natural state. It provides mechanisms for removal of silt and
nutrients from water without operating and maintenance costs, This not only
has implications for water quality within the watershed, but also for water
quality of downstream rivers and estuaries. The general citizen and the
landowner should be made aware of the value of wetland systems and economic
incentives should be provided to the landowner to encourage him to retain
the swamp forest in a functional state rather than converting it to other
uses. The commonly inundated portion of the swamp stream floodplain should
be given special protection. It is the area in which most of the tributary-
borne silts settle out. It functions as a nursery area for fish and aquatic
organisms and as a site for the transfer of terrestrial production via litter-
fall and through-fall from the forest to the aquatic food web of the inundated
swamp. Because of natural slopes within this area, as the water level de-
creases, few stagnant pools remain as sites for mosquito breeding. However,
if the area is disturbed by logging or clearing operations, then numerous
isolated pockets are formed where water will remain and form ideal sites for
mosquito breeding.

2. A reduction in the rate at which stream channelization is proceeding
should be effected until the sponsoring agencies are able to provide satis-
factory controls for the causes of increased particulate matter and nutrients,
especially nitrate, in the stream. The Soil Conservation Service in particular
should determine the precise source of silt and nitrate in the streams which
it has already channelized. If the principal source is agricultural fields,
the S.C.S. should develop and recommend tillage techniques which will con-
serve the soil and the nutrients on the farm rather than permitting them to
enter the watercourse. A reduction in emphasis within the S.C.S. on increas-
ing immediate farm income and renewed emphasis on long-term soil stewardship
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should be promoted. If other sources of particulate matter and nutrients
are more important, methods for their control should be developed; for
example, paving of all roads in the watershed and sodding of the shoulders
would do much to reduce this source of silt. All costs of silt and nitrate
reduction should be included in benefit/cost analyses.

3. Control of point source nutrient input is an equal challenge.
Municipalities and hog-farm and poultry-farm operators in particular must
keep effluents low in volume and in nutrient content to avoid pollution of
natural or channelized streams. A natural stream is more likely to maintain
lower nitrate concentrations in its water than a channelized stream, given
the same waste input. Effluent ditches should end at the edge of the flood-
plain so that wastewaters would be dispersed over the floodplain before
entering the main channel. This would dilute the effluent and allow for more
sedimentation and bilological absorption of nutrients before the wastewaters
reached the main channel., Investigations should be conducted to learn if
spraying of sewage or other wastes onto the swamp floor during low-flow
periods would provide effective nutrient stripping.

4, The N. C. Department of Natural Resources and Community Development
should consider establishing a rigorous and extensive monitoring program
based on turbidity, conductivity, and nitrate, ammonium, filterable reactive~
P, and particulate-P concentrations to detect important changes over time in
both natural and channelized streams. Special attention should be paid to
spate periods one to two days before peak discharge in order to include samples
representative of some of the highest concentrations and fluxes which occur
during the year.

5. Degradation of water quality in natural streams by silt from road-
side ditches should be alleviated. In many cases this might be done by
leading the ditch away from the road while still some distance from the
floodplain. The ditch should then terminate at the edge of the floodplain
10 - 30 m from the road so that ditch runoff will spread out as a thin sheet
and drop its silt load before reaching the main stream,

6. Three research programs seem desirable. The first would establish
more precisely the effects of land use on water quality in the Coastal Plain
of North Carolina. Specifically we need more precise information on the
amounts of silt, nitrogen, and phosphorus leaving various kinds of crop
lands, livestock operations, natural and planted forests, towns, trailer
parks, etc, These results would greatly aid in land use planning as it re-
lates to water quality. The second would establish the direction and rate
of change in land use following stream channelization. These results would
permit a long-term view of the later impacts to be expected following stream
modification and permit a more exact statement of environmental impacts,
costs, and benefits. A third research program would seek to measure the
efficiency and feasibility of using bottomland ecosystems for tertiary treat-
ment of sewage,
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INTRODUCTION

General

North Carolina has three major physiographic provinces (Fig. 1). In the
west, the Appalachian Mountains are characterized by high elevations, steep
slopes, rocky soils, and swift streams, In the center, the Piedmont Plateau
is characterized by intermediate elevations and slopes, and clayey soils.

In the east, the Coastal Plain is characterized by low elevations, gentle
slopes, clayey to sandy soils, and sluggish streams. The flatness of the
land, the gentle grades of the streams, and the abundant rainfall of the
Coastal Plain result in high water tables and an abundance of wetlands.
Wilson (1962) estimated that 95% of the wetlands of North Carolina are in

the Coastal Plain province, The areas covered by wetlands are substantial,
In 1962 North Carolina had nearly 24,000 km? of wetlands, most of which was
comprised of (1) Bogs (also called Southern bog swamp or pocosin), (2) Sounds
and Bays (e.g., Pamlico and Albemarle Sounds), (3) Wooded Swamps (for example,
along the lower reaches of Tar, Neuse, Cape Fear, and Roanoke Rivers), and
(4) Seasonally Flooded Bottomlands (mostly the flood plains of Coastal Plain
streams) (Table 1). These bottomland or flood-plain swamp streams in their
natural and modified condition are the major topic of this report.

Some residents of the Coastal Plain are troubled by stream flooding.
Farmers with flat, low-lying fields often have difficulty plowing and plant-
ing in the spring before the winter floods have left the swamps, or they may
have difficulty tilling or harvesting following wet weather. Timber harvest~—
ing is impeded. Residences built in low areas experience septic tank failures
which release raw sewage to the surface water. Low-lying roads become impass-
able after unusual rainstorms. Mosquitoes sometimes become abundant. The
usual remedy for such problems is to dig drainage ditches to the nearest
stream to carry off excess water, but the capacity of the stream to carry
away the floodwaters is often disappointing. In fact, the local tributary
may actually be flooding downstream lands because of upstream runoff. Thus
the next step often was channelization of the stream, an operation which
straightens, widens, and deepens a stream for the purpose of increasing the
discharge rate and thereby shortening the duration of natural flooding. 1In
recent decades landowners have requested and received assistance from U.S.
Soil Conservation Service (S.C.S.) for channelization. Between 1955 and 1973,
the S,C.S. had completed 679 miles (1093 km) of channelization projects in
North Carolina under PL-566 (Soil Conservation Service, 1973). '"Channel
improvement,'" however, has not been confined to North Carolina streams. The
amount of all channel modification completed by S.C.S. in the United States
increased from about 7730 miles in 1972 to about 9290 miles in 1974, an
increase of 20% in two years (Thomas 1975). Nor has it been confined to
activities of S.C.S.; private individuals, highway departments, the U.S. Army
Corps of Engineers, agencies responsible for mosquito control, and others
have completed an estimated 20,000 miles or more of ditches and drainage
canals in North Carolina (J. L. Hicks, personal communication). The United
States has permitted, and largely sponsored, development, improvement, or
modification of at least 200,000 miles of waterways in the past 150 years,
for drainage, flood control, and transport (Wilkinson 1973). The drainage
aspect has affected 130 million acres in the United States, or about 40 times
the total wetland area of North Carolina.
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Table 1. - Approximate Acreages of North Carolina Wetland Types
(after Wilson 1962)

Wetland Type Acreage ' jggg

Bogs 2,263,000 9,160
Sounds and Bays 1,496,000 6,050
Wooded Swamps 989,000 4,000
Seasonally Flooded Bottomlands 459,00d 1,860
Coastal Open Fresh Water 385,000 ’ 1,560
Irregularly Flooded Salt Marsh 100,000 406
Inland Open Fresh Water 88,000 357
Regularly Flooded Salt Marsh 58,000 236
Fresh Marsh 48,000 192
Total 5,886,000 23,821




The potential benefits of channelization to local residents in terms of
relief from flooding are recognized, but questions have been raised regarding
negative impacts on freshwater sports fishing, on anadromous fish spawning, on
game and other wildlife, on swamp timber productivity, on surface and ground-
water budgets, on surface water quality, and on possible effects upon down-
stream estuarine productivity. This report shows some of the effects of
swamps and of channelization on water quality of swamp streams., The term
"water quality" includes the physical, chemical, and biological characteristics
of water that influence its usefulness and desirability for a wide range of
human needs. The investigation examined primarily those aspects of water
quality which may be of ecological and economilc importance and which may be
significantly modified by the channelization of swamp streams, especially
the physical characteristics, the plant nutrients, organic and inorganic
carbon, and certain metals,

Hydrology

The hydrology of streams, natural or channelized, is of great importance
to many aspects of water quality. Small natural Lower Coastal Plain streams
ordinarily have relatively shallow, sometimes braided, stream channels
capable of carrying little more than the base flows of summer. Although some
streams become intermittent during that season, runoff from heavy summer
rains periodically increases stream stage sufficiently to inundate the lower
part of the flood plain. During thgghigh water period of winter, most or all
of the floodplain is covered 0.,2-~0.5> m deep (Fig. 2). The water table is
always high, even under the neighboring "upland." Drainage channels are
designed to contain almost all of the floodwaters so that the former flood-
plain is largely drained (Fig. 2). During dry weather the stream's flow is
often restricted to a small meandering channel within the constructed channel.
Groundwater (base flow) usually keeps the channelized stream flowing, espe-
cially since the depth has been increased by 1.3 to 3 m. Spoil is piled
along one or both sides of the canal. Excavation by dragline usually requires
clearing of 5-10 m of timber on each side of the canal, thereby opening the
watercourse to sunlight. Drainage canals also draw down the water table to
permit drying of fields bordering the floodplain. Throughout most of our
study area the deep Castle Hayne Limestone (a highly porous Eocene deposit)
is overlain by Pungo River Formation (phosphatic sands of the middle Miocene).
These in turn are overlain by the silts and clays of the Yorktown Formation
(upper Miocene) which are in turn overlain in part (highest elevations) by
surficial sands and silts of the Quarternary (Pleistocene and Recent).
Infiltrating rainwater percolates downward into these deposits. The hydro-
static head developed is sufficient to cause a substantial quantity of water
to enter the natural stream from the Yorktown and the Castle Hayne, especially
in the lower reaches of the stream, providing base flow (Winner and Simmons
1977). Channelization lowers the water table along the water course and
permits additional water storage as groundwater, thereby decreasing flooding
from small and medium rainstorms.,

The measurements by the U.S. Geological Survey of stream discharge from
Creeping Swamp, Palmetto Swamp, and Conetoe Creek (Figs. 3, 4, 5) show the
markedly higher flows in winter than in summer. Because precipitation is
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bottomlands in eastern North Carolina showing channel contours and the general
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the watershed, but are usually in the following ranges: bottom widths, 1.3-
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flooded to the indicated levels were derived from 1975-76 water level records
for Creeping Swamp and Conetoe Creek,
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Fig. 3. Daily discharge at Creeping Swamp station CP-10 for 1975 and 1976.
Data from U. S. Geological Survey (1976, 1977). Bar graphs represent 5-day
rainfall collected by Ms. Willa Baker, Wilmar Fire Tower, U. S. Forestry
Service, Wilmar, N.C, Rainfall measurements were not made from 15 June to
15 October during both years. Points on curves mark the sampling dates.
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nearly uniform throughout the year, the low runoff of summer and early fall
is attributed to the high evapotranspiration of the warm, growing season.
Heavy rainfall, however, may produce high discharge rates (spates) during any
season. For the most part mean monthly discharges were largest in Conetoe
Creek and progressively smaller in Creeping Swamp and Palmetto Swamp in
agreement with the relative sizes of their drainage areas (see below). The
mean daily flow of each of these three streams (Figs. 3, 4, 5) shows the de-
tails of temporal variation in runoff, and suggests, by the relationship
between flow and stream stage, the variation in water depth and consequent
flooding patterns.

Water Budget of Creeping Swamp

The U.S. Geological Survey prepared an annual water budget for Creeping
Swamp watershed (Fig. 6, after Winner and Simmons 1977). The measured over-
land and base runoff are approximately equal and total more than one-~thiitd
of the precipitation which falls on the watershed. The calculated ground-
water outflow from the area through deep aquifers is very small, about 2%.
The remainder of the incoming precipitation (61%) returns to the atmosphere
as evapotranspiration., This amount is somewhat less than potential
evapotranspiration (73%) reported by Sumsion (1970).

Water Quality Characteristics

A number of the characteristics of the water of Coastal Plain streams
are attributable in large part to the effects of pocosin, wooded swamp, and
bottomland forest systems. These characteristics hold especially well for
streams which drain ombrotophic pocosins where a deep layer of peat has
formed over the mineral soil and for streams which derive their flow from
arecas of relatively pure silicious sands. Ombrotrophic ecosystems derive
plant nutrients from the scant amounts in precipitation, These waters
typically carry a large amount of non-filterable dark-colored organic carbon
but have low turbidity, low pH, and only small amounts of dissolved solids
Pardue, Huish, and Perry 1975; Reuter and Perdue 1972; Lewis and Tyburczy
1974; Rykiel 1977; Beck 1972). They also tend to have low concentrations of
dissolved nitrate and phosphate and intermediate levels of ammonium and
organic-N (Pardue, et al., 1975; Carter, Burns, Cavinder, Dugger, Fore,
Hicks, Revells, and Schmidt 1973). The large amounts of dissolved organic
matter result partly from carbon compounds leached directly from the living
vegetation by rain, partly from leaching of litter, and partly from the many
soluble organic compounds, including fulvic and humic materials, formed in
the soils and in the swamp water itself (Reuter and Perdue 1972; Brinson
1977b3Mulholland, unpub. data; Ponnamperuma 1972; Etherington 1975).

The salient features of Coastal Plain streams are shared with many
Coastal Plain lakes and ponds which receive swamp drainage. Of 8 natural
lakes and 11 mill ponds in North Carolina (Weiss and Kuenzler 1976), 18 had
turbidities less than 13 Jackson Turbidity Units, 15 had color values of
65-500 Pt units, 12 had pH's between 3.1 and 6.5, 14 had conductivities less

than fO u mho em~l, and 15 had soluble reactive-P concentrations below .016
mg 17+,
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Water quality is affected by the sediments or soils which it contacts,
The waterlogged condition of wetland soils reduces permeability of atmospheric
oxygen and thus results in a low redox potential as organic matter decomposes.
The dissolved oxygen (D.O.) in swamp waters sometimes declines to low levels,
especially if low flows and stagnant conditions occur during the warm season
when sediment and root metabolism rates are high (O'Rear 1975; Pardue, et al.,
1975). Products of anaerobic metabolism and chemical reduction (NHj, N2,
Fe+2, Mnt2Z, H2S), methane, and a large variety of other organic compounds)
accumulate in flooded swamp soils and diffuse into the overlying water
(Etherington 1975; Ponnamperuma 1972; Keup, McKee, Raabe, and Warner 1970).
Waters of Coastal Plain streams and rivers markedly different from the
characteristics given above may result if the headwaters are in regions rich
in clays or limestone (Kitchens, Dean, Stevenson, and Cooper 1975), if
municipal or other wastes are introduced (O'Rear 1975; Bulter 1975; Kitchens,
et al., 1975), or if the stream receives brackish water by tidal flooding at
its mouth (Carter, et al., 1973). The low water velocities within natural
swamps permits sedimentation of stream—-borne particles, and the great affinity
of the vegetation and swamp soils for plant nutrients and certain metals has
been shown to result in the reduction of pollutant levels. The swamps
bordering the Alcovy River, Georgia, increased the dissolved oxygen and re-
duced the BOD and fecal coliform levels (Wharton 1970). The Santee Swamp,
South Carolina, effected reductions in levels of turbidity, phosphorus, and
fecal coliforms (Kitchens, et al., 1975). The potential for use of wetlands
for tertiary treatment of municipal wastes is being investigated in both
freshwater marsh and cypress swamp ecosystems (Richardson, Kadlec, Wentz,
Chamie, and Kadlec 19763 Odum and Ewel 1976). '

The frequent and regular measurement of discharge and chemical constit-
uents has made possible the calculation of elemental transport by streams
and budgets for entire watersheds, TFor example, there have been measurements
of the annual losses from watersheds vegetated by upland forest ecosystems of
cations (Likens, Bormann, Johnson, and Pierce 1967; Johnson and Swank 1973),
of other plant nutrients (Likens, Bormann, Johnson, Fisher, and Pierce 1970;
Likens and Bormann 1972; Hobbie and Likens 1973; Bormann, Likens, Siccama,
Pierce, and Eaton 1974), and of organic matter and energy (Fisher and Likens,
1973). Fewer studies have been made in Southeastern freshwater swamp systems,
Carter, et al. (1973) measured transport of total Kjeldahl nitrogen, total
phosphorus, and total organic carbon from a part of Big Cypress Swamp,
Florida, to the estuary, and Rykiel (1977) reported the input-output budgets
of Ca, Mg, Na, K, and Cl for the Okefenokee Swamp, Georgia.

Rainfall and Its Contribution of Solutes

Rainwater contributes. significant quantities of dissolved salts to
terrestrial systems. Our study area in the Atlantic Coastal Plain province
of North Carolina lies just above the tidewater region and is characterized
by subtropical moist climate with warm summers and cool winters. The mean
annual precipitation (mostly rain) is about 120 cm and is well distributed
through the year with all months averaging between 7 and 10 cm mo‘l, except that
June through September average 10 to 17 cm mo=l (Sumsion 1970). The months
August through November may be either dry or very wet if tropical storms
strike. Potential evapotranspiration is about 88 cm, or 73% of precipitation
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(Sumsion 1970) and most of this occurs from late spring through summer,

The chemical composition of rainwater in eastern North Carolina varies
with location relative to the source of each element (Gambell and Fisher
1966). Chloride, sodium, and magnesium for example, come largely from sea
salt and are highest near the coast. Calcium probably comes mostly from
soil dust and sulfate from industrial sources and their concentrations tend
to increase inland. Seasonal patterns also exist, with sea salt elements
(Na, Cl, Mg) being higher in winter, calcium being higher in spring and
summer, and sulfate peaking during periods of atmospheric stagnation which
permit its accumulation. It has become increasingly apparent that phosphorus
concentrations in rainfall can provide a significant amount of this nutrient
to ecosystems., Weighted mean phosphorus concentrations in bulk precipitation
(rainfall and dryfall) for the North Carolina Coastal Plain is about 0.054
mg/l which is midway in the range of concentrations measured in the eastern
United States.

Gambell and Fisher (1966) showed that the amounts of nitrate and sulfate
in four Piedmont North Carolina streams could be entirely accounted for by
the annual amounts contributed by precipitation, but other elements (Ca, Mg,
Cl, Na and K) were much more abundant in river water than in rainwater. The
sulfate, ammonium, and nitrate carried in some mountain streams in New
Hampshire could also be mostly or entirely accounted for by the amounts in
atmospheric precipitation (Fisher, Gambell, Likens, and Bormann 1968).

Elemental mass balances for our Coastal Plain watersheds can be esti-
mated by using the data of Gambell and Fisher (1966) in conjunction with our

measurements of rainfall volume and constituents in rainfall and stream waters.

Swamp Productivity

Water quality and biological productivity of the swamp forests and their
streams are intimately related. We shall omit consideration of wood pro-
duction. Although channelization apparently has a substantial effect on the
composition of the forest by adversely affecting growth and reproduction of
the valuable cypress and tupelo gum, drained swamplands can produce quantities
of timber and pulp comparable to and often greater than natural swamps.

Of considerable interest to water quality is the production of organic
matter that enters the aquatic phase of the system, from the swamp forest to
the stream. This is comprised mostly of litter, the leaves, branches, flowers,
and fruits which fall annually to the forest floor., Our estimates from litter
bag collections and those of Brinson (1977a) indicates about 600~700 g dry
weight ger square meter per year. A smaller amount of organic matter (about
50 g m~4, Mulholland unpubl. data) is leached or washed from the leaves,
branches, and trunks of trees by rain (= throughfall and stemflow), and about
5-10 times less additional production arises on the forest floor and in the
stream itself by growth of macrophytes and algae (Brinson 197%,Mulholland
unpubl, data). The dense shade of the forest canopy most of the year prevents
higher productivity of the forest floor. In fact the filamentous algae are
only important during late winter and early spring before the leaves come out.
Assuming 700 g dry weight year“l, we find an amount of organic matter enter-
ing the detritus food pathway of the swamp ecosystem comparable to the amount
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of above-ground production of our average saltmarshes, or half as much as
from the most productive N.C. saltmarshes (about 1,500 g m~2 yr‘l)(Williams'
and Murdoch 1969; Stroud and Cooper 1968). This amounts to about 3 tons dry
matter acre~l yr—l, most of it falling in autumn to be leached, enriched with
nitrogen, fragmented, and decomposed under water during the winter and spring
flooding period (Brinson 1977%). Some of the smaller organic molecules poly-
merize into the characteristic brown stain (humates) found in these waters.,

From the number and variety of amphipods, isopods, oligochaetes, and
chironomids on the flooded forest floor in winter and spring, however, it
appears that the litterfall is the base of a strong pulse in detritivore
productivity (Robert Sniffen, unpubl. data). From what we know of detritus-
based food chains in other systems, such as streams and estuaries, it appears
highly probable that the crustaceans, insect larvae, and worms of the swamp
forest floor are an important step in the transfer of energy to the fishes
of swamp streams. A variety of game and non-game fishes are found in swamp
waters in spite of the stress of low dissolved oxygen concentrations in the
summertime (Pardue, et al., 1975). 1In addition to the resident populatioms,
some anadromous fishes use the Coastal Plain streams and rivers for spawning,
mostly in the spring, and their juveniles may partake of organisms which were
produced in the swamp detritus food-web. The '"nursery" function of wetlands,
both fresh and salt, swamps and marshes, has been frequently invoked as one
of their unique features, one that cannot be easily replaced.

Channelized streams also receive organic detritus from the watershed.
More abundant sunlight, however, permits growth of rooted aquatic plants
and phytoplankton (O'Rear 1975); the rates of production in channelized
streams have not been well established. There is evidence, however, of
substantial differences in fish productivity between natural and channelized
streams. Although the sampling was done entirely during the summer months
when the low dissolved oxygen in natural streams exerts a considerable stress,
there were fewer fish per acre of channelized stream than of natural stream
and the diversity of species was somewhat less (Tarplee, Louder, and Weber
1971). These differences were attributed to the shallowness, the shortage of
food organisms, and the stress of higher summer temperatures resulting from
lack of shade in the channelized stream. Channelization may also hinder
spawning and juvenile growth of the commercially valuable anadromous fishes
that ascend Coastal Plain streams from the ocean to spawn during March through
May. Frankensteen (1976) studied three streams in eastern N.C. and found
significantly fewer adult and juvenile fishes in the channelized stream than
in the unchannelized streams.

Aims of This Research

The principal aim of this research was to assess the effects of one form
of stream modification, channelization, upon water quality. An additional goal
was to interpret the data on seasonal patterns and on differences between streams
in terms of stream functioning, especially the chemical and biological pro-
cesses taking place in the stream. Finally, the research aimed to contribute
to understanding of the effects of land use upon chemical constituents of the
water, A suite of water quality parameters which might be affected by stream
channelization and which are of economic or ecological concern were selected.
Attention was first directed toward obtaining data on each of these parameters.
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at regular intervals over a full year cycle in 3 natural and 3 recently
channelized streams of the Coastal Plain in order to characterize the season-
al patterns of intensity or concentration. Based upon the results of the
first year of data some measurements were discontinued and some streams were
dropped, but increased sampling frequency was attained, additional stations
were added on tributaries to cne of the streams, an additional stream which
had been channelized about 60 years ago was added, and a few intensive
studies were made during and after periods of heavy rainfall (spate studies).
These studies during the second year all aimed at providing additional de-
tails of the patterns of water quality, and data to help explain stream
functioning.

This report incorporates only a portion of three doctoral dissertations
now being completed in the Creeping Swamp watershed., These studies of
populations of benthic macroinvertebrates, of the organic carbon budget, and
of phosphorus cycling in a natural swamp ecosystem will be presented later as
dissertations and as a part of the final report of ongoing research sponsored
by the Water Resources Research Institute. '

METHODS

The Study Areas

Seven streams in Pitt, Craven, Beaufort, Lenoir, and Edgecomb Counties,
N.C., (Fig. 7) were selected for study on the basis of their general similar-
ities in size and basin characteristics. Three streams were mostly natural,
but four had been channelized,

The study area is a region of flat to gently rolling topography. The
interstream areas are of very low relief with scattered, large pocosins
which form the headwaters of many of the streams, The stream valleys are
shallow, wide, seasonally flooded bottomlands, vegetated with hardwood forest.

The Coastal Plain surface here 1s covered by a layer of sand and clay (3-
7'm thick) laid down during Pleistocene invasions of the sea, but there are
also significant amounts of fluvial and aeolian sands of Holocene age. Sediments
in stream bottoms are mostly silt and clay with substantial amounts of organic
matter (Maki, Hazel, and Weber 1975). The Pleistocene and Holocene sand beds
are an important aquifer for local farm and domestic use; the water is usually
slightly acid and contains soluble iron in varying amounts (Sumsion 1970).
This same groundwater provides some of base flow for the larger streams.

The study streams are all relatively small with watersheds ranging in
area from 54 to 176 km? at the downstream stations (Table 2). Areas and
ratios of cleared to wooded land in each watershed were determined from
1970 and 1971 aerial photographs of the U,S. Agricultural Stabilization and
Conservation Service, Raleigh, N.C., by the use of equidistant dot transpar-
encies (Omernik 1976). Errors in estimating watershed area are inevitable
because of uncertainty in establishing drainage basin boundaries in the very
flat pocosin areas and because of man-made changes in drainage patterns.
Underestimates in the percentages of cleared land may occur because of forest
clearing since 1971,
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Table 2. TLocation and Characteristic Features of Sampling Stations and the Streams

Stream Station Location Watershed Percent Elevation at Stream Slope
(Road No.) Area(l) Watershed Zero Flow Length(z) %
(km?) Wooded Cleared (m) (km)

Natural Streams

Creeping CP-20 N.C. 102 32 62 38 10.0

Swamp CP-10 N.C. 43 80 68 32 5.8 7.7 .054
Palmetto  PM—20 U.S. 17 40 67 33 4.0(3)

Swamp PM~10 N.C. 43 54 61 39 0.8 4,2 .076
Chicod CH-40 1565 64 61 39 6.3

Creek CH-20 1760 132 56 b4 1.6 5.2 .094
Channelized Streams (Date Channelizatioa Completed)
Tracey TR-20 1807 56 77 23 9.5

Swamp (4)  TR-10 1803 141 68 32 3.4 11.3 .054

(1973)
Grindle GR-30 1425 61 55 45 8.0(3)

Creek GR-20 1521 80 55 45 5.5(3)

(1966) GR-10 1541 140 59 41 3.2 12.8 .038
Conetoe Co0-30 1527 60 62 38 12.8

Creek C0-20 U.S. 64 143 51 48 10.5(3)

(1971) C0-10 1409 176 48 52 9.0 13.8 .027
Clayroot CY-20 N.C. 102 80 59 41 6.0

Swamp CY-10 1928 110 60 40 4.6 6.4 .022

(1919)

(1) Includes all area of watershed upstream of cited stream station.
(2) Between highest upstream station and the downstream station.

(3) Estimates based on topographic map and interpolationms.
(4) Tracey Swamp becomes Mosley Creek at its lower end.



The lowermost stream stations are only a few meters above mean sea
level., All stations were at or near bridges except for two stations (CP-14
and CP-15) located only 100 & apart on Creeping Swamp about halfway between
CP-10 and CP-20; data from these two stations are combined and will be
designated as data from CP-1l4., Two stations on Chicod Creek, CH-40 and CH-50,
were only about 1 km apart and data from these two have also been combined
and designated CH-40. Three streams (Creeping Swamp, Palmetto Swamp, and
Chicod Creek) have had little or no channelization and are still bordered by
substantial swamp forest which is inundated during the winter period. Three
streams (Tracey Swamp, Grindle Creek, and Conetoe Creek) have been recently
channelized (Table 2) and the former bottomlands are no longer flooded for
long periods. Clayroot Swamp was channelized about 60 years ago but the
channel has not been maintained to keep vegetation clear. The amount of
forest cover in these watersheds ranges from about 48% to 77% (Table 2); the
remainder is mostly agricultural land with only a small fraction of urban
land. Four streams receive pollutants directly; Chicod Creek, Creeping Swamp,
and Clayroot Swamp receive wastes from livestock farms above stations CH-20,
CP-10, and CY-20 and Grindle Creek receives sewage from the town of Bethel
about 13 km above GR-10. The U.S. Geological Survey operated recording
stream gauges on Creeping Swamp, Palmetto Swamp, and Conetoe Creek during
this study and installed a gauge on Chicod Creek in late 1975.

Sampling Schedules

The collection of field data and of water samples for chemical analyses
was scheduled to reach three goals, First, routine samples were taken at
each station after approximately equal time intervals (2-6 weeks, depending
on the stream) in order to have representative measurements and samples
‘throughout the year. These were for the purpose of demonstrating major
seasonal patterns and as a basis for examining differences between stations
on a stream and differences between streams. Secondly, daily samples for
unfiltered nutrient analyses only were collected at one station (CP-10) for
almost three months in the spring of 1975 in order to follow the short-term
variations in nitrogen and phosphorus species, especially in relation to
stream discharge. Finally, a series of daily measurements was made and
samples were collected in late spring (3 June-8 June 1976) and in winter
(27 January-4 February 1976) during and after the peak stream flows following
heavy rainstorms (= storm event or spate). These sharp peaks in flow are
more common than steady flows (Figs. 3, 4, 5) and transport most of the water
each year. Spate studies were conducted at two stations on a natural stream
(Creeping Swamp) and at two on a channelized stream (Clayroot Swamp). The
purpose of these studies was (1) to determine the importance of spates,
relative to steady flow periods, in transporting dissolved and particulate
materials, (2) to determine whether channelized streams differ from unchan-
nelized streams in terms of the quantitative and qualitative transport of
materials, and (3) determine whether there are seasonal differences in the
effects of spates on flow rates and the quality and quantity of materials
moved. Daily field sampling began on the first day of a substantial frontal
rainstorm and continued for five to six days until flow approached base levels
again.
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Field Measurements and Collections

Field procedures were carefully standardized and preprinted forms used
to record field data. The date, time, station number, weather conditions,
sample bottle numbers, field measurements, and miscellaneous notes on the
stream and watershed conditions were recorded on these forms.

Several measurements were completed in the field. Specific conductance
(conductivity) and temperature were determined with a YSI Model 33 S-C-T
meter with a platinum electrode submersible cell, The conductivity was
corrected for temperature by using a standard curve., Field pH was measured
with a portable Beckman Model N glass electrode pH meter. Air temperatures
were taken in the shade near the water with a calibrated thermometer. The
stream water levels were determined by direct reading of U.S. Geological
Survey enameled gauges, where installed, or by measuring the vertical distance
from a reference point on the bridge to the water surface with a metal tape
and plumb bob. At twelve stations where the U.S. Geological Survey discharge
data were not available, stream discharges were read from curves constructed
by measuring discharges at various water levels during the year. The dis-
charges were calculated from measurements of current velocities taken at
several points in a cross section of the stream. At medium or high discharges
a Gurley No. 622 current meter was used but at very low discharge rates the
current was measured by repeatedly timing water movement over a one-meter
distance.

The water samples were taken from the stream with a dissolved oxygen
bucket sampler (similar to Fig. 442:1, American Public Health Association,
1975), Duplicate dissolved oxygen samples in 330 ml BOD bottles were col-
lected first and the remaining water in the bucket sampler poured out. The
bucket was lowered again with clean BOD bottles to collect water for metal,
nutrient and carbon samples. The water in the bucket itself was used for
turbidity, color, field pH, biochemical oxygen demand (BOD) and chlorophyil
samples.,

At stations CP-12, CP-14, CP-15 and at any time when the water was not
deep enough for the D.O. bucket (less than one foot), water for analysis was
collected in a clean two liter polyethylene bottle, except that D.O. samples
were collected with a mouth—operated suction device used with each D.0O, bottle
to prevent entrainment of atmospheric oxygen.

At each station an unfiltered water sample was placed in a 500 ml poly-
ethylene bottle and stored at ambient temperature for laboratory determination
of turbidity, color, and lab pH. Turbidity was measured on a Hach Model 2100
Laboratory Turbidimeter calibrated with a standard formazin reference suspen-
sion., For color analysis, a 50 ml subsample was filtered through a 0.45 um
membrane filter to reduce turbidity and the filtrate used for color determina-
tion on a Klett colorimeter with a Klett #42 filter and 4 cm cell. The Klett
was calibrated with standard chloroplatinate solutions and color was reported
in standard color units (American Public Health Association 1975). Dissolved
oxygen was measured by the Winkler technique (American Public Health
Association 1975)., All of the above measurements were made within 12-48
hours of the collection time.
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Unfiltered water for BOD analysis was poured into clean 2-liter poly-
ethylene bottles and placed on ice. Laboratory incubations were initiated
within 24 hours in triplicate in standard BOD bottles at 20°C for 5 days.

Chlorophyll samples were obtained by filtering 1 liter of sample water
with one ml of added MgCO3 suspension through an unrinsed Gelman glass fiber
filter, type A-E, and storing the filter in a small petri-dish in a desiccator
on dry ice for transport to the laboratory. Chlorophyll-a was extracted into
acetone for one hour at 4°C and measured by spectrophotometric analysis at
665 and 750 nm before and after acidification (Lorenzen 1967).

Water samples for nutrients, metals and carbon were collected at each
station. All sample bottles and caps were previously washed with brush and
liquid detergent, rinsed 3 times with tap water, 1 time with 107 HCl, 3 times
with tap water and 3 more times with deionized water.

The samples were dispensed into bottles as shown below.

Amount of
Bottle Sample
Sample Type Size (ml) (ml) Storage
Nutrient, unfiltered Polyethylene 250 200 Frozen
Nutrient, filtered Polyethylene 125 100 Frozen
Metal, unfiltered Polyethylene 125 100 Ambient temp.
Metal, filtered Polyethylene 125 100 Ambient temp.
Carbon, unfiltered Glass 25 5 Frozen
Carbon, filtered Glass 25 5 Frozen

Gelman membrane filters (Metricel GA-6, 47 mm, 0.45 um pore size) and
Gelman glass fiber filters (type A-E, 47 mm) were used with a Millipore
Swinnex-47 filter holder and disposable, plastic 60 ml syringes to obtain
filtrates in the field., Koenings (1977) showed that all of the phosphorus
in bog water passed through a filter is not truly soluble; some is colloidal.
We therefore use his term "filterable" in preference to "soluble" for those
fractions not retained by the filter. A glass fiber filter was placed on
top of the membrane filter and 5 ml of 10% HCl, followed by 100 ml of
deionized water was forced through to wash and rinse the filters. The first
2-4 ml of sample filtrate was discarded, 2-5 ml of sample filtrate was used
to rinse each sample bottle, and each bottle was then filled to the desired
level. For metal analyses, nitric acid was dispensed into the bottles prior
to adding 100 ml of sample. Samples for nutrient and carbon analyses were
frozen on dry ice immediately.

Bulk precipitation (rainfall and dryfall) was collected using poly-
ethylene funnels covered by .25 mm NITEX screening connected to plastic
vessels located in open fields in the Creeping Swamp watershed. Volume of
rainfall was measured every two weeks beginning in September, 1976; samples
for nutrient analyses were taken every four weeks contingent upon sufficient
rainfall. Bulk precipitation samples were preserved in the field with HgCl)p
at a final concentration of about 40 mg/l and were kept at 4°C until analysis.
Since concentrations of HgCly greater than 40 mg/l interfere with phosphorus
analyses, some samples were diluted before analysis. Chemical analyses
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followed the same procedures as used for stream waters. Rainfall measurements
prior to March 1977 were obtained from only one collector; thereafter three
collectors were sampled. Chloride concentrations were measured in rainwater
samples preserved with formaldehyde.

The concentrations of nutrients and filterable metals in groundwater very
near the surface were measured in samples taken from nine shallow wells near
CP-20 and CP-14 in the Creeping Swamp floodplain. Each well consisted of a
plastic pipe (8.2 cm diameter x 0.7-2.0 m long) set into a 0.3-1.4 m hole
which had been dug into the soil. Some wells were constructed with perfora-
ted pipe; others were open only at the bottom. Six wells were on low sites
near the stream and three were on higher sites of the floodplain. Detailed,
step by step, descriptions of field procedures and the exact locations of
sampling stations are available upon request.

Chemical Analyses

The Limnology Laboratory of the Department of Environmental Sciences and
Engineering performed the metal and nutrient assays. The metals consisted of
iron, manganese, calcium, magnesium, potassium, sodium and aluminum; analyses
were performed for both dissolved and total metals. The nutrient analyses
consisted of ammonium, total Kjeldahl nitrogen, nitrate, nitrite, filterable
reactive phosphorus (FRP), total filterable phosphorus, and total phosphorus,
Total organic nitrogen (TON) was calculated by subtracting ammonium from
total Kjeldahl-N, filterable unreactive phosphorus (FUP) by subtracting FRP
from filterable P, and particulate phosphorus (PP) by subtracting filterable
phosphorus from total phosphorus. Chloride and silicon were also measured,

1. Nutrients

Samples were kept frozen until time of analysis. All procedures were
automated using Technicon AAI equipment (Table 3). Precision was controlled
in these analyses by running all samples in duplicate. Approximately 10% of
routine analysis time was spent doing samples with standard spikes for
accuracy control, The average recoveries of these spikes (Table 4) were
good with the exception of nitrite. Recovery data for total Kjeldahl
nitrogen is misleading, The spikes were made with ammonia and thus do not
test digestion efficiency. Comparison studies of 15 samples on the block
digestor suggest recovery ranges for total Kjeldahl nitrogen from the auto-
mated procedure to be only about 53-77% with an average of 60.2%. Further,
replicate data was not good as indicated by the standard deviation and also
from the repeated analysis of a total nitrogen EPA nutrient control,
Recoveries for this control over a four-month period were in a range of 43.9-
119.5%. For nitrogenous matter found in these samples, the block digester
gives more nearly correct values; data from the continous digestor should be
increased by 67% to give values that are closer to true concentrations,

2. Metals and Silicon
Water samples were filtered into cleaned polyethylene bottles and
acidified to 1% HNOg3 in the field. Unfiltered samples were acidified to 1%

HNO3 and 2.5% HCL in the field, autoclaved for 30 minutes at 121°C in Teflon
bottles and analyzed for total metals. Samples collected for total metal
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Table 3. Methods used for dutrient analyses

Nutrient

Ammonia
Nitrite
Nitrate

Total Kjeldahl
Nitrogen

Filterable Reactive
P

Filterable Total
P

Total Phosphorus

Chloride

Method

Automated Colorimetric
Phenolate

Automated Colorimetric
Diazotization

Automated Hydrazine
Reduction & Diazotization

Automated Digestion & Phenolate
Method

Automated Stannous
Chloride Method

Persulfate Digestion
Automated Stannous Chloride

Persulfate Digestion
Automated Stannous Chloride

Automated Thiocyanate

Reference and Page

EPAl, p. 168
EPA, p. 215
EMSL3
EPA, p. 182
01d -EPAZ, p. 259
01d EPA, p. 259
01d EPA, p. 259

EPA, p. 31

1EPA, Manual of Methods for Chemical Analysis of Water and Wastes, U.S.

Environmental Protection Agency, Cincinnati, Ohio, 1974.
201d EPA, 1971 edition.

Enviromental Methods Support Laboratary, EPA, Cincinnati, Ohio.
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Table 4. Average recovery of various forms of N and P, and
of Cl when spiked into swamp water samples

Nutrient No. of Average Standard
Observations Recovery (%) Deviation (%)

Ammonia 22 105.4 10.5
Nitrite 36 : 87.7 9.8
Nitrate 13 100.4 5.7
Kjeldahl-N 5 102.5 16.1
Filterable Reactive P 30 93.4 7.6
‘Filterable Total P 14 98.3 8.6
Total P 11 106.0 10.2
Chloride 27 95.2 4.8



analysis prior to 27 January 1976, did not receive the HCl and were not
autoclaved before analysis. Comparison of 20-50 samples stored and treated
each way showed that the later procedure with autoclaving recovered 4% more
Fe, 227% more Mn, 7% more Ca, 47 more Mg, 167 more Si, 39% more Al, 7% more
Na, and 10%Z more K. Where the more rigorous procedure gave no more than

10% greater recovery (Fe, Ca, Mg, Na, and K), the two methods were assumed

to be comparable and the data were lumped for statistical analysis. However,
the Mn, Si, and Al measurements obtailned by the original procedure were
corrected for recovery wherever reported.

The metal and silicon analyses were run using a Perkin-Elmer 303 Atomic
Absorption Spectrophotometer with hollow cathode lamps (Table 5). Minor
deviations from these procedures were as follows. Standard solutions were
bought from Fisher Scientific Co. rather than made in our laboratory. For
Ca and Mg analyses, the lanthanum chloride solution was added in a proportion
of 1:7 to both standards and samples, rather than 1:10 as EPA suggests, as a
matter of convenience. Lanthanum was not used with Ca and Mg samples prior
to mid-December 1975; this had little effect on Mg concentrations but Ca
values prior to this time are about 30% of the correct value. A correction
factor of 3.4 was applied to the samples collected before December 1976,
Silicon was analyzed using the methods in the handbook provided by Perkin-
Elmer Corp. (1976).

Approximately 10% of analysis time was spent on quality control. Dupli-
cates and spilkes were done for each metal during the routine runs. Spikes
done at the levels found in the swamp streams gave good recoveries and small
standard deviations (Table 5). Standards were included at the beginning and
end of each autoanalyzer run., EPA mineral controls were run where available;
average recovery for calcium at a level of 14.5 mg/l was 100%, for magnesium
at 3.0 mg/l was 96%, and for sodium at 5.0 mg/l was 114%.

Diel Oxygen Changes

Diel studies were performed on Creeping Swamp, Palmetto Swamp, Clayroot
Swamp, and Tracey Swamp  several times to estimate ecosystem metabolism. Water
temperature, water level, conductivity, pH, and dissolved oxygen (D.0.)
concentrations were measured at 3-4 hour intervals over a 24-hour period as
described in Field Methods.

Rate of change curves for dissolved oxygen were constructed for each
sampling station and corrections were made for diffusion (Odum, 1956). A
diffusion coefficient (k) of 0.03 g 02 m~2 hr-l at 0% D.0. saturation was
measured in Creeping Swamp using the nitrogen-filled dome method of Copeland
and Duffer (1965). This agreed very closely with a calculated diffusion
coefficient using average water velocity and the elevation gradient in
Creeping Swamp (Tsivoglou and Wallace 1972). Because of the possibility of
underestimating diffusion by reducing surface rippling using the dome method,
a slightly larger diffusion coefficient of 0.05 g m~2 hr-l (at 0% saturation)
was used for correcting the dissolved oxygen rate of change curves for sampl-
ing stations on the natural swamp streams, Creeping and Palmetto. For the
channelized stream sampling stations, Clayroot and Tracey, diffusion coeffi-
cients were chosen from a table presented by Odum (1956) according to average
water velocities and depth. A coefficient of 0.10 g n~2 hr-l was applied to
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Table 5. Methods for Measuring Metals and Silicon By
Atomic Absorption Spectrophotometry and
Average Recovery of Standards
Spiked Into Swamp Water Samples

Metal
Reference and Page
Al EPA, p. 921
Ca EPA, p. 103
Fe ' EPA, p. 110
K EPA, p. 143
Mg "~ . EPA, p. 114
Mn - EPA, p. 116
Na EPA, p. 147
si Perkin-Elmer 19767

No. of Average Standard
Observations Recovery (%) Deviation (%)
18 99.1 10.6
17 96.7 7.2
14 108.6 6.9
11 91.6 12.6
13 108.6 6.0
15 103.4 7.9
18 97.1 10.9
20 96.6 5.9

lEPA, Manual of Metheds for Chemical Analysis of Water and Wastes, U.S.

Environmental Protection Agency,
2perkin~Elmer. September 1976.
Spectrophotometry.

Cincinnati, Ohio, 1974.
Analytical Methods for Atomic Absorption



the sluggish upper Clayroot station (CY-20) while a coefficient of 0.50 g m—2
hr-1 was applied to the more swiftly moving downstream Clayroot station (CY-
10). The diffusion coefficients applied to the Trag? stations, TR-20
(upstream), TR-15, and TR-10, were 0.5, 1.0, and 1.0 g m~2 hr~l, respectively,
because of their higher velocities.

Vegetation Analysis

Community composition and relative abundance of the vascular vegetation
of a stream floodplain swamp were determined along three transects across
Creeping Swamp and Palmetto Swamp. Trees (> 10 cm DBH) and saplings (2.5-10
cm DBH) were sampled by the point-quarter method at stations every 20 meters
along each transect (Cox 1967). Herbaceous ground cover was assessed in a
one square meter quadrat at each station. Data for trees and saplings were
analyzed with a computer program prepared by Mr, George McRae especially for
this project. Results are in the appendix.

Data Processing and Analysis

Data was initially recorded on preprinted field data forms by field
personnel and in bound notebooks by laboratory personnel. This information
was carefully transferred to five preprinted coding forms and computer cards
were punched and verified from the forms. The data was then read into an
ASAP file maintenance system (Compuvisor, Inc., 1971) program prepared for
this project. The ASAP program simplified the process of retrieving data for
analysis, Subprograms CONDESCRIPTIVE and PEARSON CORRELATION from SPSS (Nie,
et al., 1975) were used to obtain means and correlations respectively for data
retrieved selectively by the ASAP program,

Non-parametric statistical comparisons of measured values between
natural and channelized streams were made using the Wilcoxon matched pairs
signed~-rank test (Remington and Schork 1970) with the aid of a FORTRAN com-
puter program. Comparisons were made by dates within a given year (1975 or
1976) between the average of a particular variable for all channelized and
all unchannelized streams, respectively. There were 9 such sampling dates in
1975 and 13 dates in 1976, The stations incorporated in the averages are
presented in Table 6.

Instantaneous export of water-borne materials (fluxes) was calculated
for both Creeping and Clayroot sampling stations for each sampling date
during the two spate studies. In addition, fluxes were calculated for all
streams examined during the project on four selected "steady flow'" dates.
These "steady flow'" dates were chosen from periods of relatively stable flow
at least five days after the last spate peak by examining the daily discharge
at CP-10 (Fig. 3). The following "steady flow" dates were selected: March
6~7 and October 9-10, 1975; March 3-4 and May 24, 1976.

Fluxes were calculated on the computer using the equation:
Flux(a) = Conc (A) * Flow * 101,88
where: Flux(A) is the flux of constituent A expressed in g/hr

Conc(A) is the concentration of constituent A expressed in mg/l
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Table

6.

Stations from which sampling date averages of

measured variables were made for statistical

comparison of natural and channelized streams
in 1975 and 1976.

Natural Streams Channelized Streams
1975
Cp-10, CP-20 TR-10, TR-20
PM~10, PM-20 C0-10, C€0-20, CO-30
CH~-20, CH-50 GR-10, GR-20, GR-30
1976
CP-10, CP-14, CP-20 TR-10, TR-20
PM~-10, PM-21 CY-10, CY-20
CH-20, CH-40
Table 7. Runoff values (m) used in the calculation of
annual fluxes modified from values obtained
from U,S.G.S, Water Resources Data for North
Carolina (1975, 1976). '
Station Runoff Value
1975 1926
CP-10 0.306 0.223
CP-20 0.272 0.179
PM~10 0.303 0.222
CH-20 0.306 0.223
TR~-10 0. 306 0.223
TR-20 -0.306 0.223
C0-10 0.472
CO~-30 0.472
GR-10 0.472
GR-30 0.475
CY-10 0.223
CY-20 0.223
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Flow is the instantaneous value of flow expressed in cfs
101.88 is the conversion factor relating cfs to 1/hr and mg to g

g/hr = cf/s * 3600s/hr * 28,321/cf * 1g/1000 mg * mg/l

cf/s * mg/l * 101.88 s«l.g/hrecfemg

Fluxes were also calculated in terms of watershed areas by dividing fluxes
for a given sampling station and date by the area of the stream watershed
above the sampling station.

Annual weighted mean concentrations and annual fluxes of nutrients and
metals adjusted for watershed areas, for the years 1975 and 1976, were cal~
culated for all stations where discharge measurements were available., For a
given year and sampling station, the annual weighted mean concentration of a
given species was weighted on the basis of discharge in the following manner:

Wt. Conc. (Day X) = Conc. (Day X) *Discharge (Day X)
L Discharge

where: Wt. Conc. (Day X) 1s the weighted concentration in mg 1~1 of the

species on a given sampling day (Day X).

Conc. (Day X) is the measured concentration in mg 171 of the species
on a given sampling date (Day X).

Discharge (Day X) is the instantaneous discharge on a given
sampling date (Day X).

Z Discharge is the sum of all the discharge values on all sampling
dates for the given year and station.

Annual fluxes were calculated by multiplying the annual weighted mean
concentrations by annual runoff values obtained or estimated from Water
Resources Data for North Carolina Water Year 1976 (U.S. Geological Survey,
1977). BRunoff (expressed in meters yr~l) is defined as the depth to which
the watershed above the stream station would be flooded if the total volume
of water passing by a gauging station during a year were distributed uniform-
ly over the entire watershed. Thus the runocff value is normalized for water-
shed area; examination of long term (20-40 years) runoff values for watersheds
of widely differing areas demonstrated that average annual runoff is fairly
constant at about 0.38 m yr~l (Water Resources Data for North Carolina Water
Year 1976. 1977).

For those sampling stations at which daily discharge measurements were
made by the U,S. Geological Survey (CP-10, CP-20, PM-10, C0-10), published
values for runoff, corrected for our estimation of watershed area above the
sampling station, were used (Table 7). By assuming that runoff is relatively
constant, we used the runoff values for CP-10 for the ungauged stations
CH-20, CY-10, CY-20, TR-10, and TR-20. The 1975 runoff value for C0-10 was
used for CO-30, GR-10 and GR-30 because the Conetoe and Grindle watersheds
are more similar in size and location to each other than to any of the other
sampled watersheds (Table 2). Runoff values for 1976 were calculated from
discharge data for the gauged stations because runoff values for calendar
year 1976 have not yet been published. The lower runoff values in 1976
reflect the drier weather in 1976 compared to 1975, A FORTRAN computer
program, using data made available from ASAP files, was used to calculate
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annual weighted mean concentrations and annual fluxes.

Annual inputs of metal and nutrient species in rainfall were calculated
using the weighted mean averages of nitrogen and phosphorus species measured
in this study and the values for metal species reported by Gambell and Fisher
(1967, Table 3). Annual rainfall volumes for 1975 and 1976 were obtained
from Climatological Data for North Carolina (National Oceanographic and
Atmospheric Administration, 1975, 1976) and were averages of values measured
at Washington and Greenville, North Carolina. Annual volume of precipitation
per square kilometer was multiplied by concentrations to obtain the annual
area~based inputs of nutrients and metals delivered by bulk precipitation.

Linear correlations between all of the physical and chemical factors
measured at each station between December 1974 and December 1976 were calcu-—
lated by means of an S.P.S.S. program in order to judge (1) the probable
importance of trends evident in seasonal changes and (2) the interrelation=
ships between nutrients, soluble salts, and the particulate forms of elements
as they exist in the waters of natural and chamnelized streams. Correlations
(r) for 4 stations are presented (P £ .002) to illustrate conditions in a
natural stream (CP-20) and a channelized stream (TR-10) without point sources
of pollution, and a natural stream (CP-10) and a channelized stream (CY-10)
which receive drainage from livestock farms., Positive correlations result
when the intensities or concentrations of two variables increase and decrease
together and negative correlations result when the intensity or concentration
of one variable increases while the other is decreasing. These correlations
do not prove causal relationships, but they often aid understanding,

RESULTS

The data collected during this investigation are presented as follows.
First the results of the routine sampling program are shown to demonstrate
the seasonal patterns. The results of the daily sampling program and then
the spate sampling program are presented to illustrate short-term fluctua-
tions. Finally, the annual mean and weighted mean concentration and fluxes
at each station for several parameters are presented in order to examine
differences in water quality between stations on the same stream and between
streams.

Seasonal Patterns of Physical and Chemical Characteristics

1. Physical factors

The mean value of water temperature measurements in all streams, natural
and channelized, showed the expected annual cycle (Fig., 8). The mean tempera-
ture in January was about 8 C and in August it was about 24 C. Water tempera-
tures sometimes dropped to 0 C on winter nights and surface ice formed, and
daytime summer water temperatures sometimes exceeded 30 C. The range during
any month, however, was as great as the difference between the winter and
summer monthly means. The great range in temperature during a month resulted
partly from the fact that measurements were not always made at the same time
of day; the daily temperature variation measured during diel studies of
aquatic productivity ranged from 1 C at CY-10 and CY-20 in November 1975
to 8.3 C at CP-20 in June 1975 (Table 16). Furthermore, measurements at the
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Fig. 8. Mean monthly water temperature including all streams, all stations
and all sampling dates for 1974-1977. Horizontal lines indicate means, bars
indicate one standard deviation and vertical lines indicate range of tempera-
ture for a given month, '
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beginning of the month during spring and fall may be expected to be lower or
higher, respectively, than measurements at the end. However, the most
important factor is probably the ordinary wide range in air temperature which
occurs each month and which exerts the major control over water temperature.
The water temperature in channelized streams was not significantly different
from that of natural streams, nor was there a significant difference between
1975 and 1976 water temperatures (not shown).

Measurements of stream discharge were made on each sampling. trip (Figs.
9-16). Long periods with no flow, where known from gauging station records,
are shown by heavy horizontal lines just below the lower margin of the figure.
These "instantaneous" flows neither are representative of the great variabil-
ity in stream flow through the year which i1s evident when daily flows are
plotted (Figs. 3-5), nor are they an adequate sample from which to establish
mean annual flows or seasonal patterns. They are shown here, however, to
help interpret the physical and chemical characteristics of each stream on
a particular date, During 1975, most sampling trips occurred at times of
declining or nearly steady stream flow and few during periods of high flow
(Figs. 3,4,5). The greater frequency of sampling during spates in 1976
must be considered in examination of each physical and chemical parameter
for differences between 1975 and 1976, During 1976 additional field trips
were conducted to permit daily sampling during spate periods in order to
delineate the short-term changes in water chemistry. Detailed studies of a
winter and a summer spate at Creeping Swamp and Clayroot Swamp are described
below; data from these spate periods are omitted from Figs. 9, 10 and 16.
Stream flows in channelized streams fluctuated widely, but much less fre-
quently did they cease entirely., The logarithm of stream flow was negatively
correlated (P £ 0,01) with water temperature at all 4 stations examined, in
accordance with the lower discharge rates of summer and at CP-10, TR-10, and
CY-10 the P-values were S 0.002 and are therefore shown in Tables 8-11. Most
soluble constituents of the water in all 4 streams decreased in concentration
when flow increased (correlation with log-flow were negative, Tables 8-11)
except for dissolved oxygen in Creeping Swamp and color in Tracey Swamp and
Clayroot Swamp. Note the long periods of stagnation at CP-10 during the’
unusual summer drought; there was a total of about 4.5 months of no-~flow
conditions during 1976,

The concentrations of dissolved oxygen varied seasonally in natural
streams (Figs. 9-12) but were high and relatively constant in channelized
streams (Figs. 13-~16), All streams usually had 5-10 mg 02 1-1 during the
cool seasons, With a few exceptions (CY-10 in October and November 1976,
TR-10 in October 1976; Figs. 16, 13), the channelized streams had D,0. levels
above 6 mg 1-1 throughout the year. Natural streams, however, often had much
lower dissolved oxygen levels in summer than in winter (Figs. 9-12). At
CP-10 the correlation coefficient of dissolved oxygen was negative with
temperature (r = -.63). Oxygen concentration may be below 4 mg 1=l for 3-7
months, and is often very low (< 0.1 mg 1'1) when flow stops. Clayroot
Swamp, although it has not been maintained as a clean channel and bank
vegetation now completely shades the chamnel, retains the dissolved oxygen
pattern of channelized streams with only one substantial dip at the end of a
long period of low flow in October and November (Fig. 16). The diel varia-
tion in dissolved oxygen will be described below in the Stream Metabolism
section. The seasonal patterns of low D.0O. during low-flow periods in summer
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Fig. 14. Seasonal patterns of dissolved oxygen, conductivity, flow, color
and turbidity at Conetoe Creek (C0-20) for the period November 1974-December
1975. '
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Table 8. Correlations ("r") between physical and chemical
factors at CP-20, All are linear correlations
except '"log flow" which were calculated from
logarithmic transformation of stream discharge.
Correlations are shown only where P £ 0.002.

Log Conduc-  Water pH Color  Turb. D.O.
Flow tivity Temp., .
Cond. -.57
pH -.60 .69
Color -.43 .50 .70
Turb., b4 .62
D.O0. .65 -.66 -.64 -,66
NOy .61 54
NHy .46 .54 .81 <43 -.52
TON 46 .53 .87 ~-.59
FRP ~.53 .76 .56 .48 .60 -.55
FUP .45 .62 .85 ‘ -.48
PP -.48 .71 .67 .80 . 80 ~-.56
Cl -.66 .81 .59
Sol. Fe .60 .78 -.62
Sol. Mn .87
Sol, Ca -.68 .97 .67 .59
Sol. Mg .82
Sol. Na -.73 .91
Sol., K -.72 .92 .62 «57
Sol. Si .77
Part, Fe .63 .68 -.73
Part. Ca .63 .59 -.71
Total Fe -.61 .61 .68 .84 .49 -.79
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Table 9. Correlations ('"r") between physical and chemical
factors at CP-10., All are linear correlations
except "log flow'" which were calculated from
logarithmic transformation of stream discharge.
Correlations are shown only where P 5 0,002,

Log Cond., Water pH Color Turb, D.0O.

Flow T .
Water T -. 40
Cond. ~.62
pH -.66 .61
Color -.51 .40 W45 .46
D. 0. .72 - 47 -.63 -.57 -=.76
NH4 ~-.40 .56 .52
TON -.66 .58 48 .71 .52 -.75
FRP .51 .48 W42
FUP -.68 <47 .59 -.51
PP -.40 47 .52
Cl -.62 .86 .60 .43 -. 45
Sol. Fe ~.64 .52 -.54
Sol. Mn ~.78 .17 .65 -.67
Sol. Ca .85
Sol. Mg ~.55 .93
Sol. Na -.71 .97 .66 -.54
Sol. K -7 .89 .82 .57 -.68
Sol. Si -.59 T4
Part. Ca : .59 -.53
Part., K .87
Part. Al .98
Part, Si .98
Total Fe b4 .50 45 46 =.55
Total Mn .52 .66 -. 67
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Table 10, Correlations ("tr'") between physical and
chemical factors at TR-10., All are linear
correlations except "log flow" which were
calculated from logarithmic transformation
of stream discharge. Correlations are
shown only where P 5 0.002.

Log Conduc- pH Color .  Turb,
Flow tivity .
Water T -, 67
Cond. -.75
pH -.62 .60
Color .70 -.82 -.61
NO3 .71
FUP .95
PP .83
Sol. Ca .91 « 85
Sol. Mg -.86 .87
Sol. Na .85
Sol. Al
Part. Fe .96
Part. K .96
Part. Al 1.00
Part. Si 1.00
Part. Mg .80
Total Mg .76 -.83
Total Na -.67 . 86 .73 -.80
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Table 11. Correlations ("r") between physical and
chemical factors at CY-10., All are linear
correlations except "log flow' which were
calculated from logarithmic transformation
of stream discharge. Correlations are shown
only where P < 0.002.

Log Cond., pH Color Turb.
Flow .
Water T. -.59 .61
Cond. -.84
pH -.90 .83
Color .51 .65
NO2 -.51 .59
FRP «59
FUP -.63 «59 .62
PP .53 .86
Cl .62
Sol. Ca -. 80 .92 .78
Sol. Mg -.70 .91 .70
Sol. Na -.89 .92 .83 -. 64
Sol, K .60
Sol, Si -, 61 .82 .65 -.59
Part. Fe ' .73 .93
Part. Ca .92
Part, K .58 . 80 .88
Part. Al «75 .97
Part, Si .70 .97
Part. Mg .56 .73
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in natural streams is demonstrated also by the positive correlations with
log-flow and negative correlations with water temperature at CP-20 and CP-10
(Tables 8,9). Dissolved oxygen was also.megatively correlated with the
nutrients and some soluble salts, especially soluble Fe, which increased in
Creeping Swamp during summer and fall periods of low flow or stagnation
(Tables 8.9). Levels of D.0O. at TR-10 and CY-10 were too nearly constant to
provide strong correlations with physical factors (Tables 10, 11).

Streams arising in the Coastal Plain often are darkly stained with
organic color. The color of the natural streams tended to be greater during
the warm, low-flow periods (Figs. 9-12). 1In Creeping Swamp (CP-10) the
correlation coefficient (r) with temperature was 0.45 (Table 9). There was
generally less color in the water of channelized streams than in natural
streams during summer and there was little evidence of an annual cycle
except in Tracey Swamp (figs. 13-16)., Color decreased as flow increased in
Creeping Swamp (negative correlations with log-flow. Tables 8,9) but color
increased with flow in the channelized streams, probably because the water
in channelized streams during low flow periods is mostly groundwater. These
differences indicate that dark water produced in the natural swamps is
diluted during periods of high flow whereas channelized streams receive more
highly colored waters from elsewhere in the watershed during periods of heavy
flow.

The turbidity of natural streams was variable but usually low, resulting
in clear but dark colored waters (Figs, 9-12), During rising water levels
the turbidity increased due to suspension of particulates; this was demon=-
strated by the spate studies (see below). During very low flow or stagnant
periods the turbidity also increased as a result of biological activity,
including roiling of the water by fishes and some phytoplankton growth. The
turbidity of channelized streams was about twice that of natural streams
(Figs. 13-16). The highest turbidities occurred prior to peak flow, so that
correlations with stream discharge are not strong. Turbidities increased
with conductivity, pH, color, NH;,, FRP, PP, and total Fe at the upstream
Creeping Swamp station (CP-20), consistent with the hypothesis that biological
processes are often important (Table 8), At CP-10 and CY-10, there were
consistent correlations between turbidity and Fe, K, Al, and Si, especially
the particulate species, (Tables 9,11), in accordance with the abundance
of these elements in, or associated with, soil particles. The turbidity of
water of Tracey Swamp, however, increased at the same time as NO3, FUP, and
particulate phases of P, Fe, P, Al, Si, and Mg (Table 10) strongly suggest-
ing suspended soil particles from agricultural fields of the watershed.

Although seasonal changes in stream water conductivity were not very
great, values were consistently lower during the winter period of higher flows
and higher during summer and fall (Figs. 9-16); negative correlations between
log-flow and conductivity were found at CP-10, CP-20, TR-10, and CY-10
(Tables 8~11)., The natural streams showed the pattern best. The conductivity
at CP-10 was 40-70 p mho em~! during January - June 1975 and December 1975 -
May 1976, except when flow stopped at the end of April 1976, It peaked in
September 1975, April 1976, and climbed during the mostly stagnant period
July - November 1976, reaching a maximum of almost 200 u who cm_l. Sampling
was discontinued at CP-20 during the no-flow periods July - September 1975
and August - October 1976 because of lack of water at the sampling station
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(Fig. 10). The conductivity pattern, however, appears not to differ from
that at the downstream station, CP-~10 (Fig. 9). Conductivities in Palmetto
Swamp and Chicod Creek also followed this seasonal pattern, being mostly
50-100 p mho cm~l in winter and greater than 100 during summer and fall, with
the highest peak in November 1976 (Figs. 11,12). A weaker but similar season-
al variation in conductivity is evident in the three recently channelized
streams (Figs. 13-15). The more erratic pattern in Clayroot Swamp (Fig. 16)
probably resulted in part from variations in waste loading from hog and
poultry farms in the watershed. Conductivity was nevertheless negatively
correlated with variations in flow, the minima in January, late March, June
and December occurring when stream discharges were appreciable., A pattern of
generally higher conductivities in 1976 than in 1975 may be attributable to
lower rainfall, Conductivity was positively correlated with pH and with most
of the soluble salts (Tables 8-11).

2, Nutrients

Nitrogen and phosphorus concentrations were determined as indicators of
nutrient status of these streams. All data are presented in units of
elemental weight per liter, for example mg N 11 as nitrate or ammonium, or
mg P 1-1 as FUP.

The combined nitrogen in natural swamp streams was dominated by organic
nitrogen (Figs. 17-20). The organic-N concentrations were not corrected for
poor recovery (see Methods) and are therefore probably underestimated by
about 40%. The organic-N fraction was not separated into particulate and
filterable fractions, but it is probably primarily filterable (soluble and
colloidal) because organic-C was primarily filterable rather than particulate
(not shown). The organic-N and ammonium were highest during the summer and
fall seasons of high temperature, low flow, and low D.0O.}; TON and NHZ were
positively correlated with temperature and negatively with flow in Creeping
Swamp. Almost all of the oxidized nitrogen occurred as nitrate. Mean annual
nitrite levels were less than 4% of nitrate at all stationsj nitrite con-
centrations have not been plotted because they were so.low. Nitrate con-
centrations were generally low and constant except at CH-20 which received
some effluent from a hog farm (Fig. 20). The effects of increased stream
flow following winter and summer rains upon nutrient concentrations in the
water will be shown for natural and channelized streams in the section
Temporal Changes During Spates. The nitrogen patterns in Creeping Swamp at
the downstream station (CP-~10) in 1975 were similar to those of the upstream
station (CP-20) in 1975 and 1976 (Figs. 17, 18). Nitrate levels seemed some~
what higher downstream but ammonium and organic-N levels were nearly the
same (note change of scale between CP-10 and CP-20). The effects of hog
farm drainage entering just above CP-10, however, were substantial in 1976,
raising the concentrations of all forms of nitrogen, but especially ammonium
(Fig. 20). The generally higher levels of NO3 in Chicod Creek than in the
other two natural streams probably results from poultry and swine wastes
introduced upstream.

The combined nitrogen in channelized streams, however, was dominated by
nitrate throughout the year, with somewhat higher values in summer than in
winter (Figs. 21-24), Nitrate was higher in channelized than in natural
streams. Total organic~N was less abundant than NOE but more abundant than
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Fig. 18. Seasonal patterns of nitrate, ammonium, total organic nitrogen,
filterable reactive-P, filterable unreactive-P, and particulate~P at Creeping
Swamp (CP-10) during 1975-1976. Data collected during spate studies is shown
in Fig. 36, 40. TON values have not been corrected for incomplete recovery
and are about 407 low.
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Fig. 24. Seasonal patterns of nitrate, ammonium, total organic nitrogen,
filterable reactive-P, filterable unreactive~P and particulate-P concentrations
at Clayroot Swamp (CY-10) for November 1975-December 1976. Data collected
during spate studies is shown in Fig. 38, 42. TON values have not been
corrected for incomplete recovery and are about 40% low.



NH4 in Tracey Swamp, Conetoe Creek "and Grindle Creek (Figs. 20-22),

Ammonium and TON concentrations were not consistently different between
natural and channelized streams, High nitrate and ammonium concentrations at
CY-10 on 29 April 1976 (not shown on Fig. 24) are probably attrlbutable to
local contamination during this perlod of low flow (.06 m3 sec” ) high
chloride concentratlon (11.5 mg 1~ 1) also existed. Thls station had high
ammonium (7.0 mg 171), soluble reactive P (0.58 mg 1-1 ), and chloride (13.9
mg 17 1y again on 11 November 1976 (not shown) when discharge was 0.3 n3 sec”!
but all of these concentrations dro%ped sharply by the next day (Fig. 24)
when discharge had increased to 2 sec” Even higher concentrations of
nitrate, ammonium, and chloride were found on 29 April 1976 and of ammonium,
organic-N, particulate-P, and chloride on 13 October 1976 upstream at CY-20
during periods of complete stagnation. Anthropogenic contamination of the
pool beneath the bridge i1s suspected, although livestock wastes may have

also accumulated here.

’

Except for stations below point sources of contamination (CP-10, CH-20,
GR-10, CY-10), filterable reactive P and filterable unreactive P concentra-
tions were low, usually less than 0.04 mg P 1-1 and often less than 0.02
mg l'l, regardless of whether the stream was natural or channelized (Figs., 17,
19, 21, 22). There was a tendency for higher concentrations of filterable
forms of phosphorus to be present in summer and fall than during the rest of
the year. Particulate phosphorus was often the dominant form in both natural
and channelized streams, but its concentration sometimes changed erratically.
The chemical nature of the particulate-P is not known, but its fluctuations
are related to changes in turbidity. High particulate-P levels were found
in summer in natural streams, especially during stagnant periods (Figs. 18,
19,20), This is tentatively ascribed to phytoplankton growth, biclogical
roiling of the water by fishes, and perhaps to excreta of fishes and inverte-
brates. High particulate-P levels in natural and channelized streams, how-
ever, were also seen during periods of increasing stream flow probably due to
adsorption to and movement with soil particles (see Temporal Changes During
Spates, below). The FRP in Clayroot Swamp increased steadily to unusually
high levels during the stagnant period of September - October, whereas
particulate~P declined until flow increased again (Fig. 24). Finally, al-
though the patterns of phosphorus levels agreed closely between consecutive
years both at CP-20 and PM-10 (Figs. 17, 19), increased frequency of sampling
during spates and perhaps greater hog-farm drainage above CP-10 during 1976
substantially raised the concentrations of all forms of phosphorus (Fig. 18).
The plant nutrients N, P, K, Ca, and Fe showed several interrelations of
interest (Table 12). Nitrate did not correlate strongly with any other of
these elements, although nitrite did at CP-20 and CY-10. Ammonium and TON
gave positive correlations with each other and with phosphorus, especially
in Creeping Swamp. There were also positive correlations between ammonium

and both Cl and soluble K at the two stations subject to livestock wastes,
CP-10 and CY-10 (Table 12).

3. Metals and Silicon

The seasonal patterns for eight additional elements are illustrated by
data from one natural, one recently channelized, and one earlier channelized
stream. The total concentrations of each element have been plotted (Figs.
25-28) recognizing that these elements exist in more than one form and are
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Table 12.

CP-20

TON

FRP

FUP

PP

Cl

Sol. Ca
Sol. Na
Sol. K
Part. Fe

CP-10

TON

FRP

FUP

PP

Cl

Sol. K
Sol. Fe
Part. K
Part. Fe
Total Na
" Total Ca

TR~10

FRP
FUP

CY-10

TON
FRP
FUP
Cl
Sol. K
Sol. Si
Sol. Na

Linear correlations between various

forms of plant nutrients
Values in the
are shown only where P <

stations.

NOs

¢35

.60

.58
.66

.62

.66
.56

NHy

.88

.91
.59

.91

.51
.67
.70

.61
.69

.51

. 42

.97
.66

.88

.59
.62
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TON

.85
.62

.79

.47
.55
.67
«56

.82
.77
.68

at 4
tables
0.002.

FRP

.65
.70
.73
.58
.92

.40
.40
.49
.69

L4

.72

«56
.96

.53

.85

W41
<59

.55




(1/6w) uw

(@]
M

0

*osouedurw 10J 9TeOS UT °8uRyDd 930N °*6€ °GE °*8T4 ur
umoys oi1e soIpnils ojeds Surinp sSUOTIBIIUSOUOD JO STIBISA °*9/61-C/6T Suranp
(0Z-d0) duemg Sutdssi) 1B SUOTIRIIUSOUOD ossueduew pue ‘wnurunye ‘wunissejod

‘untseouSew ‘wntpos WNIOTEO ‘ucAT ‘UODITIS Te101 Jo suxdijed Teuosesas °*Gy *313

9.6l
r £ NV W 4 0 0 N O S V

)
<

1
-

I

MOT4 ON

B

e ol
-4

SV13IW v10L
I

dNVMS 9Nid3340

Te}

o
(176w)a4"1S ‘oN ‘0]

0

(1/76w) %BN'iv

55




*osoue3uew 10J oTe0s Jo 98ueyd 230N Q¥

‘9¢ *31TJ ur umoys sk s9Tpnls ojevds 3uTinp poIDBTTOD BIBA °9/6T-G/6T SuTanp
(0T-dD) dwemg Surdeoai) J® suoTIeIJU8DUOD osaurduepw pur ‘wnurunie ‘mnTssejod
‘umisoulSew ‘umtpos ‘unyored ‘UOIT ‘UOOTTIS TR101 JO sulslled Teuoseag 97 *I1g

9.6l G/l6l

a N O S

(176w) up

T T
DIDD\\bL
fa

AY

AQNLS 31VdS
AQNLS 31vdS
B¢

|/Bw)y

(

STIVL3IN Tviol

i 1 1 1 i 1 1 1 | 1 1 1 1 il 1 | | 1 ! | 1 1 1

Oi-d9 dWYMS ONId3340

56




(176w) o)

*9osoue3urW I0J STBOS JO 9¥3ueyd 9ION °*9/61-G/6T
Sutranp (01-¥1) dwemg £oo®BI], 1B SUOTILIIUSOUOD ISdueSuenw pue ‘wnurunie ‘wnrssejod
‘untsoudew ‘mnypos ‘untoTeO ‘UOIT ‘UOCOTTTIS TBI01 JOo suiajjed Teuoseas °/7 °*STa

9.6l Glel

a N O s v r r WV W 44 r QN O S Vv P r WV W 47T
Hl._Dl_l._D_.lh._P I |
4
[}
/
/
GeOo 1<
080 1P
0 0o
Q ° 1S
A \\D.l/ O Ol A -0
Gl o/l// L e //I\\\mvﬂ__,_llll o 16
Q \ TP o o
- . et
o¢ Y . 0 Ol
0J
(R
Sh 1 Gl
@ O o
W V101
1 1 1 1 L OQ_@ 1 1 1 1 1 1 __N.\MW:b 1 1 1 1 1 WI__<|FM_ 1 1

Ol-d1 : dWVMS AJOVHL

(1/76w)y'ON" IV
57

ON

(I/bw)sq'is




(1/Bbw)oN ‘a4

*osoueduew 103 OTEDS JO 23uByo 230N °Zh Q¢ °81i ur

umoys ST s9Tpnls 23eds Juranp pa3ds[Tod ®ieQ *9/6T I92qWaDa(g-G/eT Isndny i03]
(01~-%)) dwemg 3001LeT) 3B SUOTIBAIIUSOUOD dssueduem pue ‘unuiunfe ‘uwnissejod
‘unTtsouSeu ‘wuntpos ‘unyoTeD ‘UOAT ‘UODTTIS TB3I0] JO sui9ljed TruoseoS °g7 °*I14

9/6l G/ 6l
a N O S v r r W Vv W 4 47v1 _o N O S V
| VLI;DL::P- | I 1 { { | 1 1 1 | | 1
! 1/1D‘\\Lw » » V_aA
—— w W% \\\\\\
- — ~ _ —9
m m % b -
m o\ e
C
: 2
/ A -
r||\\v_|

—
D) < ]
p/
| o
/D\\\\\\UZ -

STIVLAW TTv10L

1 ! | | |

dWVMS LOOYAV1D

IV

¢

‘bw

(1/Bw) H

0]

¢

(1/6w)1s

58




introduced and removed from the stream by several processes. For example,
the average amount of total iron over the year which exists in soluble forms
ranges from 18-407 in the natural streams, Creeping Swamp, Palmetto Swamp,
and Chicod Creek, whereas it averages only 13-197% in the channelized streams,
Clayroot and Tracey Swamps (Table 13). Sodium, on the other hand, averages
over 94%, and calcium and potassium over 84% dissolved at all stations.
Seasonal variability in the dissolved fraction has not been examined., Total
Ca, Na, and Si were generally the dominants of this group of elements where-
as Mn was one to two orders of magnitude less concentrated (Tables 22-23
below).

Three patterns can be recognized in the metal and silicon data. First,
iron and manganese tend to be more concentrated during the summer - fall
period, especially when flow is low, in Creeping and Clayroot Swamps (Figs.
25, 26, 28; Tables 8, 9). In the more constantly flowing Tracey Swamp iron

“and manganese levels were low and relatively constant (Fig. 27) except for
the June 1976 peak, a sample also high in turbidity (Fig. 13), Si, Al, and K.
The second pattern, illustrated by silicon and aluminum, consists of rela-
tively low levels during periods of low or intermediate flow and maxima
during periods of high stream discharge (Figs. 26, 27, 28; Tables 8~11); this
relationship is shown even more clearly by data collected during periods of
high flow (see Temporal Changes During Spates, below). Total iron levels
also were high during periods of high flow., The third pattern, shown by Mg
and K, i1s a weak summer maximum and winter minimum concentration, but with a
gentle upward trend during the period of study (Figs. 26, 27, 28). Finally,
Na and Ca, also show an upward trend during the period of study, but their

concentrations tend to dip when stream flow increases (see also Tables 8, 9,
11).

The filterable forms of metals and silicon include both dissolved and
colloidal materials, but the term "soluble" is used here. The soluble forms
of metals and silicon (presumably silicate) generally are closely correlated
to each other and to chloride in Creeping Swamp, and less closely in Tracey
Swamp and Clayroot Swamp (Table 14). The lack of correlations between h
soluble Fe and soluble Ca, Mg, Na, K, and Si at CP-~10 is unexplained, as is
the paucity of strong correlations at TR-10 and CY-10 (Table 15). On the
other hand, the Creeping Swamp stations exhibited only a few correlations
among the particulate species (Table 14), The upstream Creeping Swamp
station apparently receives so little silt and clay that it did not even show
the strong positive correlation between Si and Al found at CP-10, TR-10, and
CY-10, The correlation patterns at TR-10 and CY-10 are very similar except
for the positive correlations between NO3 and particulate P, Fe, K, and Al,
presumably all from agricultural runoff in this watershed (Table 15).

4, Organic Carbon, Chlorophyll, and Metabolic Rates

The study of the carbon budget of swamp streams is not yet complete,
but some data on total organic carbon are available. Organic carbon concen-
trations usually did not vary significantly between stations on each stream
and the concentrations at each station were therefore averaged for each
stream and sampling trip (Fig. 29. Most of the organic matter was filterable
(< 0.45 n), this fraction averaging between 84 =- 967 in natural streams
and 91 - 867% in channelized streams. Palmetto Swamp showed the greatest
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Table 13. The Average Percentage of Each Element
Present in Filterable Form

Station n Fe Mo Ca Mg Na K Al 8%
cP-10 32 29 8 8 88 95 83 44 70
cp-14 28 30 78 84 87 105 97 54 56
CP-20 27 35 92 8 89 96 95 62 68
PM-10 12 30 8L 8 94 98 96 59 79
PM-20 11 32 8 99 96 98 96 57 69
CH-20 12 39 86 90 96 94 94 42 64
CH~40 6 18 95% 8 90 98 84 32 42
TR-10 12 19 76 89 90 96 87 52 68
TR-20 12 18 98 87 90 99 91% 23 48
cY-10 29 13 77 8 8 95 84 20 38
cY-20 29 15 72 8 8 98 87 17 37

*one outlier omitted from mean
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Table 1l4.

Sol. Ca
Sol. Mg
Sol. Na

Sol. Si

Linear correlations between soluble
forms of metals, silicon, and
chloride at 4 stations.

Values are

shown only where P £ 0.002.

Cl. Sol. Sel. Sol. Sol. Sol. Sol.
Fe Mn Ca Mg Na K
.71
.88 .91 .91
79 .79 «75
.78 .81 .81 .86 .91
.84 .78 .78 .91 .69 .79
e 75 .75 .75 .88 . 84 .66
.53
Y .57
.65 .63
77 .75 .95
.90 o 75 .88 .93
.92 .68 .60 73 .84
.58 .76 .83 .86 .78
.88
.90 .85
.70 .89 .90
.61 .95
.89 .88 .84
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. Table 15.
PP
CP~20
Part. Na
Part. K .73
Part. Al
CP-10
Part. Fe .92
Part. Al
Part. Si
TR-10
Part. Fe .81
Part, Mn . 80
Part. Mg
Part., K .79
Part. Al . 84
Part. Si .83
NO3 .66
CY-10
Part. Fe .79
Part. Mg .56
Part. K .67
Part. Al .87
Part. Si .88

lLinear correlations between particulate

species at 4 stations.

shown only where P £ 0,002,

Values are

Part, Fe Part, Mg Part. K Part. Al
.60
.75
. 88
.85 .98
« 84
.91
.96 .96
.97 .81 .96 1.00
.83 .89 .88
. 80
81 .66
.92 .89
.90 .85 .99
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Fig. 29. Seasonal patterns of total organic carbon in the natural streams,
Creeping Swamp, Palmetto Swamp, and Chicod Creek, and in the channelized
streams, Tracey Swamp, Conetoe Creek and Grindle Creek for December 1974-
January 1976. Values for each date are averages of values at all statioms
on the stream.




range of total organic carbon, from about 7.5 mg 171 in March to 34 mg 171 in
September (Fig. 29). The same pattern of late summer and autumn maxima, but
with lower amplitudes, was shown by Creeping Swamp and Chicod Creek. The
channelized streams, however, showed minimum organic carbon concentrations in
late summer and autumn. These data indicate average annual total oxrganic
carbon levels in the natural streams plus Tracy Swamp of 15-16 mg C lfl
whereas Conetoe and Grindle Creeks averaged about 9 mg C 17—,

Chlorophyll a levels were low (less than 0.4 mg/m3) at all times in the
natural streams except during late summer (Fig. 30), when there is little or
no flow in these swamp streams and the samples were obtained from pools at
each station. Chlorophyll g concentrations were somewhat higher in the
channelized streams (Fig. 30). There appeared to be a late summer and fall
peak in concentration, but the trend was less pronounced than in the natural
streams. Grindle Creek generally had the highest values, probably due to
enrichment from the sewage treatment plant upstream. Filamentous algae
(primarily Eunotia pectinalis, Hyalotheca dissiliens, Batrachospermum sp.,
Oedogonium sp., and Spirogyra sp.) were very conspicuous in Creeping Swamp
during winter and early spring. On April 21, 1975 a drift net set in
Creeping Swamp collected about 0.5 mg/l (dry wt.) of filamentous algae,
principally the filamentous desmid Hyalotheca dissiliens. As the trees leaf
out, however, these algae gradually became less abundant and eventually
disappeared just as water levels were falling and the swamp was drying up.
The drift net, however, sampled only those filaments which were freely
drifting, whereas the greatest portion of these algae were snagged on sub-
merged branches, twigs, stumps, and sunken leaves. Thus both the drift net
and the samples gathered for chlorophyll ¢ greatly underestimated the amount
of algae present during spring.

The amount of oxygen consumed by microbes and plankton during a 5-day
incubation was very low in all waters (Fig. 31). Although the natural
streams had high levels of organic material, most of this was refractory and
consequently was not being decomposed. BOD's tended to be higher in natural
streams during the summer periods of stagnation and associated low dissolved
oxygen, implying that organic products of anaerobic metabolism were accumulat-
ing for 'subsequent utilization following reaeration of the stream. However,
the means for BOD values on natural streams are similar to those on channelized
streams.,

The rates of in situ benthic and planktonic primary productivity and
respiration were assessed from diel changes in dissolved oxygen. Levels of
dissolved oxygen were sometimes low and so nearly constant (CP-10, PM-10, and
PM-20 on 1 November 74) such that estimates of metabolic rate could not be
made (Table 16); D.0. at CP-20 on this date changed by 0.4 mg 17! but in an
erratic fashion that prevented rate estimation., At other times the range
was relatively large (Creeping and Palmetto Swamps on 13 February 75; Tracy
and Clayroot Swamps on 3 March 75).

Respiration rate (R), gross primary productivity (GPP) and net daytime

productivity (NDP) at each sampling station calculated by the one-station
method of Odum (1956) are also presented in Table 16, Respiration ranged from
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Table 16, Diel Oxygen Changes and Calculated Rates of Respiration, Gross Primary
Productivity (GPP), Gross Photosynthesis/Respiration (P/R) Ratio, and
Net Daytime Productivity (NDP) in Natural and Channelized Streams

Station Starting Temp. Max. Max.
Date Range D.O. A D.O. Resp. GPP : NDP
(C) (mg l_;), (mgrl_l) (g 02 m™2 d) (g 0o m=2 d) P/R (g m~2 d) Weather

CP-10 1 Nov 74 15-19 .02 .02 - - - 0 Clear
13 Feb 75 6-10 12.0 3.90 5.9 5.7 .97 2.5 P.C.-clear
-4 Jun 75 19-22 3.25 1.25 3.0 1.6 .52 .5 Clear
24 Nov 75 8-10 3.7 .85 1.8 0.5 .28 ol Ovcst.-clear
3 Mar 76 16-20 6.15 4,95 5.9 5.0 .84 1.8 Clear
CP-20 1 Nov 74 15-17 .40 .40 - - - 0 Clear
13 Feb 75 5-11 9.7 2.00 1.8 1.5 .84 1.1 P.C.-clear
4 Jun 75 18-26 4.6 1.95 3.4 1.8 54 .6 Clear
24 Nov 75 9-10 6.25 1.25 2.6 2.1 .81 ' Ovcst.-clear
3 Mar 76 15-20 7.20 3.30 3.9 3.2 .83 1.4 Clear
PM-10 1l Nov 74 15-18 .02 .02 - - - 0 Clear
13 Feb 75 8-10 10.0 2.20 4.5 4.5 1,0 2.2 P.C.-clear
4 Jun 75 22-24 2.4 1.40 4.0 3.5 .89 1.8 Clear
PM-20 1 Nov 74 15-19 0 0 - - - - Clear
13 Feb 75 6-10 10.6 2.20 2.3 2.0 .89 .85 P.C.-clear
4 Jun 75 19-22 4.3 .85 2.2 2.2 1.0 1.1 Clear
TR-10 17 Sep 75 20-24 10.8 3.70 2.8 2.3 .83 .9 Ovest.
3 Mar 76 14-22 10.9 3.80 6.7 4.2 .62 .9
TR-15 17 Sep 75 20-24 10.5 3.90 2.6 1.3 .49 .6 Ovest.
TR-20 17 Sep 75 20-22 7.6 2.5 3.7 0.7 .19 0 Ovest.
3 Mar 76 14-20 8.4 2.15 6.1 2.4 A 0
CY-10 3 Mar 76 15-18 7.7 1.75 6.7 2.1 .31 0 Clear

CY-20 3 Mar 76 14-18 6.9 1.6 2.9 2.0 .71 .56 Clear



about 1.8 to 5.9 g 02 m=2 d-1 in the natural swamp streams and from 2.9 to

6.7 g 0% m~2 41 in the channelized streams. GPP ranged from 0.5 to 5.7

g 02 m~ d~1l in the natural swamp streams and from 0.7 to 4.2 g O m=2 d-1 in
the channelized streams. NDP was often near zero in the natural swamp streams,
but values of up to about 2.5 g 0y m~2 d-1 were reached during winter and
early spring. NDP in the channelized streams ranged from O to 0.9 g 02 m—2
d-1, The gross productivity~-to-respiration ratio (P/R) ranged from .28 to

1.0 for the natural streams and .19 to .83 for the channelized streams; these
values below 1.0 demonstrate the primarily heterotrophic nature of these
natural and channelized stream systems throughout the year.

Daily Patterns of Nutrient Concentration

Analysis of samples collected daily at the downstream station on
Creeping Swamp demonstrates the magnitude of short-term variations in nitrogen
and phosphorus. There were three relatively symmetrical flood events during
this period, each cresting at 60-70%7 of the discharge rate of the previous
flood (Fig. 32). Ammonium concentrations rose and fell very quickly, some-
times changing by a factor of about 10 in one or two days. Three of the four
major ammonium pulses developed during the day of rainfall and rising water
and had already begun their decline prior to maximum discharge. The two double
peaks probably resulted from two closely spaced rain events (Fig. 32).
Nitrate ranged less widely than ammonium. The nitrate temporal pattern was
very similar to that of ammonium, with three double peaks, except that it
did not peak with ammonium during the steady decline in discharge during the
first week of March, and the peaks in nitrate concentration increased during
the period of measurement. Total organic nitrogen (TON) was the dominant
form of nitrogen except for short periods when it was exceeded by ammonium
(Fig. 32); correction for incomplete recovery would raise TON concentrations
by about 407% (see Methods). The variation in TON concentration was less than
that of ammonium or nitrate, the maximum value being only about 3 times the
minimum. Finally, the fluctuations in TON showed no clear relationship
either to stream discharge or to ammonium and nitrate concentrations.

Phosphorus, as FRP and total P, had the same temporal trends as ammonium,
but their concentrations were lower. Both ammonium and phosphorus had an
anomalous peak on 4 March 1975 which was unrelated to flow. The lack of a
concurrent nitrate peak, and the close relationship between ammonium and
phosphorus similar to that seen during the intensive spate studies (see
below), suggests that a slug of hog-farm wastes may have been released at
this time.

Temporal Changes in Elemental Concentrations and Fluxes During Spates

Heavy rains during any season may cause a sharp rise in discharge (Figs.
3, 4, 5). The same amount of rainfall in winter, however, results in greater
discharge than during the growing season when evapotranspiration has drawn
down the water table and reduced the base flow. On 26-28 January 1976, 4.67
cm of rainfall (Willa Baker, pers. commun.) resulted in peak flows of 9.6
and 4.2 m3 sec~l (340 and 150 cfs) at CP-10 and CP-20, respectively (Figs. 3,
33) whereas on 3 and 4 June 4,44 cm of rainfall resulted in peak flows of
only 1,84 and 0.76 m3 sec~l (65 and 27 cfs) at CP-10 and CP-20, respectively
(Figs. 3, 34). These similar rainfalls also gave greater flows in January
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Fig. 32. Daily discharge, rainfall, and nitrate, ammonium, total organic

nitrogen, filterable reactive~P and total-P concentrations at Creeping Swamp
(CP-10) for the period 15 February to 20 April 1975. Rainfall values were
provided by Ms. Willa Baker (pers. comm.).
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Fig. 33. Daily instantaneous discharge at Creeping Swamp (CP-20 and CP-10)

and at Clayroot Swamp (CY-20 and CY-10) for 21 January-17 February 1976.
Dotted lines indicate estimations at Clayroot Swamp.
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than in June at the Clayroot Swamp stations (Figs. 33, 34). In January,
discharge at the upstream stations of both streams peaked prior to peak flow
downstream (Fig. 33); in June the upstream and downstream stations peaked on
the same day (Fig. 34).

1. January Spate

Rising water levels and stream discharge caused by a rainstorm in
January were usually accompanied by changes in water quality. Although
conductivity stayed nearly constant upstream at CP-20 (Table 17), it increased
at CP-10 about 507% from the pre-spate level while discharge was increasing on
27 January, but dropped again to its former level before the maximal flow
was reached on 29 January. In contrast, both stations on Clayroot Swamp
showed substantial reductions in conductivity from prior levels during the
January spate (Table 17). Color increased greatly at all stations on both
streams at or before the time of greatest discharge. Turbidities increased
at least 10-fold at all stations where data are complete (Table 18), reaching
maximal values on or before peak discharge. »

Ammonium and nitrate concentrations upstream at CP-20 showed several-
fold increases but no sharp peaks over the pre-spate levels, the NHZ increase
preceding the NO3 increase (Fig. 35). Total organic nitrogen remained rela-
tively constant at both Creeping Swamp Stations.

The concentration of nitrate at the downstream station CP-10 peaked on
January 29, the same day as maximum discharge, whereas that of ammonium
peaked two days earlier during the period of maximum rainfall (Fig. 36). The
peak in ammonia at CP-=10 on January 27 was probably due to the input of 15.4
kg NHZ -N hr~l from a tributary (TB-02) which receives swine wastes and which
enters the main stream of Creeping Swamp less than 1.5 km upstream from CP-10
(Table 18). Nitrate flux in TB-02, however, did not peak until Janury 29
(Table 18).

Highest particulate-P concentrations occurred simultaneously with dis-
charge at CP-20 but 2 days before the peak in discharge at CP-10 (Figs. 35,
36). Particulate-P concentrations were much higher and strongly correlated
with ammonium at CP-10., Particulate phosphorus dynamics are also correlated
strongly with those of silicon and aluminum (Figs. 35, 36) suggesting trans-
port by clay particles. Upstream at CP~-20 filterable reactive phosphorus
(FRP) remained very low (S .005 mg l"l) and stable (Fig. 35) suggesting
ecosystem retention and buffering, bulk precipitation concentrations being
4-8 times higher (Table 18, below). However at CP-10, FRP peaked synchronous-
ly with particulate-P, again probably strongly affected by TB-02 inputs.
Filterable unreactive P (FUP) showed no trend at either swamp station (Figs.
35, 36), a characteristic at all stations during both spate studies. These
findings of peak nutrient concentrations during the rising stage of a flood
were also seen in the daily changes in nitrogen and phosphorus concentrations
measured at CP-10 for the period February through April, 1975. With the
exception of the ammonium total-P, and FRP peaks on 4 March 1975 and the
absence of concentration peaks on 3 April 1975, all concentrations peaked on
or shortly after a day of rain (Fig. 32). Similarly in January, 1976, all
concentrations except NOE peaked on 27 or 28 January, the days on which rain
fell (Fig. 36). The lag in nitrate concentration may result if NO3 is carried
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Table 17. Conductivity, color, turbidity, and percentages of particulate
Fe, Al, and Si in Creeping Swamp and Clayroot Swamp during a
January spate. ’

Station Date Conductivity Color Turbi- Particulate Fraction
1976 (p mho cm~1) (Std. Units) dity Fe Al Si.
(J.T.U.) ¢S @3] &3)
CP-20 Jan 21 48 20 2.5 - - -
27 50 59 7.0 41 80 43
28 42 127 28 79 90 51
29 44 75 16 61 80 80
30 46 59 6.0 58 43 79
31 47 63 2.5 11 - 48
CpP-10 Jan 21 52 35 4,0 - - -
27 75 127 56 93 98 94
28 50 132 50 86 92 90
29 46 112 17 59 65 71
30 45 103 ‘ 12 78 80 71
31 50 103 7.0 47 62 56
CY-20 Jan 21 102 21 14 - - -
27 65 - - 96 98 95
28 67 - - 88 91 88
29 70 929 24 85 88 73
30 - - 77 79 80 68
31 77 - - 59 77 60
CY-10 Jan 21 115 21 12 - - -
27 77 174 180 98 99 97
28 73 124 53 89 95 91
29 79 115 34 85 82 76.
30 - - 113 85 85 71

31 79 102 18 72 79 64
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Table 1§ Concentrations and fluxes of selected forms of nitrogen and
phosphorus at tributary TB-02 of Creeping Swamp during the
spate studies

Date NO3~ NHyH FRP ) PP
mg 1™t ghr- mgl't ghri mgll ghrt mgill ghrt

January - February 1976

1-21 0.43 79 5.32 980 0.48 87 0.15 28
1-27 0.34 960 5.50 15,400 0.72 1,990 0.68 1,910
1-28 0.44 1,070 2.20 5,400 0.42 1,020 0.28 690
1-29 2.1 2,000 2.65 2,500 0.43 410 0.10 95
1-30 0.76 390 2.55 1,300 0.41 207 0.10 50
2-4 1.2 450 3.80 1,430 0.43 162 0.07 26
2-17 - 0 - 0 - 0 - 0
June 1976

5-24 0.20 0* 25.0 o* 3.50 o* 0.53 0*
6-3 0.26 380 6.36 9, 400 1,08 1,600 0.37 550
6-4 0.30 162 4,65 2,510 0.92 500 0.24 130
6~5 0. 84 146 4,85 840 1.16 200 0.40 68
6—6 0.86 131 5.15 790 1.28 196 0.34 52
6-2

1 0.44 287 6.04 3,930 1.28 830 0.63 410

*

no discharge on this date




mainly in shallow groundwater which has percolated through agricultural
fields (Gambrell, Gilliam and Weed, 1974).

The clay elements, silicon and aluminum, showed distinct peaks in con-
centrations on the day of peak discharge at CP-20, but had maximal values
two days before peak discharge at the downstream station (Figs. 35, 36). At
peak concentrations, silicon and aluminum were about 3 times higher at CP~10
than at CP-20, perhaps largely because of inputs from tributary TB-02 (Table
19), Iron concentrations showed the same trends as those of silicon and
aluminum but changed less. Concentrations of Fe, Al, and Si are shown as
total values based on analyses of unfiltered samples; however, except for Fe
and Si at CP-20, these three elements were all more than 90% in or associated
with particulate phases (Table 18). Furthermore, they generally reached the
greatest proportion as particulates on or before the day of maximal discharge
(Table 18). Sodium, potassium,calcium, and magnesium, mostly soluble, also
peaked two days before peak discharge at CP-10 (Fig. 35), whereas they re-
mained almost constant at CP-20 (Fig. 36). This may also be largely attri-
butable to drainage into Creeping Swamp from TB-02, '

At both Clayroot stations nitrate concentrations decreased from pre-gpate
values (January 21) only to rise at (CY-10), or following (CY~20), maximum
discharge (Figs. 37, 38). Ammonium concentrations decreased during the spate
at both stations, in sharp contrast to ammonium dynamics at CP=-10. Overall
concentrations of nitrate were greater than ammonium in Clayroot Swamp where~
as in Creeping Swamp concentrations of ammonium were similar to or greater than
nitrate. As with the Creeping Swamp stations, particulate-P concentrations
at CY-10 and CY-20 peaked on the rising portion of the discharge curve and
were strongly correlated with silicon and aluminum concentrations suggesting
transport on clay particles (Figs. 37, 38). Concentrations were, however,

2-8 times higher at the Clayroot stations than at the Creeping Swamp stations.
Filterable reactive and filterable unreactive P remained fairly constant in
concentration during the spate (Figs. 37, 38) at both Clayroot stations,

Concentrations of other elements at Clayroot Swamp showed the same
patterns as at Creeping Swamp (Figs. 35-38). The predominantly particulate
elements (Fe, Al, Si) reached high maximal concentrations while stream dis-
charge was still increasing whereas the more soluble elements (Na, Ca) were
more nearly constant, Total potassium also tended to become more concen-
trated at or before peak discharge, but not to the extent of the other
particulates. All concentrations were higher at Clayroot Swamp than in
Creeping Swamp, especially silicon and aluminum.

Fluxes varied over one-to-two orders of magnitude for each of the
chemical species measured in Creeping Swamp and Clayroot Swamp (Figs. 39-42).
The two Clayroot stations had higher fluxes for each of the species graphed,
sometimes one to two orders of magnitude above those for Creeping Swamp,
much more than would be expected from the differences in theilr watershed areas
(Table 2). Fluxes at CP-20 were often one order of magnitude lower than fluxes
at CP-10 (Figs. 39, 40) presumably because of the more natural watershed above
the upstream station, Fluxes at CP-10 peaked with maxima in concentrations or
shortly thereafter (Figs. 35, 39) whereas at CP-20 fluxes peaked with maximum
discharge (Figs. 36, 40), illustrating the smaller changes in concentration
in relation to changes in discharge at CP-20 compared to CP-10, At the
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Table 19, Concentrations and fluxes of total silicon

Date

1-27
1-28
1-29
1-30
2=4

and sodium at TB-02 of Creeping Swamp
during the January 1976 spate study

2,390

Si Na
mg 171 g hr=i mg 17+ g hr™t
67.0 187,000 5.5 15,400
30.5 75,000 4.0 9,800
11.0 10,500 4.9 4,700
9.3 4,700 4.7
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Fig. 37. Daily patterns of concentrations of nitrate, ammonium, total organic

nitrogen, filterable reactive-P, filterable unreactive-P, particulate-P,
and total silicon, aluminum, iron, calcium, sodium, and potassium at Clayroot
Swamp (CY-20) during the winter spate study, 21 January-17 February 1976.
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Clayroot Swamp stations, those elements with sharp peaks in concentration,
(PP, FRP, Fe, Si), tended to reach maximum flux on the day of peak concentra-
tion (Figs. 41, 42)., Those elements whose concentrations had less distinct
peaks or peaked on the day of peak discharge (NO3, NH3, Ca, Na) tended to
reach maximum flux on the day of peak discharge (Figs. 41, 42), Silicon
fluxes in particular were extremely high at the Clayroot stations, being
equal to or greater than one metric ton (1 tonne) per hour during the first
day of the spate.

2. June Spate

A June rainstorm increased stream discharges 3.2 to 44 times (CP-10;
CY-10, respectively) the pre-spate values (Figs. 33, 34). Both Creeping Swamp
and Clayroot Swamp crested on 4 June at both stations. Conductivities were
low at CP-20 throughout the spate (Table 20), but they were at their highest
levels before peak flow at each of the other stations and returned to lower
levels during the major period of high flow. Color of the water peaked
nearly concomitantly with flow, Turbidity increased to levels about 4-17
times those prior to the spate and reached its greatest levels at all
stations on 3 June, the day before maximal stream discharge (Table 20, Fig.
34) and at the same time as peak concentrations of PP and total Si, Al, and
Fe (Figs. 43-46). Absolute concentrations of nutrients and metals measured
at a given station during the June spate are similar to those measured during
the winter spate except for much higher nitrate found at the Clayroot stations
(Figs. 43-46). The higher June nitrate concentrations may result partly from
agricultural fertilizers, the nitrate of which is leached. into and carried
by shallow groundwater to the stream (Gambrell, et al., 1974).

During the June spate, the four stations showed nearly the same rela-
tionships to each other as those found for the winter spate study, namely
(1) absolute concentrations and changes in concentrations for all measured
species were extremely small at CP-20 compared to the other statioms,
(2) ammonium had a large, sharp peak in concentration on the first day of
rain at CP-10, again probably flushing of swine wastes from TB-02, (3) phos-
phorus, silicon, iron, and aluminum were mostly in particulate form (Table
20) and their concentrations peaked on the first day of rain at CP-~10, CY-10,
and CY-20 resulting in highly correlated peaks of these species, and
(4) potassium, calcium and sodium concentrations remained relatively low at
all stations during the spate and showed no definable changes during the spate
period (Figs. 43-46). Exceptions include lack of a significant peak in
silicon and aluminum concentrations at CP~20 (Fig. 43) and a more definite
peak in FRP concentrations on 3 June at both Clayroot stations (Figs. 45, 46).
Nitrate concentration had a small peak at CP-10 on the first day of rain
(3 June) rather than on the day of peak discharge as in the winter spate.
Concentrations of FRP and NH} were higher in TB~02 during the June period
(Table 18) but net influx was lower than for the winter spate because of lower
flows (Table 10)., Fluxes were as much as an order of magnitude lower during
the June spate (Figs. 47-50) than during the winter spate primarily because
of less flow. The relationship of flux to discharge for all stations, how~
ever, was similar for both January and June studies,
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Table 20. Conductivity, color, turbidity, and percentages of particulate
Fe, Al, and Si in Creeping Swamp and Clayroot Swamp during a
June spate.

Station Date Conductivity Color Turbi- Particulate Fraction
(1 mho cm™1) (Std. Units) dity Fe Al Si.
(J.T.U.) €3) %) (%)
CpP-20 May 24 42 45 2.5 93 67 57
Jun 3 36 88 11 97 79 83
4 43 95 6.5 95 75 81
5 40 61 2.5 93 57 93
6 35 74 2.0 91 50 35
7 32 63 2.0 93 40 77
CP-10 May 24 53 135 4.0 92 50 70
Jun 3 88 129 69 99 97 97
4 69 145 33 97 89 91
5 51 149 8.0 51 71 29
6 45 130 5.0 - - -
7 42 115 5.0 94 67 46
CY-20 May 24 88 47 24 98 91 74
Jun 3 146 89 120 100 98 98
4 73 88 44 - - -
5 75 57 15 98 92 77
6 76 52 13 98 88 76
7 80 45 22 96 88 64
CY-10 May 24 131 32 18 98 90 71
Jun 3 115 81 120 100 98 98
4 90 89 63 99 96 95
5 92 57 25 98 92 62
6 99 66 16 98 88 71
7 108 51 19 96 88 75



Fig. 43.
organic nitrogen, filterable reactive-P,
P, and total silicon, aluminum, iron, calcium, sodium, and potassium at

Creeping Swamp (CP-20) during the summer spate study, 24 May-21 June 1976,
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Fig. 44, Daily patterns of concentrations of nitrate, ammonium, total
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Fig. 45. Daily patterns of concentrations of nitrate, ammonium, total

organic nitrogen, filterable reactive-P, filterable unreactive-P, particulate-
P, and total silicon, aluminum, iron, calcium, sodium, and potassium at
Clayroot Swamp (CY-20) during the summer spate study, 24 May-21 June 1976.
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Comparison of Steady Flow Periods with Spate Periods

Fluxes of nitrate, soluble reactive phosphorus, total silicon, and total
sodium for all downstream stations on four selected "steady flow'" dates are
shown in Table 21. For the Clayroot and Creeping Swamp downstream stations
the steady flow fluxes of nitrate are equal to or less than measured during
spate studies on the lower declining portion of the discharge peaks. Fluxes
of SRP, S8i, and Na, however, are generally less on the steady flow dates
than any time during spate studies. The overwhelming importance of spates in
terms of the movement of materials becomes evident when the magnitude of
steady flow versus spate fluxes are compared, especially in view of the im-
portance of spates in annual water budgets. '

In order to compare channelized and unchannelized streams, fluxes of NOj,
FRP, Si, and Na for all downstream stations were calculated for each steady-
flow date and then corrected for watershed area. The fluxes of NO3, Na, and
Si per unit area were generally less in natural than in channelized streams
but differences were not apparent for FRP (Table 21). Even though the dates
chosen represent three seasons (winter - March, spring - May, autumn -
October), no seasonal trends are evident. Rather the fluxes obtained on a
given date are more likely related to the recent hydrological history of the
streams and to whether the streams receive human or pig farm wastes in their
watersheds. Specifically, Creeping Swamp, Chicod Creek, and Clayroot Swamp
watersheds are known to contain large pig farms and Grindle Creek receives
secondarily treated sewage above the upstream station; other streams may have
point sources of which we are not aware., The proximity of the point source
to the stream sampling station will also affect the magnitude of fluxes
measured at that station. One exception may be Palmetto Swamp (PM~10) which
is unchannelized, receives no point sources of nutrients (to our knowledge),
and has a small watershed (54 kmz). Steady flow fluxes from this swamp are
quite low in most cases; we cannct explain the exceptional sodium flux on
24 May 1976.

Water Quality Differences Within and Between Streams

There are differences in water quality not only during the course of a
year at each stream station but also from station to station on each stream
and from stream to stream., Arithmetic mean values of several of the more
important parameters for all samples at each station were calculated. These
average concentrations illustrate the general conditions to which stream or
swamp organisms, sediments, and soils are exposed. Mean concentrations
weighted for stream discharge, however, are necessary to understand total
fluxes from the watershed and these are presented in a later section. Two
full years of data (December 1974 - December 1976) were available for
stations on all natural streams and Tra%? Swamp but only one year of data was
available on the other channelized streams.

Conductivities generally increased going downstream (Table 22); the
reverse, however, occurred in Grindle Creek, presumably because of dilution
of the sewage wastes which entered above GR-30. Conductivities were mostly
less than 100 p mho cm~l in the natural streams and higher than this in the
channelized streams, but the large increases within each stream as the
drainage basin increases makes rigorous comparisons difficult. The coefficent
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Table 21. Selected Fluxes for all Downstream Stations on "Steady Flow" Dates.

Station  Flow NO3 FRP Total Si ~ Total Na
m3 secml kg hr ¥ g kwZ hr L kg hr L g km 2 hr L kg hr-l g km 2 hr L kg hr-! g ka2 hr L

I. 6-7 March 1975

CP-10 .63 0.136 1.70 0.032 0.40 . 2061 32.5 8.2 102
PM=10 .38 0.014 0.252 0.003 0.050 2.51 46 6.8 126
Co-10 2.4 18.9 107 0.112 0.64: 48 271 39 222
GR-10 1.39  10.0 7.1 0.070 0.50 36 254 35 249
TR~10 3.7 10.1 72 0.20 1.42 14.5 103 - 64 450

II. 9-10 October 1975

CP-10 . 187 0.071 0. 88. 0.015 0.194 3.5 44 - 3.16 40
PM-10 .065 0.007 0.133 0.001 0.022 1.78 33 1.48 27.4
CH-20 2121 0.140 0.133 0.021 0.163 3.0 22.9 2.41 18.3
Co-10 .82 4.6 26,2 0.027 0.151 18.6 ‘106 14.8 84
GR-10 .80 4.6 33 . 0.116 0.83 26,6 ‘190 25.4 181
TR-10 .70 1.95 14.0 0.015 0.107 14.4 103. 14.0 100
I1I. 3-4 March 1976

CP-10 .22 - 0.069 0.86: 0.040 0.50 0.40. 5.0. 3.9 49
PM-10 .079 0.004 0.080 0.002 0.031 0.60 11.0 1.83 34
CH-20 227 0.74 5.6 0.153 1.16 2.12 16.0 6.0 46
TR-10 .58 1.26 . 0.031 0.22 . 33 13. 94

9.0 4.6 3.2
CY-10 142 0.33 3.03 0.044 0.40 4.1 37 4. h 40
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Table 22, Mean Values and Standard Deviations (in parentheses)

Color
(Std., Units)

Station Conductivity

(u mho cm™1)
CpP-20 66(57)
=14 69 (41)
-10 78(41)
PM=-20 97(50)
=10 97(32)
.CH=40 73(31)
=20 122(57)
TR-20 152(55)
-10 172(44)
Co-30 69(15)
=20 98(18)
-10 113(22)
GR-30 157(39)
=20 150(31)
~-10 139(28)
CY-20 124(138)
~10 127(58)

75(66)

118(143)

127(56)

111(49)
93(3L)

74(32)
83(29)

142(60)
74(37)

63(49)
35(23)
35(23)

42(21)
42(23)
40(24)

84 (45)
71(32)

98

Turbidity
(JTU)

5.6(6.6)
7.8(9.1)
12(17)

9.2(6.4)
6.1(5.0)

13(12)
15(25)

22(15)
22(49)

22(18)
26(44)
16(19)

17(11)
16(6.6)
15(9.6)

31(32)
34(39)

of Conductivity, Color, Turbidity, and pH at Each Station
During the Period December 1974-December 1976.
Stations are Listed in Upstream to Downstream Order.
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of variation (= s/X) for conductivity was less than 1.0 at all stationms
except CY-20 which occasionally had extraordinary loading from an unknown
source,

Color varied seasonally, especially in natural streams (Fig. 9=16). The
average amount of color, however, remained nearly constant or decreased down~
stream in all streams except Creeping Swamp and Chicod Creek (Table 22) where
it increased on the average 707 and 127, respectively. All natural stations
averaged 74 units of color or more whereas only TR-20 and CY-20 of the
channelized streams were above this level (Table 22)., TR-20, and probably
CY-20, receive substantial amounts of pocosin drainage and this may account
for their dark waters. Coefficients of variation of color were less than
1.0 for all stations except CP-14, indicating that color was relatively constant.

Turbidities were highly variable from time to time at each station
(Figs. 9-16) and upstream—downstream differences in mean values therefore do
not show demonstrably significant differences (Table 22). Mean turbidities
were 15 J.T.U. or less in natural streams and 15 J.T.U. or greater in
channelized streams.

The average pH increased downstream or remained constant in all streams
(Table 22). Natural stream stations had mean pH values in the range 5.0 -
6.3 and channelized stream stations 6.0 - 7.0,

Variability in turbidity at each station was considerably greater than
variability in conductivity and color., Coefficients of variation exceeded
1.0 at 9 of the 17 stations. Because of this great variability at each
station, only the stations with the highest and lowest turbidities are
significantly different from each other.

The mean yearly nitrogen concentrations at each station are examined in
three ways: (1) the differences between nitrate, ammonium,and total (dissolved
and particulate) organic nitrogen, (2) the upstream~downstream changes, and
(3) the differences between streams. Except for the very high ammonium levels
at CP-10 (largely attributable to a swine farm), most of the nitrogen was
organic in waters of Creeping and Palmetto Swamps (Table 23) even without
correction for poor recovery (see Methods). The third natural stream,

Chicod Creek, was more similar to the channelized streams in that the largest
single fraction of its combined nitrogen occurred as nitrate. Stations on
Chicod and Clayroot averaged 0,28 to 0,48 mg N 171 as ammonium whereas the
other stations except CP-10 were well below this level (Table 23). There was
a tendency for nitrate and ammonium to increase downstream; the only major
reversals of this trend were in Chicod Creek and Grindle Creek.. Total organic
nitrogen increased substantially downstream in Creeping Swamp and Conetoe
Creek, but remained the same or decreased somewhat in other streams (Table
23). The most marked differences between the nitrogen in natural and
channelized streams is in the amount of nitrate. All but one natural stream
station (CH-20) averaged 0.51 mg N 171 or less as NO3 whereas all but one
channelized stream station (TR-20) equalled or exceeded 0.68 mg N 1-1 (Table
23)., The hog and poultry wastes entering above CH-20 have been mentioned
above, The fact that a stream was channelized appeared not to be a major
determinant of the ammonium concentration, with both types of streams having
concentrations ranging from 0.05 to more than 0.45 mg N 11, There was also

99




00T

Table 23. Mean concentrations (mg 1—1) and standard deviations (in parentheses)

of nitrogen and phosphorus in the water at each station.
Dec. 1976. Stations are listed in upstream to downstream order.

Dec.

1974~

Total organic-N concentrations have not been corrected for recovery

and are probably about 407 low.

Station Nitrate Ammonium Total Filterable Filterable Particulate
Organic—-N Reactive-P Unreactive-P P
CP-20 .10(.19) .,05(.11) .26(.22) .004(.009) .006(.008) .010(.012)
-14 .06(.18) .25(.79) L44(.60) .003(.003) .010(.011) .026(.055)
-10 .16(.21) .62(1.22) .39(.20) .065(.084) .020(.027) .076(.140)
PM-20 .10(.12) .10(.22) .35(.16) .006(.006) .018(.018) .033(.038)
=10 L11(.13) .08(.09) .34(.15) .008(.006) .015(.007) .021(.018)
CH-40 .51(.36) .37(.59) .34(.12) .014(.007) .012(.005) .028(.022)
-20 .57(.38) .28(.43) .38(.18) .092(.046) .047(.055) .10(.12)
TR~-20 J41(.27) .05(.04) .28(.12) .010(.009) .010(.005) .032(.026)
-10 .72(.36) .15(.38) .24(.18) .016(.025) .010(.006) .041(.056)
C0-30 .68(.43) .05(.02) .26(.15) .018(.014) .011(.008) .11(.25)
=20 1.2(.43) .05(.02) .31(.12) .018(.020) .006(.004) .077(.146)
-10 1.7(.29) .05(.03) .41(.09) .014(.009) .004(.003) .041(.053)
GR-30 1.3(.61) .12(.08) .52(.09) .054(.027) .020(.015) .12(.049)
-2Q 1.4(.61) .10(.07) .46(.10) .039(.019) .012(.008) .089(.041)
-10 1.4(.63) .08(.08) .36(.14) .029(.014) .013(.006) .083(.034)
CY-20 .87(.51) .36(.59) .34(.10) .072(.073) .028(.049) .13(.15)
~10 1.0(.72) .48(.37) .35(.15) .095(.059) .015(.014) L11(.10)



overlap in the relatively narrow ranges of mean total organic-N, natural
stream stations ranging from 0.26 - 0.44 mg N 11 and channelized streams
from 0.24 - 0.52 mg N 1~1. As mentioned in the Methods, the automated
Kjeldahl procedure gave poor recoveries; assuming that the organic-N of
natural waters was assayed with the same poor efficiency, the values in
Table 23 are about 40% less than the true concentrations. The nutrient
concentrations at Clayroot Swamp included some of the highest values shown
even though some measurements from April, October, and November which gave
evidence of gross contamination were omitted from these averages, Mean
nitrite concentrations (not shown) were low (0.002 - 0.006 mg l'l) at all
stations except GR-30 (0,024 mg 1-1), GR-20 (0.020 mg 1~1) and GR-10 (0.008
mg l'l), showing again the influence of sewage on Grindle Creek.

The major form of phosphorus at every station was particulate-P (Table
- 23). The low amounts of chlorophyll (Fig. 30) and scarcity of particulate
carbon (not shown) indicates that the particulate~P is not phytoplankton,
as might be expected in a lake, and probably is not even organic. The
probability of its being organic is greatest in natural streams during
stagnant periods and least during spate periods when particulatée-P positively
correlated with turbidity and particulate Fe, Al, and Si. The second most
abundant form of phosphorus in Creeping Swamp (except CP-10) and Palmetto
Swamp was filterable unreactive-P whereas filterable reactive-P was second
most abundant at stations on the remaining 5 streams (Table 23). All three
forms of P tended to increase in concentration downstream in Creeping Swamp,
Chicod Creek, and Tracey Swamp and to remain about constant or decrease in
concentration in the other streams. Filterable reactive-P levels were very
low in natural streams at stations not receiving pollutants (CP-20, CP-14,
PM-20, PM~10) (Table 23); many samples from these stations were at or below
our limit of detection (ca. 0.002 mg P 1*1), With the exception of stations
receiving wastes (CP-10, CH-20, CY-20, CY-10) FRP concentrations in natural
streams were all 0.014 mg P 17+ or less; all of the channelized streams
except TR=10 and CO-10 were above this level. There appear to be no con-
sistent differences between natural and channelized streams in the amounts of
FUP, All of the natural stream stations except CP-~10 and CH-20 averaged
0.010 to 0.033 mg P 1-1 as particulate-P while the channelized streams
ranged from 0.032 to 0.13 mg P 1-1,

The average concentrations of total iron had the greatest range in
channelized streams, being highest in Clayroot Swamp (2.6 - 2.9 mg 1~1) and
lowest in Conetoe and Grindle Creeks (0.8 = 1.5 mg 171); Traé& Swamp and the
three natural streams had intermediate concentrations (Table 24), The iron
concentrations decreased to some extent downstream in the channelized streams
and in Palmetto Swamp, but increased 50 - 757 in the other natural streams.
Mean total iron levels varied by a factor of about 2 (1.2 - 2.3 mg 1'1) among
stations on natural streams but by more than 3 (0.8 - 2.9) in channelized
streams.

Total manganese concentrations averaged at least an order of magnitude
lower than the mean iron concentrations (Table 24). In Tracy Swamp they were
almost two orders of magnitude less. The unusually high Mn levels in Palmetto
Swamp, which shows no evidence of pollution, cannot be explained. The large
differences in Mn-concentration between stations on some streams (Creeping
Swamp, Chicod Creek, Clayroot Swamp), and the large standard deviations, make
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Table 24. Mean concentrations (mg 1~1) and standard
deviations (in parentheses) of total Fe, Mn,
Ca and Mg in the water at each station Dec,
1974-Dec. 1976. Stations are listed in
upstream to downstream order. Mn and Ca
values were corrected for incomplete
recovery when necessary.
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Station Fe Mn Ca Mg
P-20 1.2¢1.7) .05(.08) 6.5(10.9) 1.2(.9)
~14 2.2(3.6) .15(.24) 7.5(8.7) 1.4(1.0)
10 2.1(2.1) .11(.12) 7.1(3.6) 1.6(.9)
PM-20 2.3(2.4) .18(.15) 10.1(8.0) 1.9(1.0)
~10 1.6(.9) .23(.18) 11.7(5.2) 1.9(.7)
CH~40 1.3(.9) .05 (.04) 6.2(3.5) 1.5(.6)
-20 2.1(2.0) .21(.24) 13.8(7.2) 2.2(.9)
TR-20 2.1(1.1) .02(.01) 28(11) 1.8(.6)
10 2.0(3.5) .03(.02) 33(13) 2.1(.5)
€0-30 1.5(1.1) .03(.02) 6.1(1.9) 1.2(.2)
20 1.0(.9) .04 (.04) 9.5(2.4) 1.8(.4)
~10 .8(.5) .03(.01) 11.5(3.4) 2.3(.3)
GR-30 1.0(.5) .03(.02) 14.3(4.7) 2.3(.2)
-20 .9(.4) .04(.03) 14.3(4.6) 2.4(.2)
-10 «8(.3) .03(.01) 13.9(4.9) 2.5(.3)
CY-20 2.9(2.5) .13(.36) 10.1(5.8) 2.3(1.5)
10 2.6(2.1) .05(.04) 14.8(10.1) 2.3(.6)




it difficult to cite any effect of channelization.

Total calcium was the most asbundant cation in all of the streams (Tables
24, 25), The mean concentrations increased at all downstream stations except
on Grindle Creek. The natural streams tended to have lower levels, only 3
stations showing mean concentrations > 10 m% 11 whereas only 2 stations along
the channelized streams were below 10 mg 17—, The coefficient of variation
was greater than 1.0 at CP-20 and CP-14,

Total magnesium concentrations were not only relatively constant
seasonally at each station (Figs. 25-28) but also relatively constant from
station to station. The entire range of mean Mg concentration was from 1,2
to 2.5 mg 1-1 (Table 24), Concentrations remained constant or increased
downstream, but there were no consistent differences between natural and
channelized streams.

Total sodium and potassium were generally the second and third most
abundant cations. They were always equally or more concentrated at down-
stream compared to upstream stations, except that K decreased downstream in
Clayroot Swamp and both Na and K decreased in Grindle Creek (Table 25).
Although there was much overlap, channelized streams were somewhat richer in
Na, K, and Cl relative to natural streams, thus accounting for part of the
higher conductivities of channelized streams (Table 22).

Total silicon concentrations averaged less than 7.5 mg 1~1 in natural
streams but more than this in channelized streams (except C0-20., Table 25),.
Although natural streams tended to carry less total Al than channelized
streams, there was some overlap; CH-20 of the natural streams had a mean Al
concentration above 2.4 mg l'l, and GR-20 had less than 2.4 mg 1-1, As noted
above, Si and Al concentrations may increase markedly during spates (Figs.
35-38, 43-46); accurate determination of annual mean concentrations of these
elements therefore requires larger numbers of samples than were available in
this study.

Choride was another relatively conservative chemical property of these
Coastal Plain streams. CP-20 and CP-14 were lower than any other stations.
It did not vary greatly in time at each station, nor were there large
differences between stations (Table 25). Chloride was lowest at stations
on Creeping Swamp, and it increased downstream except in Tracey Swamp and
Grindle Creek. '

Weighted Annual Mean Concentrations and Annual Fluxes of Elements

The mean concentration of ‘an element weighted in proportion to the stream
discharge at the time each sample was taken provides appropriate values for
assessing the magnitude of the annual flux of that element from a watershed.
Weighted annual mean concentrations reduce the importance of periods when
elemental concentrations are high but stream flow is low or non-existent and
increases the importance of high-flow periods even though concentrations may
be low.
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Table 25. Mean concentrations (mg l'l) and standard
deviations (in parentheses) of Na, K, Si, Al
and Cl in the water at each station. Dec.
1974~Dec.. 1976, Stations are listed in
upstream to downstream order. Si and Al
values were corrected for incomplete
recovery where necessary.

Station Na K Si Al Cl
CP=20 3.7(1.1)  1.3(.8) 3.3(1.6)  0.9(.8) 6.2(1.8)
-14 4.3(1.7)  2.0(2.0) 4,2(1.9) 1.,1(1.3) 6.6(1.9)
-10 5.1(1.9) 3.2(2.6) 6.9(5.8) 2.4(3.4) 8.1(2.4)
PM-20 5.9(1.3)  2.4(1.2) 6.6(2.4) 0.9(.7) 8.8(1.6)
-10 6.1(1.3)  2.3(.6) 5.0(2.4) 0.6(.3) 9.2(1.7)
CH~40 4,8(1.2)  2.5(1.2) 5.7(3.4)  2.4(2.5) 8.3(1.3)
~20 6.7(2.6)  4.3(2.2) 7.3(7.4)  2.6(4.6) 10.0(2.7)
TR-20 5.8(1.6) 2.,0(l.4) 7.6(3.1) 3.5(2.5) 8.9(1.5)
-10 5.6(1.2) 2,3(1.0) 10.4(22) 4,5(11.4)  7.9(1.0)
C0-30 4.1(.7) 2.6(2.1) 11.4(8.8) 4.8(8.2) 8.0(1.3)
-20 4,8(1.2) 3.7(2.1) 7.0(3.1) 2.5(3.0) 9,2(1.6)
-10 4,6(.8) 3.6(1.3) 7.5(5.4)  2.9(4.9) 9,8(1.3)
GR-30  10.1(4.7) 3.8(1.5)  9.5(2.5) 2.9(3.2) 12.7(1.9)
-20 9.4(3.5) 3,7(1.3) 8.6(1.5) 2.2(1.3) 12.5(1.9)
-10 8.2(2.6)  3,7(1.4) 8.3(1.1) 2.4(1.8) 11.1(1.9)
CY-20 6.2(4.4) 5.6(9.3) 11.9(9.9) 5.4(6.1) 9.4(6.2)
-10 6.3(2.2)  4.3(3.3) 13.3(9.8) 6.2(6.6) 8.5(1.6)
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1. Nitrogen

Weighted mean nitrate concentrations for 1975 and 1976 ranged from .03
to .68 mg 1=l in natural streams and from .47 to 1.8 mg 1-1 in channelized
streams (Table 26)., The high nitrate concentrations during high flow
periods greatly increased the weighted mean annual concentrations as evident
by comparing 1976 data for CP-10, CP-20, CY-10, and CY-20 with and without
spate sampling dates. Weighted mean annual ammonium concentrations for 1975
and 1976 ranged from .022 to .28 mg 1-1 in natural streams and from .043 to
.34 mg 11 in channelized streams. Exclusion of spate periods in 1976 slight-
ly decreased weighted mean annual ammonium concentrations at CP-10, CY-10,
and CY-20. 1If stations receiving no obvious point source of pollution
(cp-20, PM~10, TR-10, TR-20, CO-10 and C0-30) are considered separately the
weighted mean annual ammonium concentration range for natural streams was .022
to .037 mg 1-1, whereas the range for channelized streams were .043 to .1l
mg 1-1 over the two-year period (Table 26). Similarly, the unpolluted station
nitrate ranges are .03l to .33 mg 11 and .47 to 1.6 mg 1-1 for natural and
channelized streams, respectively, for both years. Weighted mean annual
TON concentrations for 1975 and 1976 range from .16 to .35 mg 1=l in natural
streams and from .24 to .55 mg 1~l in channelized streams.

Fluxes of nitrate are considerably higher in the channelized than natural
streams (Table 26). This is also generally true of TON, especidlly if the
polluted stations are omitted (i.e., CP-10, CH-20, GR-10, GR-30, CY-10 and
CY-20).  Ammonium fluxes are somewhat higher for the two channelized streams
with no point sources of pollution (Conetoe and Tracy Swamps) than for
similarly unpolluted natural stream stations (CP-20 and PM-10).

2. Phosphorus

Weighted mean annual FRP concentrations for 1975 and 1976 ranged from
.002 to .080 mg 1! for all natural streams and from .010 to .069 mg 1-1 for
all channelized streams (Table 27). 1If polluted stream stations are omitted
the ranges were ,002 to .007 mg 11 and .010 to .033 mg 1~1 for natural and
channelized streams, respectively. The corresponding ranges of FUP and PP
for all natural stream stations were .003 to .047 mg 1-1 and .004 to .13 mg
1~1l., The FUP and PP ranges for all channelized stream stations were .005 to
014 mg 171 and .023 to .33 mg 1-1, respectively (Table 27). The unusually
high weighted mean annual concentration of particulate~P at C0-30 resulted
from soil erosion during a rainstorm in July 1975; turbid water was streaming
from recently tilled fields (see also Figs. 14, 22 for C0-20). 1If the
polluted stations are omitted, natural streams had low FUP and PP weighted
mean annual concentration ranges of .,003 to .013 mg 1~1 and .004 to .029 mg
1-1, whereas channelized streams had a similar FUP range of .005 to .012 mg
l‘l, and a somewhat higher PP range of .023 to .33 mg 1-1, Exclusion of spate
sampling dates from weighted mean annual concentrations during 1976 tended to
increase FRP at CY-10 and CY~20, and to increase FUP and PP at CY-20 (Table
27).

Fluxes of FRP for all streams in 1975 and 1976 ranged from .44 to 17
kg km™2 yr=l (Table 27). Eliminating polluted stations, the natural streams
had lower FRP fluxes than channelized streams. FUP fluxes for all stations
in 1975 and 1976 ranged from .73 to 14.5 kg km~2 yr~l, FUP fluxes were more
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Table 26, Weighted annual mean concentrations
(mg 1'1) and total annual fluxes
(kg km~2 yr'l) of nitrogen species
at stream stations where flow data

were available.
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Station NO3q NHZ
Conc., Flux Conc., Flux
1975
Natural
CP-20 0.031 8.4 0.022 5.9
CP=-10 0.062 19 0.076 23
PM-10 0.11 34 0.037 11
CH~20 0.63 190 0.11 35
Channelized
TR~20 0.47 140 0.043 13
TR~-10 0.71 220 0,046 14
C0-30 0.95 450 0.057 27
C0~10 1.6 730 0.076 36
GR-30 1.7 820 0.10 48
GR-10 1.8 860 0.088 42
1976 including all spate samples
Natural
CP-20 0.14 26 0.022 3.9
CP-10 0.22 50 0.28 61
PM-10 0.33 73 0.034 7.6
CH-20 0.68 150 0.27 59
Channelized
TR-20 0.58 130 0.062 14
TR-10 0.89 200 0.11 24
CY-20 0.97 220 0.16 36
CY-10 1.0 230 0.34 75

Conc. Flux
0.20 55
0.25 78
0.35 110
0.26 78
0.30 91
0.36 110
0.24 120
0.31 140
0.55 260
0.47 220
0.21 37
0.28 62
0.16 36
0.32 72
0.29 64
0.24 54
0.36 80
0.34 76



Table 26, Weighted annual mean concentrations
(mg 1~1) and total annual fluxes
(kg km=2 yr=l) of nitrogen species
at stream stations where flow data
were available, (continued)

- + '
Station NO3 NH4 TON
Conc. Flux Conc. Flux Conc. Flux

1976 excluding major spate samples

Natural
CP-20 0,035 6.3 0.020 3.5 0.18 32
CP-10 0.12 28 0.42 94 0.27 60
Channelized
CY-20 0,68 150 0.22 50 0.33 74
CY-10 0.56 120 0.43 96 - 0.30 67
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Table 27. Weighted annual mean concentrations
(mg l'l) and total annual fluxes
(kg km~2 yr—l) of phosphorus species
at stream stations where flow data
were available,

Station FRP FUP Part. P
Conc., Flux Conc. Flux Conc, Flux
1975
Natural
CpP-20 0.002 0.52 0.003 0.73 0.004 1.1
Cpr-10 0.016 5,0 0.010 3.2 0.013 4.0
PM=-10 0.007 2.2 0.013 3.9 0.029 8.7
CH-20 0.057 17 0.047 14 0.018 5.4
Channelized
TR~20 0.010 3.1 0.008 2.4 0.025 7.7
TR~10 0.011 3.3 0.009 2.8 0.023 7.1
C0-30 0.026 12 0,007 3.5 0.33 150
C0-10 0.014 6.4 0.005 2.5 0.048 22
GR-30 0.037 17 0.014 6.4 0.092 43
GR-10 0.030 14 0.011 5.2 0,088 42
1976 including all spate samples
Natural
CP-20 0.002 0.44 0.005 0.85 0.013 2.4
Cp~10 0.049 11 0.009 1.9 0.038 8.4
PM-10 0.005 1.2 0.009 1.9 0.009 1.9
CH-20 0.080 18 0.020 4.6 0.13 29
Channelized
TR~-20 0.033 7.4 0.012 2.7 0.023 5
TR-10 0.019 4,2 0.011 2.5 0.045 10
CY~-20 0.049 11 0.010 2.3 0.093 21
CY-10 0.069 15 0.009 2.1 0.11 24
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Table 27. Weighted annual mean concentrations
(mg 1=-1) and total annual fluxes
(kg km=2 yr-l) of phosphorus species
at stream stations where flow data
were available. (continued)

Station FRP FUP Part., P
Conc. Flux Conc, Flux Conc. Flux

1976 excluding major spate samples

Natural
CP-20 0.002 0.40 0.003 0.62 0.005 0.94
CP-10 0.044 9.8 0.008 1.8 0.032 7.1
Channelized
CY-20 0.076 17 0.016 3.5 .18 40
CY-10 0.076 17 0.009 1.9 .12 26
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similar for natural (.73 - 3.9 kg km~2 yr~l) and channelized (2.5 - 3.5 kg
km~2 yr'l) streams after stations below point sources were eliminated. PP
fluxes ranged from 1.1 to 150 kg km~2 yr-l for all stations. The unusually
high PP flux at CO-30 is attributable in large part to the July rainstorm
mentioned above., Except for the high 1975 flux at PM-10, unpolluted natural
streams had PP fluxes generally lower than those from unpolluted channelized
streams.

In summary, nitrate dominated the nitrogen budget of channelized streams
when weighted mean annual concentration are considered., Natural streams had
lower fluxes of total nitrogen, often dominated by TON. The phosphorus
export of channelized streams was dominated by PP; in natural streams FRP and
FUP were relatively more important. Total phosphorus flux was higher in
channelized streams but there was some overlap in ranges and considerable
variation between streams, even between the relatively unpolluted streams.

3. Metals, Chloride and Silicon

Weighted annual mean concentrations and annual fluxes of various metals,
Cl, and Si (Table 28 for 1975; Tables 29-32 for 1976) showed similarities and
differences between streams. In 1975 and 1976 weighted mean annual total Fe
concentrations ranged from .44 to 3.3 mg 1=1 in all streams with considerable
overlap between natural and channelized streams (Tables 28-30). The natural
stream stations, CP-20 in 1975 and CP-20 and PM=10 in 1976, were considerably
lower in Fe than the others with a range of .44 to .65 mg 1~1, cu-20, CY-10,
and CY=20 in 1976 had the highest total Fe concentrations, ranging from 2.8
to 3,3 mg 1~1, In 1976 most of the total Fe was in particulate form. Weighted
mean annual concentrations of soluble iron ranged from .14 to .25 mg 17+ in
all streams. Exclusion of spate periods in 1976 decreased weighted mean
annual concentrations of both soluble and particulate Fe at CP-20, CP-10 and
CY-10., Total annual Fe flux in 1975 and 1976 ranged from 120 to 740 kg km—2

yr'l and 240 to 850 kg =2 yr=l in natural and channelized streams, res-—
pectively (Tables 28-30).

Weighted mean annual total Mn concentrations were low and ranged from
.016 to .045 mg 1~1 in all streams except for the 1975 PM~10 concentration of
.15 mg 1~1 (Tables 28-30). More than half the total Mn was in soluble form
in all streams in 1976, Exclusion of spate periods slightly decreased
soluble and particulate Mn concentrations at CP-10, CP=-20, and CY¥-10 in 1976.
Annual fluxes of total Mn ranged from a low of 5.0 kg km'é yr‘l at TR=20 in
1976 to 47 kg km=2 yr—=l at PM-10 in 1975 (Tables 28-30).

Weighted annual mean total Ca concentrations ranged from 4.0 to 28 mg 1-1
in all streams with considerable overlap between natural and channelized
streams (Tables 28-30), CP-20 in 1975 and 1976, CP-10 in 1976, and CO0-30 in
1975 were lowest with a range of 4.0 to 4.8 mg 1-1, whereas TR~10 and TR-20
were consistently highest with a 1975 - 1976 range of 18 - 28 mg 1-1,
Exclusion of spate periods increased the weighted mean particulate Ca concen-
trations in Creeping and Clayroot swamps (Table 30) but decreased soluble
Ca concentrations (Table 29). Annual fluxes of total Ca were lowest at
CP-10 and CP-20 ranging from 450 to 1800 kg km~2 yr—~l and highest at TR-10
and TR-20 ranging from 4100 to 9000 kg km~2 yr—1,
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The range of weighted mean annual total Mg concentrations for all
stations and both years was narrow, .85 - 2.4 mg 1-1, (CP-10 and CP-20 were
lowest ranging from .85 to 1.2 mg 1-1 and GR-10 and GR-30 were highest with
concentrations of 2.4 and 2.2 mg 1=1, respectively in 1975 (Tables 28-30).
In 1976, more than 607 of total Mg was soluble at all stations. As was the
case with Ca, exclusion of spate periods in 1976 increased particulate and
decreased soluble weighted mean Mg concentrations in Creeping and Clayroot
swamps. Annual total Mg fluxes ranged from 180 to 1100 kg km~2 yr-1 for all
stations with CP-20 being the lowest.

Weighted mean annual total Na concentrations ranged from 3.1 to 5.1
mg 1-1 for all stations excluding GR=-10 and GR-30 in both years. The GR-10
and GR-30 concentrations in 1975 were 7.4 and 6.9 mg 1~1, respectively,
presumably from sewage wastes. Again CP-20 had the lowest concentration
(Tables 28, 31, 32). As with Mg, more than 60% of total Na at all stations
was soluble in 1976, Exclusion of spate periods in 1976 increased particulate
Na and decreased soluble Na weighted mean concentrations in Creeping and
Clayroot swamps. Annual total Na fluxes ranged from 570 to 3500 kg km~2 yr-1
with the lowest fluxes at the Creeping Swamp Stations in 1976 and the highest
at the Grindle Creek stations in 1975.

Weighted mean annual total K concentrations ranged from 1.0 to 3.6 mg 1-1
for all stations and both years (Tables 28, 31, 32). CP-20 again was lowest.,

More than 50%, and often greater than 65%, of total K was soluble for all
stations in 1976. Exclusion of 1976 spate periods increased weighted”

particulate K concentrations in Creeping and Clayroot swamps and decreased
weighted soluble K concentrations in those stations except CY-20 (Tables 31,
32). Annual fluxes ranged from 230 to 1700 kg km—2 yr=1 for all stations

and both years, again with CP-20 in 1976 being the lowest.

Weighted mean annual total Al concentrations ranged from .63 to 7.7 mg
11 for all stations and both years (Tables 28, 31, 32). The lowest concen=
trations were at PM-10 in 1976 and CP-20 in 1975, the highest at CH~20 and
CY-10 in 1976. At all stations but CP-20 and PM~10 total Al was more than
80% particulate (Tables 30, 31). At CP-20 and PM-10 it was about 707
particulate. Exclusion of 1976 spate periods decreased both weighted mean
particulate and soluble Al concentrations (Tables 31, 32). Annual total Al
fluxes ranged from 170 to 2400 kg km™2 yr‘l for all stations and both years,
again with CP-20 in 1975 and 1976 and PM-10 in 1976 the lowest.

Weighted mean annual total Si concentrations ranged from 2.3 to 14.3
mg 1~1 for all stations and both years (Tables 28, 31, 32), with CP-20 being
lowest, Weighted soluble Si was remarkably constant in all streams ranging
1.4 to 2.6 mg 1~1; however weighted particulate Si ranged from 1.6 to 12 mg
1-1 in 1976. At all stations at least 50% of weighted total Si was particu-
late with this percentage increasing with increasing total Si., As with Al,
exclusion of 1976 spate periods decreased both weighted mean particulate and
soluble Si concentrations, except at CY-20 where there was an increased in
particulate Si. Annual total Si fluxes ranged from 590 to 4800 kg km=2 yr—1l
with CP-20 being the lowest.

Weighted mean annual total Cl concentrations ranged from 4.9 to 10 mg
1~1 for all stations and both years (Tables 28, 31, 32), with CP-20 the lowest
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Table 28. Weighted

(mg 1-1)
(kg km™2
chloride

Station Total Fe
Conc. Flux
Natural
CP-20 0.44 120
Cp-10 0.71 220
PM-10 1.1l 340
CH~20 1.0 310
Channelized
TR=-20 1.2 360
TR-10 0.79 240
C0-~30 1.8 850
C0-10 0.92 440
GR-30 0.86 410
GR~-10 0.82 390
Station Total Mg
Conce. Flux
Natural
CcP-20 0.85 230
CP~10 0.94 290
PM-10 1.8 530
CH-20 1.7 530
Channelized
TR-20 1.2 380
TR=-10 1.2 370
C0-30 1.3 600
Co0~-10 1.9 910
GR-30 2.2 1000
GR-10 2,4 1100

annual mean concentrations

and total annual fluxes

yr=1) of metals, silicon and
at stream stations where flow
data were available (1975).

Total Mn Total Ca
Conc., Flux Conc, Flux
0.023 6.3 4.0 1100
0.035 11 6.0 1800
0.15 47 10 3100
0.028 8.7 12 3600
0.016 5.0 20 6100
0.022 6.8 28 9000
0.034 16 4.8 2300
0.034 16 11 5500
0.030 14 12 5700
0.032 15 12 5900

Total Na Total K
Conc. Flux Conc. Flux
3.1 840 1.0 280
3.8 1200 1.4 440
5.3 1600 2.3 700
5.0 1500 2.9 890
4,3 1300 1.3 410
3.5 1100 1.3 400
4,0 1900 3.2 1500
3.7 1700 2.6 1200
6.9 3200 3.2 1500
7.4 3500 3.6 1700
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Table 28. Weighted annual mean concentrations
(mg 1'1% and total annual fluxes
(kg km~¢ yr—l) of metals, silicon and
chloride at stream stations where flow
data were available (1975). (continued)

Station Total Al Total Si Total C1
Conc. Flux Conc. Flux Conc. Flux
Natural
CcP-20 0.63 170 2.3 630 5.8 1600
CP-10 0.79 240 3.4 1000 6.9 2100
PM-10 1.8 530 5.6 1700 7.7 2300
CH-20 2.5 760 5.8 1800 8.5 2600
Channelized
TR=-20 4.4 1300 8.1 2500 7.6 2300
TR-10 2.4 720 4.8 1500 7.2 2200
Co0-30 5.1 2400 10 4800 8.0 3800
Co0-10 3.7 1700 7.9 3700 7.7 3700
GR-30 3.7 1700 8.8 4200 10 4800
GR-10 2.6 1200 8.5 4000 10 4900
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Table 29, Weighted annual mean concentrations (mg 1‘1) and

Station

total annual fluxes (kg km~2 yr—1) of soluble iron,
manganese, calcium and magnesium for stations where
flow data was available in 1976.

Sol. Fe Sol. Mn Sol. Ca Sol. Mg

Conc.

Flux Conc. Flux Conc. Flux Conc.,

Flux

1976 including all spate samples

Natural

Cp-20
CP-10
PM-10
CH-20

Channelized

TR~20
TR-10
CY-20
CY-10

0.18
0.25
0.14
0.16

0.22
0.18
0.25
0.22

1976 excluding major spate samples

CpP-20
CP-10

CY-20
CY-10

32 0.021 3.8 2.2 400 0. 85
55 0.025 5.5 3.8 850 0.99
32 0.016 3.6 4.1 900 0.91
35 0.014 3.2 6.5 1400 1.2
50 0.011 2.5 13. 2900 1.4
40 0.013 2.9 16 3500 1.3
56 0.031 6.9 5.9 1300 1.5
50 0.027 5.9 5.8 1300 1.4
17 0.014 2.5 1.3 230 0.54
31 0.024 5.4 2.3 510 0.61
40 0.024 5.4 4.2 930 1.0
24 0.018 4.0 4.3 960 0.94

150
220
200
260

320
300
330
300

97
140

220
210
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Table 30. Weighted annual mean concentrations (mg l"l) and
total annual fluxes (kg km~2 yr—l) of particulate
iron, manganese, calcium and magnesium for stations
where flow data was available in 1976.

Station Part. Fe Part. Mn Part. Ca Part., Mg
Conc. Flux Conc, Flux Conc. Flux Conc. Flux

1976 including all spate samples

Natural
CP-20 0.47 84 0.013 2.4 0.29 52 0.15 27
CcP-10 1.1 250 0.008 1.8 0.79 180 0.22 49
PM-10 0.46 100 0.008 1.8 2.4 540 0.49 110
CH-20 3.2 700 0.007 1.6 2,5 560 0.51 110
Channelized
TR-20 1.2 270 0.009 2.0 5.3 1200 0.44 98
TR-10 1.9 420 0.011 2,5 7.6 1700 0.61 140
CY-20 2.6 570 0.014 3.1 1.1 250 0.28 62
CY-10 2.6 580 0.016 3.5 2,9 640 0.51 120
1976 excluding major spate studies
CP-20 0.18 33 0.006 1.0 0.73 130 0.29 52
cp-10 0.64 140 0.008 1.7 1.4 320 0.37 83
CY-20 3.4 750 0.024 5.4 2.1 470 0.59 130
cY-10 2.0 450 0.012 2.8 3.6 800 0.59 130
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Table 32. Weighted annual mean concentrations (mg 1'1) and total annual

fluxes (kg km~2 yr~1) of particulate sodium, potassium,

aluminum, silicon and total chloride for stations where flow

data was available in 1976.

Station Part. Na Part. K Al
Conc. Flux Conc. Flux Flux
1976 including all spate samples
Natural
CP-20 0.70 120 0.39 71 230
CP-10 0.53 120 0.67 150 550
PM-10 1.6 340 0.96 210 140
CH-20 0.97 220 1.6 350 1500
Channelized
TR~20 0.76 170 0.20 46 620
TR-10 1.3 280 0.71 160 760
CY-20 0.52 120 0.81 180 1400
CY-10 0.98 220 1.3 300 1600
1976 excluding major spate samples
Natural
CP-20 1.1 190 0.41 73 74
ce-10 1.2 280 0.82 180 230
Channelized
CY-20 1.2 260 1.2 270 1700
CY-10 1.4 320 1.4 320 1400 -

Part. Si Total Cl
Conc. Flux Flux
1.7 310 880
4.5 1000 1500
1.6 370 1900
12 2800 1600
4.8 1100 2000
6.5 1400 1800
10 2200 1700
12 2700 1700
0.92 160 5.7 1000
2.6 580 7.1 1600
13 3000 8.0 1800
11 3600 7.6 1700



and GR-10 and GR-20 the highest. Exclusion of spate periods in 1976 in-
creased weighted mean total Cl concentrations slightly (Table 32). Annual
fluxes of total Cl ranged from 880 to 4900 kg km—2 yr‘l for all stations and
both years again with CP-20 the lowest and GR-10 and GR-20 the highest.

The only consistent differences in 1975 between natural and channelized
streams were in total Al and total Si, the channelized stream concentrations
and fluxes ranging somewhat higher (Table 28). In 1976, soluble Na, Ca, Mg,
and Si weighted concentrations and fluxes were generally higher in channelized
than natural streams (Tables 29, 31). Also in 1976 particulate forms of Fe,
Al, and Siwere higher in channelized than in natural streams if polluted CH-20
is excluded (Tables 30, 32). For all metals and both years, CP-20 had the
lowest weighted mean annual concentrations and fluxes. Exclusion of spate
periods in 1976 decreased weighted mean annual concentrations of all soluble
metal species and Si, but increased weighted Cl and particulate Ca, Mg, Na
and K concentrations. Spate period exclusion also decreased total Fe, Mn,

Al, and Si weighted mean annual concéntrations in 1976 but increased those of
total Ca, Mg, Na, K, and Cl. Weighted Fe, Al, and Si concentrations were
dominated by the particulate forms whereas Mn, Ca, Mg, and K were dominated
by the soluble forms.

Nutrients in Bulk Precipitation

Measured concentrations and mean values for nitrate, ammonia, total
organic nitrogen, filterable reactiwve phosphofus, total ‘phosphorus and
chloride are presented in Table 32, The extremely high values measured on
April 28, 1977, are likely due to contamination of pollen as a yellow
precipitate was visible in the bottom of the collection vessels on this date.

Groundwater Chemistry

The water collected from shallow wells in the Creeping Swamp floodplain
was similar in its chemical characteristics to that of water in the stream
with only a few exceptions. Conductivity, NO3, FRP, Ca, Na and Si were
considerably higher on an annual basis in well water (Table 34), than in
water of the stream at CP-20 and CP-14 (Table 23). The variances are so
large, however, that only conductivity, Na,: Ca, and Si proved significantly
higher when the constituents of well water were compared with the filterable
fractions of stream water. Iron in well water exhibited the only large
seasonal difference with a mean concentration of 1.28 mg 1-1 in summer versus
0.26 mg 1-1 ip winter; the variances were so large, however, that these
differences were not statistically significant.
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Date

9~14-76
12-8-76
1-6-77

2-16-77
3-9-77

3-31-77
4=28=77
5=25-77
6-22-77
8-2-77

X

NO; + NO3 -~ NHj TON FRP TOTP

sampled (mg 1°1)"  (mg 1°1) (mg 1~1) (mg 1°1) (mg 1-1)
0.294 0.320 0.38 0.056 0.064
0.148 0.104 0.12 0.020 0.022
0.246 0.168 0.09 0.040 0.056 .
0.317 0.224 0.51 0.070 0.076
0.131 0.093 0.08 0.012 0.021
0.178 0.172 0.06 0.023 0.045
0.555 0.570 0. 86 0.117 0.129
0.104 0.120 0.13 0.030 0.043
04445 0.380 1.03 0.039 0.052
0.583 0.310 - 0,081 0.092
0. 300 0.246 0.36 0.049 0.060
0.175 0.151 0.37 0.033 0.033

8

il
£

Table 33. A. Nutrient Concentrations (mg 1

Measured in Bulk Precipitation

...]_)

B. Weighted Mean Concentrations (mg l_l) of Nutrients
in Bulk Precipitation of the Creeping Swamp Watershed

0.242 0,213
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0.272

0.042

0.054




Table 34, Characteristics of the superficial groundwater
collected from shallow wells in the Creeping Swamp
floodplain. Unless otherwise stated, mean values
are in mg 1-1 and are from all wells and all dates.
Analyses were from filtered samples, except for

conductivity.
No. of Mean Standard

Observations Deviation
Conductivity 29 147 71
(1 mho cm'l)
Nitrite 40 .0026 .0028
Nitrate 40 17 .32
Ammonium 40 ‘ .12 | .17
Organic N 38 _ .30 \ .14
Reactive P 45 .0070 .0091
Unreactive P 42 .0091 .0073
Iron 25 .66 1.42
Manganese , 25 .050 .035
Calcium 24 l6.1 8.2
Magnesium 24 1.49 0,59
Sodium 25 6.9 1.8
rotassium 25 1.02 A
Aluminum 25 <.5 .07
Silicon 24 6.7 2.6
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DISCUSSION

Patterns and Determinants of Water Quality

Periodic sampling over one to two years of the waters of seven Coastal
Plain streams has shown patterns that may aid in understanding the determi-
nants of water quality and the ecological functioning of swamp streams before
and after channelization. Most explanations, however, represent only reason-
able hypotheses based upon observations, correlations, or comparisons to
published material regarding functioning of other ecosystems.

The chemical constituents of a stream are primarily a function of
(1) the salts and gases dissolved in rainwater, (2) the nature of the parent
rocks and the soils of the region, (3) the intimacy of contact with rock and
soils and the proportion of groundwater in the stream, (4) the vegetative
cover of the watershed, (5) the organic productivity of the stream, and
(6) human activities in the watershed and the stream channel. The dissolved
materials in rainwater arise partly from sea salt nuclei, partly from dissolved
atmospheric gases such as €02, and partly from anthropogenic and volcanic
emissions to the atmosphere such as nitrate and sulfate; rainwater contribu~
tions to the solutes in streams will be discussed below., We are not aware
of detailed studies of the relationships between the soils and surface
aquifer sediments and the chemistry of shallow groundwaters throughout our
study region., A study of geology, hydrology, and water chemistry of the
Creeping Swamp watershed (Winner and Simmons 1977), however, showed average
groundwater concentrations of calcium and bicarbonate to be 3.8 and 8.4 mg
l'l, respectively, in the surficial Quarternary deposits (2-5 ft. deep)
whereas these concentrations were 61 and 200 mg 1™+, respectively, in the
deeper Yorktown Formation (17-22 ft, below the surface), Concentrations of
calcium and bicarbonate in the yet deeper Castle Hayne Limestone were 69 and
276 mg 1~1, Dissolved sodium, magnesium, silicate, and sulfate also were
higher in the Castle Hayne than in the Yorktown deposits, whereas_chloride
and iron decreased with depth. Chloride dropped from 11-12 mg 1-1 in the
Quarternary and Yorktown sedimentary layers to 6.2 mg 171 in the Castle
Ha{ne aquifer, Large amounts of iron are present in the groundwater, 15 mg
17+ in the Yorktown Formation and 3.5~4.6 mg 171 in the castle Hayne
Limestone (Winner and Simmons 1977). The chemical characteristics of the
groundwaters of Pitt Co. vary with location and depth; the general features
are given by Sumsion (1970) for water from relatively deep wells which,
unfortunately, may not be representative of concentrations in the base
flows of our streams. The warm and humid climate of the region permits
various vegetational types, pine forest, mixed hardwood forest, bays and
pocosins, depending upon edaphic conditions. This natural watershed vegeta~
tion intercepts rainfall and soil water before it enters a stream, removing
some nutrients, but also contributing organic matter. The watershed vegeta-
tion is particularly important in holding the soil and preventing its
erosion into the stream channels. The organic productivity of the botttom—~
land swamps and of the stream itself directly affect the quantity of organic
matter in the water and on the stream bottom and influence the amount of dis-—
solved oxygen in the stream, especially during periods of low flow. The
amount of oxygen, in turn affects the abundance of elements such as nitrogen,
sulfur, and iron, the chemical species of which vary with redox potential.
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This topic will be discussed more fully below. Finally, various human
activities within the watershed - agriculture, animal husbandry, forestry,
urbanization, road construction, and stream modification - have different
impacts upon water quality; some of these will be considered below.

Nature of the Source Water

The immediate sources of water which make up stream flow' have an impor=-
tant role in determining the amounts and forms of the chemical constituents
of the water. The elements present in precipitation and their annual contri-
butions will be discussed below; whereas this section is limited to contri-
butions from the watershed. First, the flow in each stream is derived parti-
ally from overland runoff and partially from base, or groundwater, discharge.
The contributions of materials from these two water sources depends upon
their relative discharge rates and upon the concentrations of these materials
in each source, There is no information available for each stream to permit
the exact apportionment of annual runcff into its overland runoff and its
base, or groundwater, discharge. Accordingly we can only assume that the
proportion of overland runoff to base runoff over the year is similar at all
of our stations to that at Creeping Swamp. Winner and Simmons (1977) reported
an overland runoff to base runoff ratio there of 17:20, equivalent to an over-
land runoff of 467 of total runoff. Lack of data also prohibits making
quantitative estimates of changes in the relative proportions of overland-to=-
base runoff during each flood event or during the annual hydrologic cycle.
Our data on conductivities (Figs. 9-16; Tables 17-20) and those of Winner and
Simmons (1977) on dissolved solids, however, indicate that overland runoff
predominates during the winter, high flow period as well as near the peak of
each floodhevent. Variations in the proportions of overland runoff to base
flow may,eﬁplain most differences in solute concentrations of a stream (Toler
1965). Furthermore, since the soils and underground aquifers vary from water-
shed to watershed, the chemical constitution of base flows should not be
expected to be identical from stream to stream. Thus, streams which have
cut down close to, or into, the Castle Hayne Limestone would be expected to
have increased concentrations of calcium.

The chemical quality of the overland runoff is probably just as variable
in many constituents as the chemical quality of the groundwater. The distri-
bution of vegetational and soil types within each of the seven watersheds stud-
ied here has not been mapped. We are unable, therefore, to state with any
precision the kinds of natural vegetation and soils upstream of each of our
sampling stations. Large tracts, termed pocosins on county and U.S.G.S.
maps, occupy very flat, poorly drained, upland areas. They generally support
hardwood forests,but are not the typical broadleaved, evergreen shrub bogs
with deep peat soils found elsewhere in North Carolina (Heath 1975, Penfound
1952, Wells 1928). Furthermore, the "pocosins'" on our study area grade into
the bottomland swamps. However, regardless of the exact species composition
and soil type, the water draining from natural tracts consistently is low
in nutrients and high in color. Wet hardwood forest drainage was an impor-
tant part of total stream flow at the upstream stations of Creeping Swamp,
Palmetto Swamp, and Tracey Swamp. Runoff from these flat, naturally wooded
areas has little contact with the mineral soil except where the tributaries
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are ditched. It drains slowly over abundant vegetation and organic litter,
For these reasons plant nutrients and pH are usually low in waters draining
from local pocosins or headwater hardwood forests. The gently sloping and
relatively well drained land along the stream floodplains is the site of most
of the agricultural activity in the watershed. Subsurface drainage from the
mineral soil of these areas, enriched with applied fertilizers, carries a
higher load of solutes and a variable supply of nitrogen and phosphorus.

It is also an area where highly turbid surface runoff from the exposed
mineral soils of plowed fields, ditches,and dirt roads, is most likely to
reach the floodplain with its load of particulates and nutrients. Finally,
municipal wastes entering Grindle Creek and substantial amounts of livestock
wastes entering Creeping Swamp, Chicod Creek, and Clayroot Swamp, provided
some of the highest levels of N and P and other salts.

Similarities and Differences between Natural and Channelized Streams

The results of this investigation show a wide range of conditions in
seven streams of a small part of the North Carolina Coastal Plain., Ex-
amination of the data indicates that those streams which have been channel-
ized differ from those which have not in several respects. The significance
of these differences was assessed by means of the Wilcoxon signed-rank test
(Table 35), with P 2 .05 considered evidence that the values for a given
parameter differ significantly between channelized streams and natural
streams.,

Mean water temperatures of natural streams were not significantly
different from those of channelized streams, based on the data taken in this
study; therefore, this factor is not shown in Table 35. The temperature of
the water varies on both diel and seasonal cycles (Table 16, Figs. 9-16)
depending on warming by solar radiation, the air temperature, and the
temperature of groundwater inputs, Water temperature changes usually lag air
temperature changes because of the high specific heat of water. Groundwater,
an important fraction of total stream discharge in streams such as Creeping
Swamp (Fig. 6) and even more important in channelized streams,is far re-
moved from the direct effect of changing air temperature and its temperature
changes lag even farther behind those of surface water. Water entering a
stream from springs or seeps is usually cooler in summer and warmer in winter
than the air or surface water (Hynes 1970)., Correlations between air and
water temperature existed in all natural streams (r 2 .58 and P S .01) where-
as they were absent in channelized streams (r 2 .38 and P 2 .28 for all
except TR-20). Large amounts of groundwater contributing to
the discharge of channelized streams may weaken the correlation with air
temperature, Due to the large variations (4-10C) in diel water temperatures
in small streams, comparisons of daily instantaneous readings taken at vary-
ing times is not a practical way to determine overall significant differences.
Water temperatures appear to be similar for all streams in the winter and for
all heavily shaded streams year around; however, waters were warmer in the
open channelized streams during the summer. In streams such as Grindle and

Tracey, where the channel was not heavily shaded, water temperatures reached
30 C and higher in the summer whereas shaded swamp stream temperatures seldom
rose higher than 25 C.
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Table 35.

Differences between the average concentrations of water quality
parameters in channelized and natural swamp streams as determined
by the Wilcoxin Signed Rank Test. n = number of cases; P = P-
values for a two-tailed test. mn.s. = not significant. P £ .05
considered significant; P wvalues > .05 included for comparative
purposes,

A. . Water quality parameters with average concentrations greater in channelized
streams than in natural swamp streams.

Parameter 1975 | 1976
All Zero Discharge All Zero Discharge
Cases Cases Deleted Cases ‘Cases Deleted
n 13 n P n P n P

Field Data:

" Conductivity 9 .004 '8 .008 13 .0004 8 .016
Field pH 9 .027 8 .055 13 .0002 8 .008
Turbidity 9 .008 8 .008 - - 13 .0008 8 .008
Dissolved Oxygen 9 .004 8 .008 13 .013 ) _ m.s.
Chlorophyll 7 .078 6 .063 Not determined in 1976
Phaeophytin 7 .38 6 .063 Not determined in 1976

Nutrients:
FRP n.s. n.s. 13 .057 8 .012
PP 9 .098 8 .008 13 .010 8 .008
Total P 9 .098 8 .008 13 .027 8  .008
Nitrate 9 .004 8 .008 13 .0002 8 .008
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Table 35. Differences between the average concentrations of water quality
parameters in channelized and natural swamp streams as determlned
by the Wilcoxin Signed Rank Test. :

A. Water quality parameters with average concentrations greater in channellzed
streams than in natural swamp streams. (contlnued)

Paraméter 1975 1976
Total Filterable Particulate
All Zero Discharge All : Zero Discharge All Zero Discharge
Cases Cases Deleted Cases Cases Deleted Cases Cases Deleted
n P n P n P n P n P n P
Metals
and Silicon:
Iron (See B) (See B) 13 .59 8 .016
Calcium 8 .016 7 .031 12 .001 7 . 047 13 .001 8 .008
Magnesium 8 . 066 7 .031 n.s. n.s. 13 .040 8 .008
Sodium 8 .023 7 .047 n.s. n.s. N.S. N.S.
Potassium 8 .008 7 .016 D.S% n.s. 8§ .023 7 047
Aluminum 8 .039 7 .031 n.s. ‘n.s. 13 .001 8 .008
Silicon 8 .008 7 .016 N.Se N.Se. 13 .002 8 .008
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Table 35. Differences between the average concentrations of water

quality parameters in channelized and natural swamp
streams as determined by the Wilcoxin Signed Rank Test.

B. Water quality parameters with aVerage concentrations greater in
natural swamp streams than in channelized streams.
Parameter 1975 1976
All Zero Discharge All Zero Discharge
Cases Cases Deleted Cases Cases Deleted
n P n P n P n ?
Field Data:
Color 9 .039 8 .078 13 .11 n.s.
Parameter 1975 1976
Total Filterable Particulate
All Zero Discharge All Zero Discharge All Zero Discharge
Cases Cases Deleted Cases Cases Deleted Cases Cases Deleted
n P n P o ? n P n P n P
Metals:
Iron 8 .055 7. .11 12 .005 7 .16 . (See A)

Manganese 8 .10 7 .22 12 .007 7 .22 n.s. N.S.



Conductivity and pH were significantly higher (P £ .016 and £ ,055,

respectively) in channelized streams during each year regardless of whether
data obtained during zero-flow (stagnant) periods were omitted from the
calculation (Table 35). Those elements which were predominantly in filter-
able form (Table 13) and which contribute to conductivity (Ca, Mg, Na, and
K) were also significantly more concentrated in channelized streams (Table
35) in 1975, but only Ca was significantly higher in 1976, Higher levels of
conductivity, pH, and of these conservative filterable elements tended to
occur during the low flow conditions of summer and fall in all streams
(Figs. 25-28). This inverse relationship of ionic concentrations to stream
discharge (Tables 8-11) is often reported (Crisp 1966; Likens, et al. 1970;
Schindler,-etal. 1976). It suggests that a greater proportion of the total
flow during summer and fall is comprised of (1) groundwater with its greater
load of soluble materials, (2) less diluted municipal and livestock wastes,
or (3) both. The higher mean annual conductivities of the channelized
streams may also result from one or both of these causes, but the increased
levels of pH are more likely a result of calcium bicarbonate from the soil or
groundwater than from sewage or livestock wastes., Another contributor to
higher levels of soluble salts during the warm season is the process of
evapotranspiration which removes water and thus concentrates the salts.

Water velocities were distinctly greater in channelized streams than in
natural swamps (data not shown). At winter discharge rates, current velocity
in the channelized streams varied from 30-95 cm sec~! whereas the range
in natural streams was 15-25 cm sec™! in the channel and 0-15 cm sec~! in
the floodplain. The differences in current velocity were probably due to
differences in water depths and the roughness coefficient of the stream
bottom since the slopes of both types of streams were quite low (Table 1).
The swamp stream channels were very shallow with maximum depths during winter
spates of 1 meter whereas the channelized streams during the same periods
were 1-3 meters deep. The roughness coefficient has not been measured, but
it is almost certainly greater in natural streams because of their winding
nature and the stumps, trees,and fallen logs which occur in the channel.

Turbidity was also higher in channelized streams than in swamp streams
(Table 35). Three factors contributed to turbidity in these streams.,
In natural streams, turbidities rose during periods of stagnation; this rise
may be attributed to increased densities of phytoplankton, aggregation of
organic materials, and roiling of the sediments by macroorganisms. High
turbidities were also observed in one channelized and one natural stream
during periods of heavy rainfall and rising discharge (Figs. 33, 34); these
values were probably the result of road and initial overland runoff. Finally,
higher overall velocities and the constricted stream bed probably were impor-
tant factors contributing to the elevated turbidities observed in channelized
streams, The wider stream bed, extensive floodplain and lower velocities in
natural streams contribute less energy to the transport of paticles, reducing
scouring of the channel and allowing particles to settle out on the floodplain.

Stream discharge at any station is a function of the amount
of rainfall, the seasonal changes in the ratio of runoff to evapotranspiration,
and the area of the watershed. Rainfall is relatively constant throughout the
year (Sumsion 1970) but the increased transpiration by deciduous vegetation
during the growing season removes a greater portion of the incoming water
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from the watershed, Differences exist between natural and channelized
streams in the temporal patterns of discharge. For example, flows peaked

in both Creeping Swamp and Conetoe Creek in 1975 about January 14 and 26,
February 6 and 26, March 21, April 17, July 15, September 27, October 19,

and December 11, 20, and 28 (Figs. 3, 5). Creeping Swamp, however, had

large flows not seen at Conetoe Creek on May 24, June 2, and October 29,

and Conetoe Creek had large flows which were not significant at Creeping
Swamp on February 25, March 15, July 12 and 26, and September 1, 17, and 22,
Thus there is a tendency for 1-3 periods of high flow each winter month
following widespread frontal rains and these flows correspond closely between
streams of the region. This is also the period of high base flows and
consequent bottomland flooding of long duration, During the summer, on the
other hand, there is often poor correspondence between flows in neighboring
streams; local thundershowers often result in heavy rains over one or more
watersheds but little or none nearby. During summer natural streams may

flow for 2-15 days following heavy rains but they also may have long periods
with no flow; the stream then becomes a series of stagnant pools and the
bottomland forest floor is dry. 1In contrast, the channelized streams usually
flow all summer because their depth permits continual drainage of groundwater.

Dissolved oxygen was clearly more abundant in channelized streams than
in natural streams both years when all cases were considered (Table 35)., The
levels of dissolved oxygen were low during low-flow periods in the natural
swamp streams; this pattern also exists in other natural swamp streams
(Pardue, et al. 1975). Oxygen usually became undetectable when the stream
stopped flowing (Figs. 9-12); omission of these periods in 1976 resulted in
no significant difference between the two types of streams (Table 35). Low
D.0. values occur during a time when the stream is largely fed by ground-
water which is probably anoxic, or nearly so. Furthermore the excess of
organic matter in the water and on the bottom of the natural streams is
subject to decomposition which, at summer temperatures, may consume oxygen
more rapidly than it is resupplied by diffusion from the atmosphere. The
swamp canopy is essentially closed so that insufficient light is available
for vigorous photosynthetic oxygen production., Finally, oxygen solubility
decreases with temperature, and lack of flow reduces the reaeration coeffi-
cient to very low values (Odum 1956). These factors all contribute to
depressed D.O. concentrations during the warm season which not only may cause
stress for swamp fishes (Pardue, et al. 1975) but also may affect microbial
metabolism and the form and concentration of several chemical constituents
which are subject to redox reactions occurring in the swamp stream. Oxygen
was abundant in natural streams during the cool, high-flow seasons and in
channelized streams almost all of the time (Figs. 9~16).

The Wilcoxon signed-rank test showed that in 1975 chlorophyll was higher
in channelized than in natural streams but at a P value of 0,078 which does
not fall into the selected range of significance. Phaeophytin, a decomposi-
tion product of chlorophyll, showed no difference when all cases were
considered, but omission of data during one low-flow period in the natural
streams decreased the probability of no difference substantially (Table 35).
Although the data from all of the stations has not been plotted, the graph
of Fig. 30 suggests that the differences between the two types of streams may
be significant on a particular date but that the annual mean concentrations
are similar. The high chlorophyll concentrations of natural streams in
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August and September (Fig. 30) occurred during a period of stagnation in all
streams (Figs. 9-15); omission of data from such periods increases the
relative amount of chlorophyll in chamnelized streams.

The chlorophyll and phaeophytin analyses measured primarily the
phytoplankton whereas the dominant algae species in most of the streams
studied were filamentous epibenthic or epiphytic species. Phytoplankton was
not abundant except during summer (Fig. 30) when the swamp stations CP-10,
PM-10, and CH-20 were stagnant pools behind weirs or near bridges receiving
direct sunlight. Grindle Creek also had higher chlorophyll levels than the
other streams (Fig. 30) because it received the dense algal suspension from
a sewage oxidation pond above GR-30, Finally, the late winter-early spring
bloom of filamentous algae in the natural swamp streams is given little
weight in the chlorophyll concentrations. These filaments grow abundantly
wherever they become snagged or entangled on trees, stumps, leaves, or
other projections in the gently flowing water over the floodplainj; they .
disappear when the trees leaf out and the water drops off the floodplain.

Nitrate was clearly much more abundant in channelized streams than in
natural streams but differences between these two types of streams were not
significant for either ammonium or total organic nitrogen (Tables 21, 23,
26, 35). The wide range in concentrations of the 3 major forms of nitrogen
through the year at a given station (Figs. 17-24) and the differences between
stations and streams (Tables 21, 23, 26) can be at least partially explained.
Nitrate and ammonium are biologically reactive compared to the organic-N and
their concentrations changed more rapidly through time (Figs. 17-24). When
polluted stations (CP-10, CH-40, CH-20 and CY-20) are omitted from considera-
tion, a distinct pattern of NO3 variation becomes evident when channelized
and natural streams are compared. The natural stream stations had low
average NO3 values but high (> 1.0) coefficients of variation (s/X) whereas
the channelized stream stations have higher average NO3 values but coefficents
of variation < 1.0 (Table 23). Although ammonium was much more variable at
each station (coefficients of variation 2 1.0), average values were rela-
tively low and similar for all stations (Table 23). The high variability of
NO3 and NHZ at the unpolluted natural stream stations, Palmetto and Creeping,
may be attributed to the inclusion of the low values (0.005 - 0.046 mg 1-1 )
of winter and the high values (0.016 - 3.78 mg 1~ l) of low-flow and stagnant
conditions of summer. The higher values (0.020 - 47.0 mg 1~ ) and part
of the variability of ammonium at CP-10, CH-40, CH-20, CY-20 and CY-10 are
almost certainly the result of livestock wastes entering these streams.,
Similarly, the higher average concentrations of NO3 at CP-10, CH~40, CH-20,
CY-20 and CY-10 are probably the product of partial oxidation of N intro-
duced farther upstream. The only stream with municipal sewage loading,
appears to have oxidized most of its nitrogenous load to NO3 before reaching
GR-30. In contrast to the variability of NO3 and NHZ within and between
streams, TON was relatively constant seasonally., Note that TON was under-
estimated by about 407% in the automated Kjeldahl analysis and its true
importance is therefore greater than indicated by the tables and figures.

At stations representative of swamp streams without important immediate
sources of NO3 enrichment (CP-20, CP-14, PM-20 and PM-10), nitrate concen-
trations averaged less than 0.15 mg 171 on an annual basis. These average
values are considerably less than the average concentrations found in bulk
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precipitation in the same area (Table 33). These lower average values in
stream water coupled with the annual removal of 617 of the incoming water by
evapotranspiration (Winner and Simmons 1977) point to an efficient retentive
capacity for NO3 by these watersheds. Ammonium was similarly conserved in
these watersheds, average precipitation and average stream water concentra-
tions being 0.25 mg 171 and 0.15 mg 1~1 or less, respectively. In contrast,
in Grindle Creek, Conetoe Creek and Clayroot Swamp nitrate concentrations
were 3-4 times higher than average concentrations found in precipitation,
suggesting anthropogenic sources and less efficient assimilation by these
channelized streams. Average nitrate values were somewhat lower in Tracey
Swamp compared to the other channelized streams but the values were still
greater than average precipitation concentrations.

With respect to trends within a single stream, definite increases in
nitrate occurred downstream in the channelized streams, Tracey Swamp and
Conetoe Creek, but increases in other streams were not as evident. TFor
example, nitrate concentrations in Grindle Creek appeared to be at steady
state on an annual basis, with its tributaries delivering just as much NO3
as was assimilated during its course such that NO3 remained constant down
the stream (Table 23). Ammonium and total organic nitrogen dynamics within
streams showed no general trends.

The higher levels of inorganic nitrogen in channelized streams, partic-
ularly nitrate, may be attributed to losses of fertilizer from agricultural
fields in the watersheds, to sewage, and to livestock waste inputs. Tracey
Swamp and Conetoe Creek, which have low NHZ levels and thus presumably no
point sources in the form of sewage or livestock wastes, have relatively
large amounts of nitrate, the levels of which increase downstream. Nitrate
inputs to these streams may be largely the result of leaching of agricultural
fields. Gambrell, et al. (1974) studied the loss of nitrogen from fields of
this region (Lenoir and Beaufort Counties, N.C.). They found a 2-year
average annual loss of about 427 of the applied fertilizer nitrogen from a
moderately well-drained soil and about 537 loss from a poorly drained soil.
About 157% of these losses occurred as surface runoff. In the well-~drained
field the remainder was carried away by subsurface runoff or deep groundwater
outflow, whereas in the poorly-drained field about 31% of the applied fertil-
izer nitrogen was probably lost by denitrification and the remaining 54% was
removed by subsurface runoff. O'Rear (1975) and Wingate and Cowles (1976)
also gave evidence that poor farming practices, especially runoff from feed-
lots, was degrading water quality of N,C. Coastal Plain streams by raising
the concentrations of nitrogen, phosphorus, and coliform bacteria. High
inorganic nitrogen concentrations in channelized streams may also be the
result of destruction of the natural swamp floodplain which could strip most
of this nitrogen from the water by denitrification, by transfer to the swamp
vegetation, or by uptake by microorgamisms (Brinson 1977a)., A marsh removed
99% of NO3 + NO7 and 71% of NHZ from sewage within 30 m of the discharge site
(Tilton, Kadlec, and Linde 1977). Patrick, DelLaune, Engler, and Gotoh (1976)
measured denitrification rates of 3.5 kg N ha=l d™1 in soil cores from a
Louisiana freshwater swamp incubated at 30 C. Although this rate would not
be maintained at winter temperatures, it is high compared to the rates at
which N is brought into or lost from watersheds (cf. Table 38 below).
Furthermore, field observations give clear evidence that tilling of former
bottomlands has become common since channelization was performed. No thorough
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study has been performed, but fields now extend down to the spoil piles or
to the very edge of the canal in many places. The loss of a buffer strip

between plowed field and stream allows increased loads of particulates and
nutrients to enter the stream,

Natural streams, in contrast, appear to be dominated by organic forms of
nitrogen when point sources are not important (Table 23). In addition, levels
of total nitrogen are lower in natural streams than in channelized streams.
Greater outputs of nitrogen from channelized streams could have unfavorable
implications for the estuaries downstream, which are typically nitrogen limited.

Phosphorus tended to be significantly more abundant in channelized than
in natural streams (Tables 23, 35). Total phosphorus and its particulate
fraction were more abundant in channelized streams except when the no~flow
data were included in 1975, but filterable reactive~P was more abundant only
in 1976 in channelized streams (Table 35). Omission of no-flow data from the
statistical calculations always improved the level of significance because of
the relatively high concentrations of phosphorus which developed in natural
streams during these stagnant periods (Figs. 17-20).

As with nitrogen, phosphorus concentrations exhibited temporal and spatial
variations in these streams. Filterable reactive-P is undoubtedly the most
biologically and chemically reactive form of P in these waters. Considerable
variability in FRP existed during the year in each of the natural streams, as
evidenced by the large standard deviations compared to the means (Table 23),
although the absolute magnitude of these changes was not great. Well-defined
seasonal changes were not found. 1In natural streams, large amounts of surfaces
for chemical and biological activity are available relative to the volume of
water which flows through per unit time. Furthermore, there is copious organic
matter being decomposed throughout the year in the swamp streams, exerting
demands upon the FRP of the stream (Brinson 1977b). The growth of swamp trees
also constitutes a sink for FRP. The relatively high metabolic rate of the
natural stream floodplain can therefore significantly affect P concentrations
in the water throughout the year (Kitchens, et al. 1975). FRP was higher and
more variable at CP-10 in 1976 than in 1975; ammonium was also higher and more
variable suggesting an increasing influence of livestock wastes., FRP was high-
er but relatively constant in the channelized streams, Tracey Swamp, Conetoe
Creek and Grindle Creek, except for an anomalous high value in Tracey Swamp
in May 1976 which correlated with ammonium, suggesting a point source input,
and high values in Conetoe Creek and Grindle Creek in July 1975 during a
period of high flow. FRP was high and erratic in Clayroot Swamp reflecting
its polluted nature. The pattern of variability about the mean FUP concentra-
titons was similar to that of FRP (Table 23)., Particulate-P, however, varied
much more throughout the year; Grindle Creek was the only stream on which all
stations had coefficient of variations < 1.0 (Table 23). Grindle Creek was
consistently among the most constant in its N and P concentrations, with only
the ammonium concentration at station GR-10 having a coefficient of variation
> 1.0 (Table 23). Particulate-P can exhibit wide ranges in concentration be~-
cause of its presence in algae and bacteria, in soils and sediments which can
be brought into suspension from local fields, roadside ditches, or the stream
channel itself during storm events, or from the stream bottom deposits by
macroorganism activity during stagnant periods.

131




The mean annual concentrations of FRP were lowest (< 0,01 mg l'l) in
Palmetto Swamp and the two unenriched upstream stations on Creeping Swamp
(Table 23). These levels in natural swamp water were far below the mean
annual FRP concentrations in bulk precipitation in the Creeping Swamp water-
shed (Table 33), indicating the great affinity of the watershed for phospho-
rus, . The mean annual concentrations of FUP and PP were substantially higher
than FRP in natural streams without major point sources of phosphorus,
Stations on natural streams below sources of livestock farm drainage (CP-10
and CH-20) had higher mean levels of all forms of P, but especially FRP.

The channelized streams as a class ranged from intermediate mean annual P
concentrations in Tracey Swamp to high concentrations in Clayroot Swamp
(Table 23). The intermediate filterable P levels and ammonium levels of
Conetoe Creek in conjunction with high nitrate levels contrasts with stations
such as CP-10 or CH-20 which have high filterable~P and ammonium concentra-
tions and low nitrate (Table 23). This supports the contention that the
nitrate in Conetoe Creek comes predominately from agricultural fertilizer,
not livestock or municipal wastes. Note that all forms of P in Grindle Creek
tend to decrease downstream whereas nitrate remained constant; therefore P
was either being rapidly immobilized in Grindle Creek, or the tributaries
which contributed water to the main stream were much lower in phosphorus

than Grindle Creek itself.

Silicon and metals, except Fe and Mn, were significantly more concentrated
in channelized streams than in natural streams when total concentrations were
measured in 1975 (Table 35). 1In 1976, when filterable and particulate species
were distinguished, calcium was the only filterable species which was more
abundant whereas particulate Ca, Mg, K, Al, and Si were more abundant in
channelized streams (Table 35). Particulate Fe was also more concentrated
in channelized streams when the no-flow periods of 1976 were not considered.
Neither filterable nor particulate Na differed between the two types of
streams in 1976, These results are similar to those for turbidity (Table 35).

Iron, aluminum, and silicon tended to be closely associated with sus-
pended matter in these streams. An average of about 61-87% of the iron,
38-83% of the aluminum, and 21-637% of the silicon were in particulate form
or were associated with suspended matter (Table 13), but during spates the
particulate fractions often increased to > 907 (Tables 18, 20). Particulate
forms of these elements had positive correlations with turbidity (r Z 0,84)
when all stations, all dates, and all flows were analyzed together (not
shown)., When samples from low flow periods were omitted, even higher correla-
tions between particulate Fe, Al, or Si and turbidity were obtained (r =
0.92 - 1,005 not shown). The concentrations of each of these elements was
highly correlated to the concentrations of the other two, especially in the
channelized streams.

Likely sources of particulate Si and Al are not only the silts and clays
of the stream bed which can be suspended by turbulent stream flow, but also
soil from fields and sediments from graded roads of the watershed which are
washed into the stream during storm periods (Wingate and Cowles 1976). There
were, however, only very weak correlations between stream discharge and the
quantity of suspended matter regardless of whether it was assessed as
turbidity or as elements in particulate form (Tables 8-11). This was unex-
pected in view of the positive relationship between suspended sediment dis-
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charge and water discharge at Creeping Swamp and Palmetto Swamp reported by
Winner and Simmons (1977). Weak correlations are to be expected, however,
if suspended Fe, Si, Al, and turbidity consistently reach peak concentrations
one or more days before maximum stream flow as occurred during the spate
studies (Figs. 33, 34; Tables 18, 20). This surge of turbidity and particu-
late element concentrations probably results from storm surface runoff from
exposed mineral soil in the watershed which passes our sampling stations
before the peak in discharge. Furthermore, mechanisms other than stream
turbulence and surface runoff may also be locally important in causing tur-
bidity. For example, high turbidities and relatively large amounts of sus-
pended iron and phosphorus occurring under no-flow conditions at CP-10 were
probably attributable to roiling of the water by fishes and other macro-
organisms under 1low oxygen stress,

Color tended to be higher in natural streams than in channelized streams
(Table 35)., The difference was significant in 1975 when all cases were
considered, but became less significant when periods of zero discharge were
omitted and still less significant in 1976. The reduction in significance
as zero discharge data are omitted demonstrates that it is the low flow or
stagnant . periods which permit the production or accumulation of organic
color in swamp waters, with the exception of the first flood following leaf-
fall in autumn when natural swamp waters are darkly colored by the labile
components of the fresh-leaf litter (data not shown). The amount of color
(Figs. 9-12), the total organic carbon concentration (Fig. 29), and the
biochemical oxygen demand (Fig., 30) all reflect increased levels of organic
matter in natural streams when flow is low; this tends to be verified by
negative correlations with discharge (Tables 8, 9). Color in natural streams
appears to be primarily humic substances from lowland hardwood areas or
bottomlands. Much of the organic matter may be more refractory to aerobic
utilization than is implied by BOD measurements because BOD is measured under
oxygen concentrations much higher than existed in the stream or stagnant pool
from which the sample was taken. The ultimate fate of this organic matter
is still an open question., In channelized streams, the maximum color levels
were often found during:periods of high discharge (positive correlations;
Tables 10, 11) possibly from the increase in inorganic colloidal particles.
It 1s sometimes clearly provided by pocosin or lowland hardwood forest
drainage (Tracey Swamp) but some of it might arise from other sources such
as sewage (Grindle Creek) or livestock wastes (CP-10). Color showed nega-
tive correlations with dissolved oxygen and positive correlations with
particulate-P and with iron in natural streams (Tables 8, 9). Research is
presently under way to examine possible causal relationships in the P, Fe,
and color distributions of swamp waters of North Carolina as have been
suggested for other systems (Koenings 1977; Koenings and Hooper 1976).

Total iron concentrations in 1975 and filterable iron in 1976 were
significantly more concentrated in natural than in channelized streams (Table
35). Filterable manganese concentrations in 1976 were also higher in
natural streams whereas neither the total Mn in 1975 nor the particulate Fe
or Mn in 1976 differed significantly in concentrations between the two types
of streams. Although the term 'soluble'" has been used synonomously with
"filterable" in regard to metals, it is likely that iron and other metals
may be present predominantly as highly dispersed colloids rather than in
true solution (Stumm and Morgan 1970); colloids may also dominate the
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filterable fraction of phosphorus and may account for much of the natural
color of the water.

The concentrations of Fe increased in natural streams during stagnant
periods (Figs. 25, 26). This may be partially attributed to lower redox
potentials and resulting solution of sedimentary iron as ferrous ion
(Patrick, et al. 1976; Stumm and Morgan 1970), partly to the higher Fe
concentrations in groundwater which makes up the major stream source at this
time (Winner and Simmons- 1977), and partly to complexation which takes place
with certain organic molecules in stagnant, oxygen=-deficient waters (Theis
and Singer 1973, 1974). - The solubility of Mn also increases under reducing
conditions and the similarities between the Mn and the Fe patterns may be
partially attributed to this. Iron concentrations in groundwater are high,
3.5 - 4.6 mg 1=l in water from the Castle Hayne Limestone and 15 mg 1=l in
water from the Yorktown Formation (Winner and Simmons 1977), and influx of
this water is the most likely source of iron into streams of the region.
Deep groundwaters of Pitt Co. generally have Mn-concentrations less than
0.03 mg 1~1 (Sumsion 1970); mean Mn~concentrations in shallow wells in
Creeping Swamp were 0.05 mg 171 and in the water at CP-20 and CP-14 the mean
Mn levels were 0.05 and 0.15 mg 1'1, respectively. Therefore groundwater
does not supply large amounts of Mn to the stream waters.

In summary, there appear to be three main physical factors characteris-
tic of channelizationy which effect water quality. First, the straightening
and clearing of the channel produces higher current velocities which are able
to carry more particulates in suspension, especially during spates. Thus
turbidity, particulate phosphorus, and some particulate metals are higher
in channelized streams than in natural swamps where low current velocities
(0-25 cm/sec) do not entrain many particulates and allow those introduced
by channelized tributaries to settle in the floodplain. Secondly, chan=-
nelized streams penetrate more deeply into the substrata, thus exposing the
stream water to the inorganic subsoil. This exposure and the increased
direct groundwater inputs to channelized streams may explain the increased
levels of soluble sodium, calcium, potassium, conductivity and pH over those
observed in natural streams, ' This is especially evident during the low-flow
summer months when natural swamp streams usually become intermittant but
channelized streams continue to flow. Thirdly, continual flow throughout
the year may explain the higher dissolved oxygen levels found in channelized
streams. These higher D.O. levels may prevent the buildup of Fe and Mn
which occurs in stagnant swamp pools and may contribute to the higher concen-
trations of nitrate found in channelized streams. However, it is also pos-
sible that application of nitrogen fertilizer in channelized stream watersheds
is a more important source of nitrate than the redox state of the stream.

The modification of stream flow by channelization, however, is not the
only factor which will produce effects upon water quality. The major pur-
pose of channelization is reduction of flood damage to agriculture. Several
factors: operate to increase losses of "plant nutrients following channeliza-
tion. First, it encourages cultivation of high value crops on low=lying
lands. These crops orginarily receive more fertilizer per acre than lower
value crops and significantly larger amounts of fertilizer will thus be placed
in close proximity to the stream. Surface and ditch runoff from these fields
will increase turbidities and concentrations of particulate phosphorus and
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particulate Si, Al and Fe, Furthermore, conversion from poorly-drained to
moderately well-drained land reduces the amount of denitrification, permitting
larger amounts of nitrate to enter the stream. Successful cropping of exist-
ing fields at a given elevation will inevitably encourage conversion of exist-
ing bottomland forest to agricultural fields, increasing still more the amounts
of silt and nutrients in the stream. At the same time there will be an equal
reduction in the area of bottomland forest ecosystem available for silt
deposition and nutrient removal., More fields and more field ditches will pro-
duce and transport increased levels of suspended matter to the channel.
Improved farm production calls for more graded roads and more grading of
existing roads, adding still more silt to the water.: Thus the stimulation of
agriculture by channelization will result in increased levels of silt, N, and
P in streams unless specific measures are taken to prevent such changes.

Metabolism and Elemental Cycling within Natural Swamp Streams

The marked seasonal changes in physical and chemical characteristics of
the water in small natural swamp streams at stations above sources of pollu-
tion reflect a high metabolic rate in these bottomland stream systems. The
data permit suggestions regarding the interactions between the nature of the
source water, the amount and timing of organic matter inputs, the coupling
of the terrestrial and the aquatic phases, and the relationships between
biological activity and water quality. The upstream station on Creeping
Swamp (CP-20) and the downstream station on Palmetto Swamp (PM-10) drain
watersheds that are mostly wooded (Table 2); bottomland swamps, mixed forests,
and pine plantations in various stages of the timber cutting cycle, make up
most of the woodland. No large point sources of wastes are known above these
stations and the water chemistry indicates little nutrient input from
agricultural lands of these watersheds.

Two periods of the year can be distinguished in the water quality data.
The first is the cool season, high-flow period which lasts from about
November until May. The stream stage is high enough to inundate the bottom-
land for much of this period especially from late December through early
March. Leaf-fall occurs at the beginning of the period, adding a pulse of
organic matter to the swamp floor. A relatively large initial pulse of
soluble organic matter is leached out (Kaushik and Hynes 19713 McDowell and
Fisher 1976); this soluble carbon may account for slight peaks in color
(Figs. 9-11) and BOD (Fig. 31), but the data on total organic carbon (Fig.
29) are not adequate in November to recognize a pulse of leached organic
matter. Leaves falling directly in the inundated floodplain will rapidly
release highly labile organics which may be readily utilized by stream
microorganisms (McDowell and Fisher 1976). In a channelized stream flood-
plain, the labile organic leachate from fallen leaves is utilized by soil
microbes and the dissolved organic matter which eventually reaches the
stream channel, via runoff or groundwater, is more refractory (McDowell and
Fisher 1976). Therefore a greater proportion of the terrestrial primary
production is transferred to the aquatic food web in a natural swamp than
in a channelized stream. Colonization of the fallen leaves by microbes
(Kaushik and Hynes 1971; Peterson and Cummins 1974) and of the flooded swamp
by fishes and benthic macro-invertebrates (Sniffen, unpubl. data) undoubted-
ly .increases the biomass of decomposers and consumers, but the falling
temperature limits metabolic rates. Reaeration of the stream is improved by
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lower temperatures and turbulence induced by higher stream flow, resulting
in dissolved oxygen levels near saturation (Figs. 9~11) in spite of the
abundant organic matter and decomposer populations. The proportions of
overland runoff to base flow change between frontal rainstorm events, but
the bulk of the stream flow appears to be overland runoff as evidenced by
the lower conductivities (Figs. 9~11) and concentrations of soluble
constituents (Figs. 25, 26). It is also possible that a portion of the
stream discharge is subsurface drainage without the high concentrations of
solutes typical of deeper groundwater. The abundance of oxygen in the water
maintains aerobic conditions in the surface layers of the swamp soil and
stream sediment. The high redox potential from autumn through spring tends
to keep iron in its less soluble oxidized form and therefore associated
primarily with the sediments; its total concentration in the water is low
except when turbidities are high during spates (Figs. 35, 36). Inorganic
nitrogen levels are very low, the NO3 and NHX in the rainwater having been
largely removed for heterotrophic decomposition of the leaf litter (Brinson
1977b;Kaushik and Hynes 1971; Howarth and Fisher 1976), by filamentous algae
in late winter, and perhaps by the abundant adventitious tree roots., How-
ever the ratio of NO3 to NH7 is high when compared to summer ratios. Filter-
able reactive-P levels are also at their lowest levels of the year (Figs. 17-
19) for the same reasons that inorganic N is low (Brimson 1977b, but also
perhaps because of the low solubility of inorganic phosphate salts (Stumm
and Morgan 1970). The organic forms of N and P are also less concentrated
than in summer, but, in view of the higher flow rates of winter, this is
clearly a period of substantial production and release of organic N and P
into the swamp stream in spite of the low temperatures.

The other period of the year which may be distinguished by characteris-
tics of water quality in natural Coastal Plain streams is the warm season,
low-flow period from about May until November. Although the stream stage
may rise, and flooding of the bottomlands may occur following heavy rains
during any month of the summer-fall season, the stream is within its channel
most of the time (Fig. 2). As the stream stage falls in spring, or after a
summer spate, it leaves behind a few shallow, stagnant, water-filled depres-
sions on the flood-plain which slowly dry down. Secondary stream channels
become intermittent as the stream finally drops into its main channel. The
swamp forest floor is drained of water but the water table is not far below
the surface. During periods of drought the stream may cease flowing entirely
and become only a series of stagnant pools in the deepest depressions of the
main channel., Thus, for most of the summer these headwater streams transport
little or no water and the low flows provide almost no physically derived
turbulence, Although much of the organic matter from leaf fall of the pre-
vious autumn has been decomposed (Brinson 1977), there are still abundant
supplies of leaf litter on the swamp floor and in the stream channel.

Because of the low summertime stream discharge, sufficient amounts of this
organic matter enter the stream now to raise the concentrations of total
organic C, color, total organic N, filterable reactive-P, and particulate P
(Figs. 9-11, 29). The fishes, and perhaps some of the macro=invertebrates,
now have available a much narrower stream habitat than during the winter and
their oxygen demand is thereby concentrated within a smaller area; their
excreta is also concentrated. Rising water temperature increases the specific
metabolic rates of all of the biota creating increased oxygen consumption at

a time when oxygen solubility and the reaeration rate have both been lowered.
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Oxygen production by aquatic algae or macrophytes is negligible most of the
time because of low light under the swamp tree canopy. Filamentous algae,
abundant during winter and early spring, decrease in abundance after the
leaves come out on the canopy trees. Brinson (1977a)has suggested that N

and P stored during growth of filamentous algae are now released for utiliza-
tion elsewhere in the ecosystem. The D,0., levels in the stream may approach
undetectable levels (Figs. 9-11) during periods of zero stream flow. During
the summer what flow exists is maintained primarily by groundwater with its
higher concentrations of solutes but lower D.0O, than surface runoff would
have. The higher conductivities and soluble metals (Figs. 9-11, 25, 26)
reflect this larger proportion of base flow, but increases in the concentra-
tion of salts in the groundwater and the stream by transpiration of the

swamp trees may also contribute. The scarcity of oxygen and the lowered
redox potential during summer and fall constitute a prime controlling factor
in the functioning of the swamp stream. It exerts a stress on fishes in the
stream; their rolling at the surface for oxygen roils the water and may be

a major contributor to high turbidities, particulate P, and other particu-
lates during stagnant periods. Their excreta would also tend to accumulate.
Fish kills, however, are not obvious and summer fish populations are general-
ly higher in swamp streams than in channelized streams (Tarplee, et al. 1971).
Fish and crayfish trapped in shallow isolated pools are heavily preyed upon
so that their populations are virtually eliminated before the pools become
completely anaerobic or dry up. Concentrations of iron are high during
summer. All forms of nitrogen and phosphorus are more abundant than in
winter (Figs. 17-19) in spite of the expected demands for these nutrients by
trees during the growing season and the more rapid leaching of nitrate from
soils in winter (Gambrell, et al. 1974). Ammonium concentrations tend to be
much higher than those of nitrate as ammonium excreted by animals or released
by anaetrobic decomposition of organic matter accumulates faster than it can
be utilized or oxidized at the low D.O. levels. Nitrate is not retained by
soils as strongly as ammonium (Gambrell, et al. 1974) and movement of nitrate
into stream channels with groundwater may be important during the summer
period. Not only ammonium, but also the organic forms of N and P reach their
highest levels (Figs. 17-19) and reflect the higher levels of color and total
organic carbon in the stream water. Whether these organic compounds are
actually produced at higher rates under anoxic summer conditions or whether
they are simply not used or flushed away as rapidly by greater stream dis-
charge has not been determined.

Metabolism and Elemental Cycling in Channelized Streams

The results of the present study also bear on some aspects of the
ecological functioning of channelized streams. None of the channelized
streams studied here showed low dissolved oxygen levels in summertime and
therefore redox potential is not major variable controlling the form and
abundance of iron, manganese, nitrogen, carbon, or sulfur in the stream it-
self, Furthermore, the stream is confined to the excavated channel almost
all of the time (Fig. 2). For a given discharge this increases its mean
depth and velocity, decreases its surface area, and largely eliminates its
contact with leaf litter of a forest floor compared to a natural stream.
The channelized streams maintained a certain minimum flow at all times be-
cause of their greater depth relative to the water table., The resultant
constant turbulence, less allochthonous organic matter input from the
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