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ABSTRACT

A freshwater floodplain swamp ecosystem, Creeping Swamp, on the Tower
Coastal Plain of North Carolina was the site of intensive, coordinated
studies of system structure and functioning focused on organic carbon
and phosphorus. The swamp, usually flooded in winter and early spring
by darkly-colored water low in conductivity, pH, and plant nutrients,
supports a typical deciduous hardwood bottomland forest. The investiga-
tions emphasized field measurements of the major compartments and of the
dominant fluxes between these compartments in the natural swamp for two
years. In addition the fluxes of carbon and phosphorus into and out of
the swamp ecosystem were determined and material budgets were constructed.
The abundances of iron and manganese in several physical and chemical forms
in water and soils were also measured.

. "

Most of the organic C in the swamp ecosystem (22 kgem “) was present
in Tiving trees and saplings (63%), and almost all of the remainder occurred
as swamp floor litter, logs, and soil organic matter (to %5 cm_depth).
Annual inputs to the swamp in 1977 amounted to 902 g Cem” yr=1 of which
21% was organic C in stream flows into the swamp and 77% was net primary
productivity of trees, saplings, shrubs, and_herbs., Internal cycling of
organic carbon, amounting to 352 g Cem~ .yr-1, was comprised of litterfall
(77%), macrolitter (17%), and throyghfall and stemflow (6%). Organic C
outputs from the swamp (541 g C-m'zoyr'1)were partly provided by stream
flow (40%) but mostly by Titter respiration when the swamp was not flooded
(45%), by aquatic benthic respiration (8%), water column respiration (5%),
and anaerobic respiration (2%). The swamp exported organic C (about
20 g C-m‘zoyr-1)9 mostly as dissolved and colloidal humic materials.

Most of the phosphorus in the swamp ecosystem (about 39 g P-m'z)
was in the upper 25 cm of soil (86%), with the remainder mostly in above- -
ground vegetation. Annual P input to the ecosystem (1050-1290 mg Pem~Zayr-1)
was carried predominantly by surface waters (94%), with bulk precipitation
delivering the rest. Internal P cycling consisted for the most part in
filterable reactive P uptake from the floodwaters to algae and to the forest
floor, and sedimentation; a substantial portion of this uptake supported
the vegetation cycle from tree roots to canopy to litterfall and throughfall
back to the swamp floor. Much of the particulate P in the floodwaters
sedimented out on the swamp floor. The swamp floor also returned filterable
unreactive P back to the water. There was marked retention of phosphorus
by the swamp resulting in very low P concentrations in the water downstream.

Iron and manganese exist in swamp waters and soils in a large variety
of physical and chemical forms which change in concentration through the
year. Largest amounts were associated with soil particles, next highest
concentrations were in soil pore water, and lowest amounts were in the
swamp floodwaters. Significant positive correlations existed between
particulate P concentrations and unreactive particulate Fe concentrations
in floodwaters.
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SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

Floodplain swamps are closely linked to most Coastal Plain streams.
These swamp ecosystems include not only the structural elements such as
the stream, the swamp forest, the atmosphere, the soil, and the fauna,
but also the functional attributes such as primary productivity and nutrient
cycling. One natural floodplain swamp ecosystem, Creeping Swamp, on the
Tower Coastal Plain of North Carolina, was selected for intensive field
studies of phosphorus and organic carbon as they exist in the structural
matrix and as they cycle into, out of, and within the ecosystem. The
study area, about 3.2 kmZ, supports a deciduous bottomland hardwood forest
which was last cut about 40 years ago. Although flooding may occur after
heavy rains in any season, continuous flooding of the swamp usually occurs
in winter and spring. The flood waters are typically clear, dark-colored,
acid, and low in conductivity and plant nutrients. The studies reported
here show details of swamp structure and functioning through the storages
and processing of organic carbon and of phosphorus. Investigation of the
physical and chemical forms of carbon, phosphorus, iron, and manganese
give insight into the many interactions between the water, the soils, and
the swamp vegetation.

The largest compartments of organic C were the living trees and saplings
(13.8 kg C.m=2) and the litter, logs, and soil organic materials (to 25 cm)
(8.2 kg Cem=2) of the swamp floor. Shrubs, herbs, and algae amounted to
less than 25 g C-m-2. Important processes of organic carbon cycling of
the swamp ecosystem were measured and an annual organic carbon budget was
constructed for calendar year 1977. Major inputs included the organic C
in hydrologic flows from upstream and tributaries (192 g Cem-2.yr=1), from
rainfall (2.4 g Com=2.yr- 1Y, and from net aboveground primary productivity
(706 g C-m"z-yr'1). Net aboveground primary proguct1¥1ty was comprised

-of tree and sapling net productivity (676 g C ? -yr and shrub and
herbaceous plant net productivity (16.7 g Com™%eyr™ ) during the warm season,
and algal net productivity (14.1 g Cem-2.yr-1) during winter and early
spring. Tree and sapling net aboveground Broduct1v1ty was further frac-
tioned into net wood increment (324 g Cem uyr litterfall (272 g
Cem-2eyr=1), macro-litterfall §58 9 g Cem~ yr-1), and net throughfall and
stemflow leaching (20.7 g Cem~ yr"1). Major outputs were organic C in
hydrologic flows of surface water (214 g C-m-2.yr-1) and heterotrophic
respiration (327 g C.m-2.yr-1). Respiration was strongly dependent on
temperature and on extent of flooding, It was partitioned into respiration
in the water column (25.5 g C-m'2~yr‘ ), on the swamp floor when flooded
(45.9 g Cem=2-yr=1) and dry (246 g C-m'é-yr-1), and metabolism under
anaerobic conditions (9.8 g C-m=2.yr-1). Total inputs of organic C to the
ecos stem exceeded total outputs by 361 g Cem=2.yr-1, with all but 38 g

r=! of this in net wood increment. Creeping Swamp was in approxi-
mate ba]ance with regard to detrital flows in 1977 and no peat or large-
scale detritus accumulations were observed.
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Many swamp ecosystems are very productive. Those with water flow
and hydrologic inputs of nutrients from upstream areas, such as small
swamp-streams and larger riverine swamps, may be among the most productive
forested ecosystems, particularly in terms of annual plant litterfall.
Creeping Swamp had intermediate levels of plant biomass and high annual
net primary productivity, compared to other swamps. Compared to upland
forests, however, Creeping Swamp had high biomass and annual net primary
productivity.

Swamps are often areas of detritus and peat accumulation due to
inefficient decomposition under oxygen stress (Given 1975). Oxygen stress
in swamp-streams, such as Creeping Swamp, may not be important due to water
flow and alternating flooded and dry conditions. Leaching and respiratory
outputs balanced inputs of detrital organic carbon to the swamp floor.
There was no apparent accumulation of detrital organic carbon in Creeping
Swamp.

Swamp waters have higher DOC concentrations than do those in upland
watersheds. This is probably the result of increased leaching of plant
detritus due to longer contact times between ground litter and surface
water and increased evapotranspiration in swamps. There was no clear
difference in weighted mean annual DOC concentrations between seven natural
and channelized streams in eastern North Carolina. The important factor
controlling mean annual DOC concentration in these streams may be the
amount of swamp drainage relative to the entire watershed. Streams
draining watersheds with similar fractions of swampland usually have similar
mean annual DOC concentrations.

Watersheds draining swamps export more organic carbon per unit of
runoff than do upland watersheds, apparently due to increased export from
the swamp portion of the watershed. Creeping Swamp itself exported more
organic carbon per unit area than did the watershed drained by it. Swamps
with hydrologic regimes 1involving surface water flow-through are likely
sites of relatively large organic carbon leaching and export.

Most of the export of organic carbon from Creeping Swamp was in the

dissolved form due to Teaching processes and relatively Tow water velocities.

While dissolved organic C (DOC) is not readily utilizable by consumer
organisms, transformation to the particulate state may greatly enhance its
availability. DOC precipitation, while not important in most freshwaters
(Lock and Hynes 1976), has been shown to increase dramatically as fresh-
water and seawater mix in estuaries (Sholkovitz 1976; Gardner and Menzel
1974). DOC export from swamps in coastal areas may be extremely important
in maintaining high estuarine secondary productivity as a result of DOC
precipitation and retention in estuaries.

The two most important compartments with regard to organic C also
contained most of the phosphorus. Most of the P was in the upper 25 cm
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of soil (32-35 g P-m'z)* and in above-ground vegetation (5.5 g P-m'z).
Phothorus was much less abundant in the forest Tlitter layer (370-540 mg
P.m-2) and in floodwaters (0-10 mg P.m=2).

The greatest source of phosphorus to the ecosystem was in surface
water inflow (980-1200 mg_P.m-2.yr-1). Precipitation inputs were relatively
small (60-79 mg Pem-2.yr~1). A hog farm drained by a tributary to the
swamp greatly increased imports of filterable reactive phosphorus (FRP)
and particulate phosphorus. During the two years of study, 22-29 mg
Pem-2.yr-1 was exported by surface waters, giving 30-57% retention of
phosphorus inputs to the swamp. FRP was retained during both years, whereas
small net amounts of filterable unreactive phosphorus (FUP) were exported
from the ecosystem. Imports and exports of particulate phosphorus were
nearly equivalent one year; imports increased by 2.5 times the next year
without significant change in exports, resulting in a large net retention.

Transfers of phosphorus within the ecosystem occurred primarily between
canopy vegetation and the forest floor, and floodwaters and the forest
floor. Annual return of phosphorus from the canopy to the forest floor
(390-480 mg P-m-2.yr=1), in litterfall (313-329 mg Psm-2.yr-1), branch-
fall (22 mg P-m=2.yr-1), and throughfall and stemflow (59-131 mg P.m=2.yr-1),
was similar to average standing stocks of phosphorus in Titter on the
forest floor, indicating a turnover time of about one year for this compon-
ent. On the average, particulate P and FRP moved from floodwaters to the
forest floor (-172 and -710 to -1100 mg P~m‘2-yr-1, respectively), whereas
FUP was released from the forest floor to floodwaters (340 mg Pem-2.yr-1).

Imports and exports due to fertilization (250 mg P-m'z'yr']) and
harvesting of crops (100 mg P-m‘z-yr-1) in the entire watershed over-
whelmed natural imports in precipitation and exports in surface waters,
even though crop lands covered only 25-30% of the watershed. By its
location at the base of the watershed, the swamp floodplain ecosystem
regulated the amount and form of phosphorus Teaving the watershed in
surface waters. Since fluxes of phosphorus to and from the ecosystem were
predominantly hydrologic, they were significantly greater during storm
flow periods. Phosphorus cycling in the swamp floodplain ecosystem was
dominated by large exchanges between floodwaters and the forest floor.

The standing stocks of phosphorus in floodwaters were extremely small
‘compared to annual fluxes to and from this compartment. Measured exchange
rates of both FRP and FUP between the forest floor and floodwaters were
much greater than net fluxes estimated from budget calculations for the
whole ecosystem, implying rapid recycling between the two components.

FRP fluxes at the forest floor-water interface were under considerable
biological influence, especially a filamentous algae bloom during the
flooded season. However, the Tow levels of FRP in the floodwaters and

the strong response of flux rates to FRP increments suggested that the
magnitude of these exchanges were controlled by ambient FRP concentrations.

*Ranges shown in parentheses are values for Water Years 1977 and 1978.
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The forest floor thus appeared to have a high affinity for, and was not
saturated with respect to, phosphorus. Of the phosphorus retained by
the swamp ecosystem, some was stored in above-ground plant biomass. The
remainder may have accumulated in roots or in the soil.

Senescence, death, and decomposition of the algae probably released
the P which had been accumulated from floodwaters to the forest floor and
roots of vascular plants when their nutrient demand was greatest. Canopy
return of phosphorus was roughly equivalent to the average standing stock
of phosphorus in the ground 1itter, implying a one year turnover time of
phosphorus in litter. This short turnover time, the lack of a distinct
fermentation or humus layer in the forest floor, and observed growth of
surface roots into ground litter pointed to tight recycling of vegetation
phosphorus.

Phosphorus cycling in both the Creeping Swamp watershed and in the
floodplain ecosystem was characterized by the net retention of phosphorus
even under the pressure of increased inputs due to hog farm releases.
Movement of phosphorus from the watershed as a whole and from the flood-
plain itself appeared to be hydrologically controlled. Surface water flow
in the watershed and swamp floodplain varied in response to rain storms,
seasonally, and from year to year. Phosphorus transport during storm

~ flow periods was a significant component of total annual fluxes (Kuenzler,

et al. 1977; Yarbro 1979). The particulate phosphorus fraction increased
in concentration during storm flow periods, especially downstream of
agricultrual areas or in channelized tributaries. In the absence of known
pollution inputs, FRP and FUP fractions showed 1ittle change in concentra-
tion during storm flow due to buffering processes in the ecosystem. There-
fore, exports of these fractions were closely related to the total transport
of water. Greatest water exports from the swamp occurred during the winter
and early spring when vegetation was dormant and heterotrophic processes
dominated in the ecosystem. Despite the large surface area of the swamp
forest floor and the Targe volume of water passing through the swamp eco-
system, exports were very Tow under undisturbed conditions.

Runoff from the Creeping Swamp watershed differed by a factor of three
between the two years studied. In spite of greater runoff in the second
year, exports of particulate P remained quite similar to the year before.
Because of its location at the base of the watershed, the swamp ecosystem
may have reduced the effects of erosion (surface water sediment transport)
occurring in agricultrual areas and in channelized streams. FRP exports
dropped dramatically during the year of greater runoff, due to a sharp
decline in inputs from the hog farm. However, FUP exports increased nearly
three times between the two years, suggesting that FUP originated from
leaching processes which were water-volume dependent.

Phosphorus in the swamp waters was quite low in concentration and
predominantly filterable in size, when pollution sources were absent.
Large portions of FRP and FUP were colloidal in size rather than truly
dissolved.
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Phosphorus c$cling in Creeping Swamp was similar to that of other
wetlands in two basic respects: the greatest storage of phosphorus was
in the sediments, and fluxes and exports were closely linked with water
movement. The accumulation of phosphorus by Creeping Swamp floodplain
ecosystem was similar to values measured in other wetlands with the excep-
tion of brackish and saline marshes. Net accumulation of phosphorus by the
swamp suggests that the ecosystem is accreting in biomass and thus is not
in steady state and the youth of the swamp forest (40-50 years) lends
support to this conclusion. More precise assessment of phosphorus accumuia-
tion by the ecosystem awaits measurements with less experimental error
and better understanding of effects of annual variations in the hydrological
budget.

‘When the pathways of phosphorus and organic carbon cycling in Creeping
Swamp are compared, several striking differences are evident. In stream
waters, organic carbon was primarily in dissolved form (85-98% of total
organic carbon, TOC) (MuTholland 1979). Particulate phosphorus concentra-
tions, on the other hand, tended to be the Targest fractions in stream
waters. TOC:TP ratios (by atoms) in stream waters averaged 1400:1 and
1140:1 in 1976 and 1977, respectively, with maximum ratios in TB~03 and
TB-07 waters (1830-3090:1) and minimum ratios in TB-02 waters (41-52:1).
These large ratios, with the exception of those found at TB-02, suggest
that the swamp ecosystem is severely phosphorus limited, especially with
respect to utilization of hydrologic organic carbon.

Inputs of carbon to the swamp were in atmospheric (78%) and hydrologic
(22%) forms, whereas hydrologic inputs were the sole source of phosphorus
to the ecosystem. When hydrologic inputs and outputs are compared, the
swamp ecosystem exported net amounts of organic carbon {(Mulholland 1979).
This was reflected in the increase in annual weighted mean concentrations
of organic carbon from CP-20 to CP-10 and in the change in the C:P ratios
in hydrologic inputs (500:1) to hydrologic outputs (740:1). When atmos-
pheric inputs of carbon are included in the ecosystem carbon budget, the
uptake of carbon in net primary productivity resulted in a large net
increase in carbon in the ecosystem. Within the ecosystem, the ratio
of carbon to phosphorus in litterfall (2240:1), branch-fall (6920:1),
throughfall and stemflow (881:1), reflects the phosphorus economy of the
- swamp biota.

Iron and manganese in natural swamp water and soil were separated
analytically into a number of chemical and physical forms. Not only did
the total concentrations in the water change before and during the annual
period of flooding but the proportions of the various forms also changed.
High levels of Fe and Mn were found in stagnant pools in the stream channel
in October prior to fall flooding. Particulate and colloidal Fe and Mn
were usually dominant in these pools, with crystalline mineral and reduc-
ible forms being most important. The first flcod in November brought
still higher levels of particulate Fe and Mn strongly dominated by the
crystalline mineral forms. During the period of nearly constant swamp
flooding (December-April) particulate Fe and Mn concentrations were lower
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and variable, but were predominantly crystalline in form. Colloidal and
dialyzable ferric iron were of similar importance, but colloidal unreactive
ferrous iron and dialyzable Mn were more important than dialyzable ferrous
iron and colloidal Mn, respectively, during the flood season.

The colloidal and dialyzable iron in swamp water which reacted with
batho?henanthroline was entirely ferric and seldom exceeded 0.10 mg o4
Fe«1-!. Iron in soil pore water, however, had 2-15 times as much Fe“ as
Fe3*, reaching concentrations as high as 2.0 mg Fe:1-1. Even the BPN-
reactive Fe3* was always at least 0.1 mg Fe-1-!, and thus usually at a
higher concentration than occurred in the overlying water.

The iron associated with swamp soils was mostly in crystalline mineral
form; this form usually increased with depth in the soil. Next in impor-
tance were reducible iron oxides which, however, generally decreased in
concentration with depth. Highest concentrations of soil Mn were found
in exchangeable and reducible forms in the leaf litter layer. At greater
depths in the soil crystalline Mn usually was most important. The presence
of both oxidized and reduced forms of iron in the soil is probably a
consequence of non-equilibrium conditions in the soil whereby redox potential
varies markedly over short distances.

Particulate P concentrations were positively correlated with unreactive
particulate Fe2* and Fe3* concentrations in floodwaters suggesting co-
precipitation or complexation of P with Fe on particulates. Other correla-
tions between reactive forms of P and Fe, Mn, and organic C were not signi-
ficant, suggesting that experimental studies are necessary to elucidate
these interactions.

Recommendations

Based upon our investigations and upon studies of other wetland
ecosystems we make the following recommendations:

1. The State of North Carolina should commit itself to protection of
floodplain swamp ecosystems along its rivers and streams. The natural
functioning of these floodplain systems provides real values in terms
of hydrology, sediment control, reduction of excessive plant nutrients,
production of particular timber species, nursery areas for fish, and
outdoor recreation. A previous study (Kuenzler, et al. 1977) demon-
strated the controls which swamp ecosystems have upon water quality.
The high level of productivity demonstrated in the present study, and
in particular the magnitude of organic carbon flux through the leaf-
litter-detritus pathway, suggests a very important food base for swamp
fishes and other wildlife. The remarkable ability of the flooded
swamp ecosystem to transfer phosphate from the water to the soil has
significant implications for water quality not only in the stream but
also in our estuaries. Increased loadings of phosphate and nitrate
into the Chowan River over the past one or two decades has resulted
in massive algal blooms. Increased inputs from industry, from municipal
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sewage, and from intensified agriculture and Tivestock operations

have contributed phosphate and nitrate at the same time that stream
channelization and swamp forest destruction have markedly weakened

the ability of the watershed to remove these plant nutrients. Protection
of the floodplain swamp ecosystem is compatable with numerous non-des-
tructive uses of the resource. For example, timber harvest can continue;
in fact, selective cutting would probably improve the quality of the
timber stand in many places. Fishing and hunting are also compatable
uses of this wetland system. Small floodplain swamps would serve for
educational field trips for public school children to demonstrate many
facets of Coastal Plain geology, stream hydrology, natural history,

water quality, and land use management.

The recent slow~down in stream channelization projects in North
Carolina is consistent with protection of floodplain swamps. However,
reduction in the rate of swamp drainage does not conserve these valuable
wetlands; it only postpones the date at which all are destroyed. The
swamps which border first-, second-, and third-order streams in the
headwaters of each river system are particularly worthy of preservation
because they set the initial water quality and because they are so
extensive relative to the volume flow. Destruction of these swamps

by drainage should not be permitted to continue. In addition, very
large tracts of pocosin which feed many Lower Coastal Plain streams
should be left in their natural state; management practices should

be instituted for all drained pocosins that insure continued high

water quality.

Although the natural swamp system has the ability to reduce markedly
Tevels of suspended matter, phosphate, and nitrate, there are limits

to the Toadings which may be accommodated without impairing water
quality or damaging the natural system. It would be appropriate to
determine experimentally the loadings which the swamp system can
assimilate. Until such a study is performed, however, nutrients and
suspended matter from runoff and from point sources should be monitored
and, if necessary, controlled. Such a study would bear directly upon
the feasibility of using North Carolina swamplands for tertiary treat-
ment of sewage or other wastes.

Two additional research programs seem appropriate at this time. The
first would be preliminary assessment of the functioning of natural
pocosin ecosystems in eastern North Carolina. These pocosins constituted
the largest tracts of wetlands in North Carolina in 1962 (Wilson 1962)
and certainly are still an important factor in water quality and the
direction of land development in that part of the state. The functional
aspects to be studied should include hydrology, productivity, and
nutrient cycling. Desirable experimental studies of the system include
manipulation of drainage, of fire, and of nutrient (i.e., waste) ’
loadings.
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A second research program would Tink land use, swamp functioning,
and estuarine water quality. It appears that intensive agricultural
activity, swamp drainage and conversion, and eutrophication of tidal
rivers and estuaries in recent years are related. Such an investigation
would be of major value to state and federal resource management agencies.
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1. INTRODUCTION

General

Scientists and resource managers recognize the importance of fresh-
water wetlands because of their high levels of primary productivity, their
contributions to water quality, their recreational potential, their refuge
values for endangered species, and their indispensibility as nursery
grounds for certain fishes (e.g., Wharton 1970; Anonymous 1976; Brinson
1976). Unfortunately the data base on ecological functioning of swamp
systems is limited and consequently understanding is often insufficient
to permit accurate prediction of the environmental impacts resulting from
modification of existing swamps. For example, Rulison and Martin (1972)
evaluated twelve flood control and drainage projects in hardwood bottomlands
in coastal North Carolina and South Carolina, including analysis of the
benefit/cost procedures employed. They found that the deleterious effects
of stream channelization upon water quality, such as increased concentra-
tions of nitrogen, phosphorus, pesticides, other agricultural chemicals,
and silt, were not included in the pre-channelization benefit/cost projec-
tions. The Soil Conservation Service and the Corps of Engineers have in
the past not sufficiently considered the value of swamps as determiners
of water quality because the ecological and chemical data base was insuf-
ficient for accurate assessment.

Floodplain swamps occur in lowlands that border streams or rivers which
seasonally inundate them. In 1960 they covered about 1.860 km? in North
Carolina, mostly within 160 km of the coast (Wilson 1962). The dominant
trees are mostly broadleaved deciduous species such as red maple, river
birch, tupelo, sycamore, willow, ironwood, sweet gum, black gum, oaks,
and hickories (Wells 1928; Oosting 1942); cypress may alsg be found.

Pocosins are even more extensive, covering about 9,160 kmZ in North Carolina
in 1960. Although often considered wastelands because of their thin stands
of merchantable timber, their impenetrable brush, and their boggy soils,
pocosins comprise the headwater drainages of a very large portion of

North Carolina's Coastal Plain streams and therefore are prime determinants
of the natural flow regime and of several important water quality parameters,
such as pH, color, and plant nutrient concentrations. Floodplain swamp

and pocosin area has decreased markedly since Wilson {(1962) published his-
report through modification, damage, and outright conversion, mostly

because of their timber and agricultural potential. Clearing, drainage,
stream channelization, grazing of livestock, and introduction of pollutants
have adversely affected the flora and fauna of large tracts throughout

the Southeast.

Background

. The research reported here was initiated because of the scarcity of
information about the functioning of small floodplain swamp ecosystems.
It built upon studies of water quality of Creeping Swamp, two other natural



streams, and four channelized streams (Kuenzler, et al. 1977). That study
showed substantial differences between natural and channelized streams in
amount of color, turbidity, conductivity, and nitrate-nitrogen. Color was
about three times higher in natural streams than in channelized streams,
with the exception of Tracey Swamp which received substantial pocosin
drainage. The higher turbidities in channelized streams were attributed

to scouring of the stream bed, and the higher conductivities to a larger
proportion of ground water relative to surface runoff. Part of the increase
in nitrate and nitrite may be attributable to runoff from fertilized-
agricultural fields, but part of it results from lack of swamp forest - _
along the channelized streams as a sink for nitrogen. There were very low
levels of dissolved oxygen and high levels of color, organic-N, and
ammonium~N during summer in natural streams. Nitrate and soluble-P levels
did not show marked seasonal changes, although particulate-P exhibited
pulses during summer periods of stagnation. Iron concentrations sometimes
exceeded 3 mgol‘] and manganese exceeded 0.3 mg-1-1 in summer and fall in
Creeping Swamp; levels of Fe and Mn were about one-tenth as high in winter.
Positive correlations indicate a possible coupling between iron, manganese,
and organic carbon. Even in summer, however, iron concentrations in swamp
water were lower than in groundwater of the surface sediments (unpublished
data). Present research focused upon the abundance and cycling of carbon
and phosphorus ‘and to a Tesser extent iron and manganese in a defined
segment of Creeping Swamp. The availability of continuous stream-flow data
for Creeping Swamp from the U.S. Geological Survey permitted calculation
of hydrologic inputs to and outputs from the swamp system,

“Wetland hydrology

The hydrologic regime of wetlands can be separated into four .components
(Gosselink and Turner 1978): 1) the amount and source of water introduced
to the wetland ecosystem; 2) the periodicity and timing of water inputs;

3) the flushing rate or rate of flow-through of water in the wetland and;
4) the effects of the biota. Water entering a wetland may come from a
number of sources: precipitation, groundwater influx, stream flow,and
tidal fluctuations. Water may leave a wetland as vapor, streamwater,
groundwater, or on ebbing tides.

Wetlands with the most restricted hydrologic regimes are ombrotrophic
(meaning "rain-fed") bogs which, by their massive peat accumulations
and/or the presence of .an impervious lens in the underlying sediments, are
isolated from groundwaters and which receive no upland surface drainage.
Typical examples include the Sphagnum bogs of the northern latitudes
(Heinselman 1970; Moor and Bellamy 1974), the pocosins (meaning "bog on
a hill") of the southeastern United States and more broadly the Okefenokee
Swamp of Georgia (Schlesinger 1978). In bogs, the timing of precipitation
and thus nutrient inputs is dependent on seasonal variations. The flushing
rate of water in these ecosystems is very low, most water movement being
vertical in response to precipitation inputs and evapotranspiration
processes. The restricted drainage of these systems maintains anaerobic
conditions in the sediments which slows decomposition processes. Low




rates of decomposition coupled with restricted nutrient inputs result
in greater peat accumulation which further isolates the ecosystem from
groundwaters (Heinselman 1970).

Some bogs maintain contact with mineral-bearing groundwaters; these
ecosystems are called fens and are characterized by a more diverse biota
which have significantly higher concentrations of nitrogen and phosphorus
in their tissues (Richardson, et al. 1978). The relative inputs of water
and minerals in precipitation and groundwaters are variable but groundwater
inputs are significant with respect to nutrient fluxes. The periodicity
and timing of aqueous fluxes and hydrologic residence times are similar to
those of bogs (Heinselman 1970).

Swamps and marshes adjacent to and drained by surface waters such as
streams, rivers, and estuaries are next in the series of wetland types
having more open hydrologic regimes. These two ecosystem types are easily
differentiated by vegetation: swamps are woocded ecosystems while marshes
are covered with non-woody vegetation such as grasses, sedges or other
aquatic vascular plants. 1In these systems, precipitation and groundwater
inputs of water and nutrients may still be significant; however, these
ecosystems are periodically flooded and then drained by surface waters.
The flux of nutrients as a result of inundation plays a significant role
in nutrient cycling in swamps and marshes. The timing of inundation in
relation to the growing season, the energy associated with flood and tidal
waters (i.e., the erosion potential), the duration of inundation and the
rate of flow through swamps and marshes affect the input, retention and
export of nutrients. In addition, the sediments may be an important
nutrient reservoir for these ecosystems.

Swamps adjacent to large sediment-bearing rivers are often separated
from these rivers by levees and are subjected to sporadic.flooding by
riverwaters and to long periods of stagnation (Butler 1975; Day, et al.
19763 Brinson 1977; Holmes 1977; Mitsch, et al. 1977; Kemp 1978). Swamps
adjacent to rivers and streams draining the Atlantic Coastal Plain are
bounded by small levees, or none at all, and are typically flowing-water
systems when inundated (Kitchens, et al. 1975; Boyt 1976; Boyt, et al.
1977; Kuenzler, et al. 1977). Creeping Swamp is typical of this kind of

~swamp and has an annual cycle of cool season inundation followed by draw-
down in the growing season which is due to enhanced evapotranspiration.

Finally, there is a group of Southeastern swamp ecosystems which have
certain characteristics of northern wooded bogs. These are the cypress
domes of Florida (Odum and Ewel 1976, 1978), the Okefenokee Swamp of
Georgia (Rykiel 1977; Schlesinger 1976, 1978) and the Great Dismal Swamp
in North Carolina and Virginia (Whitehead 1972; Day 1978). These are
chiefly rain-fed ecosystems having little contact with mineral substrata
and with either restricted drainage (cypress domes) or slow-flowing streams
draining the edges of the swamp (Okefenokee and Great Dismal Swamps). The
flushing rate of these systems is Tow with relatively long residence times
for surface waters.



Organic carbon fluxes

Carbon flow through an ecosystem is basic to its functioning, and
measurements of this flow are fundamental to understanding the ecosystem.
To date there have been few compiete energy or organic material budgets
for whole ecosystems. Budgets of organic carbon and energy have been
constructed for a small lake (Rich and Wetzel 1972; Wetzel and Otsuki
1974), a woodland stream (Fisher and Likens 1973), salt marshes (Teal 1962;
Day, et al. 1973; Nixon and Oviatt 1973), and a mangrove forest (Golley,
et al. 1962), but until now no budget of organic carbon or energy has
been made for a freshwater swamp ecosystem. The role of allochthonous
organic material as a major energy input to woodland streams has been
confirmed (Nelson and Scott 1962; Minshall 1967; Fisher and Likens 1973).
Because of shading by trees and the amount of organic matter introduced
by the forest, forest streams tend to be heterotrophic, as found by
Hoskin (1959) and Hall (1971). Recent papers have demonstrated the impor-
tance of decomposing leaf litter in the energy budgets of temperate streams

(Gosz, et al. 1972, 1973; Cummins, et al. 1973; Fisher and Likens 1973) and

in tropical mangrove swamps (Heald 1969; Odum 1970). Investigations
concerning the biological processing of this organic input have been
undertaken (Kaushik and Hynes 1971; Cummins, et al. 1973; Suberkropp, et al.
1976; Triska and Sedell 1976).

Swamps are among the most productive of ecosystems (Rodin, et al.
1975); this productivity has been attributed to abundant water and nutrients
and relatively warm temperatures. The abundance of water and the warm
temperatures of the Southeast are evident. That nutrients are plentiful
has not been demonstrated; the mechanisms by which they are accumulated and
conserved are not understood. In view of the Targe soil surface in contact
with the water when Creeping Swamp is flooded, and the many possible
chemical and biological transformations which nutrients may undergo, this
study emphasizes the interactions between the water and the benthic systems.

Bottomland hardwood forests adjacent to small streams in the Southeast
are seasonally flooded by darkly colored, clear waters. Greatest stream
flow and consequent inundation of the floodplain occur during the cool
season when forest trees are dormant and when Tow water temperatures may
restrict metabolic activities of microorganisms living on the forest floor
(Kuenzler, et al. 1977). Inundation of the floodplain greatly enhances
the ratio of surface area to water volume in the swamp; the presence of a
leaf-litter layer on the floodplain probably increases contact between water
and potentially reactive sites. The above conditions suggest that materials
may be leached or exported from the swamp during this period when stream
discharge is greatest. However, an earlier study demonstrated that Creeping
Swamp was retaining relatively large proportions of total nitrogen and
phosphorus introduced by atmospheric precipitation and surface runoff
(Kuenzter, et al. 1977). Moreover, despite extensive agricultural and
timbering activities on land bordering the swamp, only Tow levels of
minerals were brought into the swamp by streamflow. These findings sug-
gested that the swamp had an effective conservation mechanism for nutrients
vital to plant and animal growth. Considering the large surface area of



the swamp floodplain which is exposed to floodwaters during the cool
season, exchange processes at the swamp forest floor-water interface may
be responsible for the removal and retention of phosphorus from incoming
floodwaters.

Phbsphorus

Studies on phosphorus cycling in upland forested watersheds have been
many and varied. The most comprehensive include studies on the Hubbard
Brook Experimental Forest (Hobbie and Likens 1973; Gosz, et al. 1976)
and on a temperate forest in Belgium (Duvigneaud and Denaeyer-de-Smet
1970). Fewer reports on phosphorus cycling in freshwater swamps are
available (Odum and Ewell 1976, 1978; Brinson 1977). Phosphorus dynamics
were studied in and around the forest floor of two temperate forests
(Reiners and Reiners 1970; Gosz, et al. 1976).

The sources of phosphorus to wetland ecosystems may be in atmospheric
precipitation, ground water inflow, surface water inputs, and tidal fluc-
tuations. Large reservoirs of phosphorus may be located in the sediments
of the ecosystems. The amount of phosphorus received by a wetland depends
on the hydrologic regime, the geology of the underlying sediments or of
the upstream drainage system and the activities of man.

With respect to phosphorus cycling, freshwater swamps can be divided
into three types: 1) bog-like, primarily rainfed ecosystems; 2) ecosystems
flooded and drained by clear, often darkly-colored stream waters and;

3) swamps exposed to turbid, sediment-carrying floodwaters of rivers.
Bog-1ike ecosystems include the Okefenokee Swamp, the Great Dismal Swamp

and the Florida cypress domes. Little quantitative work has been done

on phosphorus fluxes in the Okefenokee and Great Dismal Swamps although

some intrasystem processes have been quantified in both systems (Schlesinger
1976, 1978; Day 1978). These ecosystems are relatively mature and probably
function in a manner similar to ombrotrophic bogs with respect to phosphorus
cycling. Odum and Ewel (1976, 1978) are conducting a long term study on
potential use of cypress domes for water and nutrient management. Pre-
Timinary results indicate that, of the phosphorus added to these ecosystems
in sewage effluent, 60% was lost from the ecosystem by overfiow or ground
water infiltration. Initially, most of the phosphorus was taken up by
duckweed; this was particularly true during Tate summer. In a natural
cypress dome, the ecosystem appeared to be in steady state with respect

to phosphorus fluxes. The long term phosphorus assimilative capacity of
these ecosystems has not yet been assessed.

Swamps adjacent to clear or darkiy-colored stream waters have received
Tittle attention until recently. Kitchens, et al. (1975) found a consider-
able reduction of phosphorus concentrations in river water flowing through
the Santee River swamp over a three month period in the winter. Observations
over an annual cycle were not made; the data, therefore, were not conclusive.
Kuenzler, et al. (1977) found that natural swamp stream ecosystems, including
Creeping Swamp, in the North Carolina Coastal Plain, retained relatively




large amounts of phosphorus even when enhanced inputs occurred. Nessel
(1978) found that the Waldo cypress strand in Florida retained up to 76%
of the phosphorus brought in by polluted stream waters. Contributions

by sediments were not assessed. Like other Florida wetland ecosystems,
concentrations of phosphorus remained high in surface waters. Boyt (1976)
found that a hardwood swamp in Florida exposed to sewage effluent reduced
stream water phosphorus levels to lower values (0.13 mg-1-!) than concen-
trations found in stream waters (0.27 mge1-1) Teaving a nearby unpolluted
swamp. The fate of the assimilated phosphorus was not known; there was
no evidence of a greater buildup of phosphorus in the sediments of the
polluted swamp (Boyt, et al. 1977). A swamp in the Northwest Territories
of Canad? reduced phosphorus concentrations in sewage effluent from

11 mg+1~" to 0.25 mg-1-1, a 97% decrease (Hartland-Rowe and Wright 1975).
It was suggested that most of the phosphorus removed by this ecosystem
occurred as a result of increased primary production.

These floodplain swamps are typically not separated from stream
channels by levees and are lotic systems when inundated. The rivers
that feed these swamps carry little or no sediment and have very low con-
~ centrations of dissolved phosphorus under natural conditions. Therefore,

fluxes of phosphorus in and out of these ecosystems are typically Tow.

The significance of ground water inputs to these ecosystems has not been
evaluated. These preliminary studies suggest that lotic, floodplain
swamps may have relatively large assimilative capacities for phosphorus.
The lotic character of these ecosystems when inundated and seasonal drying
of the floodplain may contribute to phosphorus retention.

Although climatic effects on ecosystem biogeochemistry cannot be
separated from hydrologic or biolcgic controls, a distinction is made
here so that the relationship among these factors can be discussed. In
temperate to subtropical marshes and swamps, such as Creeping Swamp,
primary production occurs predominately during the warm season, but
heterotrophic activities continue year-round and are probably strongly
related to temperature fluctuations. These ecosystems typically remove
phosphorus from incoming waters during winter and early spring and may
release phosphorus in the growing season if hydrologic exports occur
(ELE}, Bender and Correll 1974; Kitchens, et al. 1975; Axelrad, et al.
1976).

In addition to seasonal changes in primary productivity and hetero-
trophy, the maturity of the biotic community of a swamp may also influence
the biogeochemistry of the ecosystem. Vitousek (1977) and Vitousek and
Reiners (1975) have shown that communities which are increasing in biomass
tend to retain nutrients within the ecosystem whereas mature communities
which are at steady-state with respect to biomass also tend to be at
equilibrium with respect to nutrient inputs and outputs. Creeping Swamp
was cut-over 40-50 years ago and the forest probably remains in a suc-
cessional state. The swamp forest, then, may be contributing to the
- phosphorus economy of the ecosystem by storing phosphorus in incrementing
biomass.




In summary, swamp phosphorus biogeochemistry is the manifestation
of complex interactions among the biota, climate, levels and sources of
inputs and storages of phosphorus, the hydrology and, more recently, the
influence of humankind. Few wetlands exist today whose nutrient and
hydrologic regimes have not been drastically modified by human activities.
For the most part, these changes were made with no understanding of the
processes affected. To preserve or utilize wetlands most wisely, we must
understand how they function. :

Mortimer (1941, 1942) found that redox potential of the sediment-
water interface of lakes determined the phosphorus release from sediments.
Under anaerobic conditions phosphorus is generally released from sediments
to the water. The actual mechanism is not understood but hydrodynamics,
molecular diffusion, the oxidation state of iron, adsorption to clays,
and complexation reactions aré believed to be important (Lee 1970; Stumm
and Morgan 1970; Syers, et al. 1973). The relationship between iron and
phosphorus mobility, in conjunction with components of sediments, suggests
that a complex, consisting of hydrated iron oxides, organic compounds,
aluminum, and silicates, may be the phosphate adsorbent (Mortimer 1971,
Shukla, et al. 1971; Williams, et al. 1971). The adsorbing character of
this complex is postulated to change under anaerobic conditions because ,
of changes in the iron oxidation state, thus reducing the effectiveness of
the complex in holding phosphorus in the sediments. Brinson (1976) has
shown that freshly-fallen leaves in an alluvial swamp accumulate P and Fe
during the first winter but begin to release it after 24 weeks. Under
stagnant, low dissolved-oxygen conditions phosphorus concentrations increase
in isolated pools on the swamp floodplain (Kuenzler, et al. 1977),

Plants take part in the phosphorus dynamics of the land-water interface
in several ways. Shallow roots and adventitious roots growing from lenticels
on the trunks of certain trees (Hook, et al. 1970, 1971) -take up phosphorus
from the soil surface, including the litter layer, and from the water.
Bryophytes and algae, particularly the early spring bloom of filamentous
desmids and green algae, also contribute to phosphorus uptake from the
water and soil surface.

Organic carbon, phosphorus and iron interactions

Much of the dissolved organic matter in natural waters consists of
complex, heterogenous, brown or yellow acidic polymers formed, at least
in part, during the decomposition of lignin and simpler organic molecules
and collectively known as humic matter (Christman and Ghassemi 1966,
Jackson 1975). Dissolved humic matter has traditionally been divided into
fulvic acid and humic acid fractions. Fulvic acid, the humic fraction
remaining in solution at a pH of about 2.2, consists of smaller, less
complex molecules and may represent younger, less-aged humic matter. Most
of the humic matter in flowing waters is fulvic acid (Reuter and Perdue
19725 Jackson 1975).



Humic matter plays an important role in determining the concentrations
of various elements in rivers and streams. Dissolved and colloidal humic
matter has been shown to form complexes with a number of elements, parti-
cularly the divalent and trivalent metals, in soils and sediments (Hodgson,
et al. 1966; Schnitzer 1969) and in surface waters (Shapiro 1964; Ghassemi
and Christman 1968; Reuter and Perdue 1972; Ramamoorthy and Kushner 1975;
Koenings 1976; Benes, et al. 1976; Wilson and Kinney 1977; Giesy and Briese
1978). Interactions between humics and iron have been particularly well
documented. Schnitzer (1969) reported Fe*3 and A1+3 were more strongly
complexed by soil humics than nine divalent metals studied, and Ghassemi
and Christman (1968) found humic-iron interactions to be pH dependent
with minimum association in the pH range 7-8. Theis and Singer (1974)
have shown that appreciable quantities of ferrous iron could be maintained
in aerobic aquatic systems due to complexation by organic matter.

Interactions between organic matter, iron, aluminum, and phosphorus
have been reported in organic soils and sediments. Although an early inves-
tigation (Bradley and Sieling 1953) indicated that organic matter inhibited
phosphate adsorption and precipitation by iron and aluminum compounds in
soils, more recent investigators have attributed to organic matter a posi-
tive effect on phosphorus adsorption. Levesque and Schnitzer (1967)
reported a close relationship between aluminum, iron, phosphorus and
organic matter in soils, with phosphorus complexed to soil fulvic acid
via the metal. Jackson and Schindler (1975) demonstrated a similar associa-
tion for lake sediment systems. Humic-metal-phosphorus associations have
been proposed for surface waters as well (Jackson 1975). However, Koenings
and Hooper (1976) found that colloidal organic matter (0.0048 - 0.45 um)
partially inhibited phosphate adsorption to colloidal ferric oxyhydroxides
in a humic-rich acid bog lake. They attributed this to reduced formation
of colloidal ferric oxyhydroxides, the principal phosphate adsorbing
compound, due to increased scavenging of ferric jons by colloidal organic
matter. It is yet unclear whether organic matter in most soil, sediment,
and surface water systems inhibits phosphorus adsorption by inhibiting forma-
tion of amorphous iron and aluminum compounds or whether it enhances metal-
phosphorus association by increasing metal availability through formation of
humic-metal complexes.

Humic-metal interactions may be particularly important in controlling
the chemistry of Coastal Plain rivers and streams in the southeastern
United States. Surface waters here are typically rich in dissolved humic
matter and poor in the inorganic 18ns dominating the chemistry of most
other waters (Nat, Ca*2, C1-, S047¢). Relatively high concentrations of
iron and aluminum measured in some rivers and streams in Georgia have been
attributed to complexation by fulvic acids (Beck, et al. 1974). The high
organic/inorganic ratios, low ionic strength, and the low pH of these
waters appear to be characteristics which may fundamentally differentiate
water chemistry of the world's poorly drained lowland rivers and streams
from those of the upland.




Description of the study area

The Creeping Swamp watershed is located in the Coastal Plain province
of North Carolina in Pitt, Beaufort, and Craven Counties (Fig. 1). The
main stream channel of the swamp separates Pitt County from Beaufort and
Craven Counties. The watershed covers 80 kmZ, of which approximately 10%
is floodplain swamp. Elevations in the watershed vary from 6-18 meters
above sea level and slopes are slight (Winner and Simmons 1977). Within '
the study area (see below) elevations ranged from 6-10 meters and the slope.
of the stream channel averaged 0.06% or 0.6 m per km (Kuenzler, et al. ‘
1977). The climate is subtropical and moist with cool winters, warm
summers and moderate precipitation which is relatively_constant throughout
the year (Sumsion 1970). Rainfall averages 122 cmeyr-1 with a slight
seasonal maximum during summer. The annual mean temperature is 17 C with
a summer maximum of 39 € and winter minimum of -9 C. The average range is
4.5 to 24 C (Sumsion 1970). Relative humidities are high, seldom dropping
below 50%.

The watershed is drained by a small stream, Creeping Swamp, which runs
through a forested floodplain of the same name. A portion of the wetland-
stream system about 8.2 km long and 3.2 km? in area between State Highways
102 and 43 was selected as the intensive study area (Fig. 2). Floodplain
width varied from about 100 to 500 m.

The drainage of Creeping Swamp begins in perched upland pocosins,
some of which have been cleared. Within the study area, the main stream
is at least -third order with several first or second order. tributaries;
it 1s seasonally intermittent as well. Highest flows in the stream and
maximal inundation of the floodplain occur during winter and]ear1y spring;
depths reach 1 m and velocities are usually 0.05-0.15 mesec™ . Discharge
from the swamp varies widely depending on rainfall during the flooded
season and is dominated by storm flow periods (Kuenzler, et al. 1977); even
then, however, velocities seldom exceed 0.25 mesec~!. In the spring, water
levels in the swamp gradually decrease due to increased plant transpiration
in the watershed and within the swamp itself. By mid-May to June, water
usually remains only in the stream channel and the floodplain is dry.
As summer progresses, the stream usually becomes intermittent and often
by mid-October the only surface water in the swamp is in widely spaced
pools in the stream channel. With leaf-fall and cessation of transpira-
tion, rains replenish the groundwater until stream flow resumes (late
November - early December) and inundation of the floodplain occurs (mid
to late December). At any time during the growing season, very heavy or
prolonged rains may result in short-term inundation of the floodplain.
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Winner and Simmons (1977) constructed a hydrologic budget for Creeping
Swamp watershed. - The sole source of water is precipitation; deep ground-
water input is probably very small because aquifer boundaries coincide
with watershed drainage boundaries. Of the incoming precipitation, 37%
leaves the watershed as stream runoff and an estimated 2% as deep ground-
water loss. The remaining 61%, estimated by difference, is attributable
to loss as evapotranspiration from the watershed. In view of the relatively
uniform precipitation throughout the year, the influence of evapotrans-
piration on watershed hydrology and thus on water-borne transport of
materials is of major proportions and may be a controlling variable of

the flux of materials out of the watershed.

Creeping Swamp watershed is underlain by unconsolidated clays, sands
and calcareous sediments of the Quaternary, Tertiary and Cretaceous Systems
(Sumsion 1970). Four geological units make up the uppermost sediments:

1) Quaternary deposits; 2) the Yorktown formation; 3) the Pungo River
formation; and 4) Castle Hayne limestone (Winner and Simmons 1977).
Quaternary deposits occur at elevations greater than 12 m above sea level
and thus do not occur in the swamp floodplain. These deposits consist of
sandy silts and clays laid down by streams. The Yorktown formation under-
Ties the Quaternary deposits at high elevations and is exposed at lower
elevations, specifically within the swamp f1oodp1a1n It is composed of
marine-deposited clays, silts, and sands, is about 12 m thick, and is the
medium for exchange between ground and stream waters (Winner and Simmons
1977). The Pungo River formation is composed of phosphatic sands mixed
with clays and silts and is about 3 m thick. Below the Yorktown and the
Pungo River formation is Castle Hayne limestone, an important aquifer

in the North Carolian Coastal Plain; water from this aquifer moves up .
1nto)thn swamp f]oodp1a1n because of a hydrostatic head (Winner and Simmons
1977

Soils in the Creeping Swamp f]oodp]ain are inorganic, highly weathered,
poorly-drained clays and silts formed either on Coastal Plain sediments
(Byars loam), on recent or local alluvium (Bibb complex) or on alluvial
sediment (Roanoke silt loam) (Soil Survey, Pitt County 1974). These soils
are classified as Ultisols in the most recent soil classification system.

The tree canopy of the swamp floodplain is composed of hardwoods
dominated by Nyssa sylvatica var. biflora, Acer rubrum, Fraxinus caroliniana,
Nyssa aquatica and Liquidamber styraciflua (Kuenzler, et al. 1977). Along
the stream channel, F. caroliniana and N. aquatica are most abundant. The
forest was part1a11y lTogged about 40 years ago. saplings are dominated
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by A. rubrum and F. caroliniana. Herbaceous growth is sparse but includes
Saururus cernuus, carex spp. and Hypericum virginica; vines (Smilax spp.;
Berchemia scandens, Rhus radicans, Mitchella repens, Decumaria barbara)

and shrubs {Leucothoe axillaris, Vaccinium corymbosum) are somewhat more
abundant. At Tow elevations in the floodplain, several bryophytes occur
extensively: the aquatic moss, Fontinatis spp. and the liverworts, Porella
pinnata and Pallavacinia 1yelli (Sniffen, et al. unpubl.). 1In the Tate
winter and early spring, a bloom of filamentous algae develops in the swamp
floodwaters; typical species include the filamentous desmids Hyalotheca
dissiliens and Desmidium aptogonum and others, filamentous diatoms such
Eunotia pectinalis, solitary diatoms, and filamentous greens such as

Spirogyra spp., Oedogonium spp. and Bulbochaete spp. (verified by P.
Campbell).

The Creeping Swamp watershed remains about 65% wooded {Kuenzler, et
al. 1977). Of the cleared areas, some are pine plantations and some are
croplands. Associated with agricultural fields are drainage ditches; in
addition, some of the tributaries to the main stream have been channelized.
Lumbering operations occur sporadically and have included, during the '
period of this study, floodplain as well as upland areas. Several animal
husbandry operations are located in the watershed; two of them are near ,
the floodplain study area. These operations markedly influence stream-
water nutrient concentrations if adequate treatment measures are not taken.

Structure of the report

The research reported here was conducted mostly by Dr. Patrick J.
Mulholland and Dr. Laura Anne Yarbro and prepared as dissertations in
‘partial fulfillment of the requirements for Doctor of Philosophy degrees.
The two major chapters of this report are comprised of these dissertations,
somewhat modified and condensed. The reader may wish to refer to these
dissertations for more details. The final chapter represents research
- conducted by Dr. Leonard Smock during the final year of the grant.
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2. ORGANIC CARBON CYCLING AND EXPORT
by Patrick J. Mulholland

INTRODUCTION

The processing of materials and energy are among the principal func-
tions of ecosystems. Energy flow through ecosystems drives material cycles.
The cycling of most materials in ecosystems involves transfers from less
concentrated, inorganic forms to more concentrated organic forms, and back
to the inorganic state. Energy is temporarily stored at relatively high
density when materials are concentrated in organic form. It is released
and dispersed as organic materials decompose. Energy quality is deter-
mined in large part by the density at which it is stored. Ecosystem biota
functions both as a temporary storage of relatively high quality energy
(concentrated materials), and as a medium for energy degradation and
materials dispersion; the Tatter is the cost of maintaining the storage.

Natural ecosystems have important maintenance and support functions
for human systems (Odum, E.P. 1969; Odum, H. T. 1971). Natural ecosystems
modify climate, buffer against catastrophic meterological events, assimi-
late and dissipate waste products of human activities, contribute to
agricultrual productivity, and directly or indirectly provide man with
important food and fiber products. As human activities demand modifica-
tion or destruction of increasingly larger tracts of natural ecosystems,
it is important to determine precisely their values in the natural condi-
tion, and those lost if modified. Understanding the natural flows of
energy and materials in ecosystems is critical to this evaluation. Impor-
tant material flows include those of critical plant nutrients, such as
nitrogen and phosphorus, and of carbon, central in organic material pro-
cessing and closely related to ecosystem energy flow.

Small swamp-stream ecosystems are abundant in the southeastern United
States. There 1is considerable pressure to channelize and drain these
ecosystems. Between 1955 and 1973, the Soil Conservation Service completed
679 miles (1093 km) of channelization projects in North Carolina (Soil
Conservation Service, 1973). Little is known about the natural flows
of materials and energy in freshwater wetlands, and in particular,swamps,
compared to most terrestrial and aquatic ecosystems.

Past ecosystem level studies of wetlands have primarily focused on
salt marshes, but freshwater wetlands have recently received attention
by ecologists. While Howard-Williams (1972) found relatively high concen-
trations of major ions in a marsh bordering an African lake and Crisp
(1966) found relatively large exports of nutrients from an eroding
English peat bog, nutrient concentrations are usually relatively low in
freshwater wetlands. Mitsch, et al. (1977) found generally lower concen-
trations for most ions in swamp waters than in the bordering river
waters in a southern I11inois riverine swamp. Brinson (personal communi-
cation) has similar findings for an eastern North Carolina riverine
swamp. Schlesinger (1978) reported extremely low outputs of calcium,



magnesium, sodium, and potassium from the Okefenokee Swamp in Georgia and
Verry (1975) found low nutrient yields from a Minnesota bog. Evidence
indicating freshwater wetlands may function as nutrient sinks, especially
for nitrogen and phosphorus, has come from a variety of widely scattered
areas,including an African papyrus swamp (Gaudet 1976), a Michigan marsh
(Richardson, et al. 1976), a Wisconsin marsh (Lee, et al. 1975), a large
South Carolina riverine swamp (Kitchens, et al. 1975), and small North
Carolina swamp-streams (Kuenzler, et al. 1977). Kuenzler, et al. (1977)
found that nutrient concentrations and exports were generally Tower in
natural swamp-streams than in channelized streams in eastern North
Carolina.

Forested wetlands support Targe amounts of 1iving biomass (Schlesinger
1978; Smith, et al. 1975), but do not necessarily exhibit high primary
productivity (SchTlesinger 1978). The level of primary productivity may
be a function of hydrologic delivery of nutrient supplies (Gosselink and
Turner 1978). Relatively high productivities have been reported for
swamps with substantial hydrologic inputs in North Carolina (Brinson
1977), Louisiana (Conner and Day 1976), and Florida (Burns 1978). How-
ever, an I11inois riverine swamp was not highly productive (Mitsch, et al.
1977). Swamp hydrologic characteristics may also enhance the export of
net primary production. Although Brinson (1976) reported exports of
organic carbon of from 0.3 to 5.2 g C°m'2-yr' from several upland water-
sheds, mostly forested, Day, et al. (1977) reported exports of 10.4 g
Cem=Zeyr=1 from a Louisiana swamp watershed.

Wetlands have been reputed to have very inefficient recycling of
carbon due to lack of abundant oxygen for respiration (Given 1975). Large
accumulations of soil organic matter have been reported for a Minnesota
bog (Reiners 1972), some North and South Carolina pocosins (Woodwell
1958), and the Okefenokee Swamp in Georgia (Schlesinger 1978). However,

a Louisiana swamp-forest, which dried periodically, did not possess large
amounts of soil organic matter.

This report concerns the cycling of organic carbon in a forested
wetland little studied by ecologists -- a small swamp-stream (or flood-
plain swamp) ecosystem. A conceptual model of organic carbon flow in one
swamp-stream, defining major inputs, outputs, and internal-ecosystem
transfers, is shown in Fig. 3. The ecosystem here was defined to include
living vegetation and detrital storages both in the water column and
within the top 25 cm of soil. Major inputs included net primary produc-
tivity and hydrologic inputs. Major outputs were respiration and hydro-
logic output. Transfer rates were primarily controlled by rainfall, tem-
perature, season, and the sun. This model was the basis for development
of the organic carbon budget for Creeping Swamp. An input-output, mass
balance approach was used similar to that of Fisher (1977) in his Fort
River study. Inputs, outputs and important internal transformations of
organic carbon were measured. Inputs and outputs were grouped into
hydrologic and biologic flows according to the process involved.
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METHODS

Study area

Organic carbon concentration was monitored in three small natural
swamp-streams and four channelized streams in eastern North Carolina be-
ginning in 1975 (Fig. 1). Two or three sampling stations were established
on each stream. The natural swamp-streams were Creeping Swamp, Palmetto
Swamp, and Chicod Creek. The channelized streams were Tracey Swamp,
Clayroot Swamp, Grindle Creek, and Conetoe Creek. Sampling of Grindle and
Conetoe Creeks was discontinued after 1975, and sampling of Clayroot
Swamp did not begin until 1976. Streamflow was measured and water samples
for organic carbon measurement were collected periodically, generally at
intervals of from two to four weeks. Daily samples were collected at
Clayroot Swamp during a few high streamflow periods in 1976.

One of the natural swamp-streams, Creeping Swamp, was selected for the
intensive study. Stream sampling stations were set up at the upstream
(CP-2Q) and downstream (CP-10) boundaries of the swamp, draining 32 and
80 km¢, respectively. An internal stream sampling station (CP-14) was
set up approximately 3 km downstream from CP-20. Sampling stations were
also established on the five principle tributary streams entering the
swamp between CP-20 and CP-10. They were set up at bridges or culverts
within 2 km of the point at which they enter the swamp and were numbered
TB-01, TB-02, TB-03, TB-04, and TB-07 (Fig. 2).

One area of the swamp was chosen as a location for much of the
experimental and data collection activities. This area was chosen so as
to be representative of the entire swamp and away from major roads or
other human influences. The area selected was a 500 m length of swamp
about 3 km downstream from CP-20 and encompassing CP-14. This area will
hereafter be referred to as the study site.

Inundation patterns

In order to partition the swamp into terrestrial (unflooded) and
aquatic habitats, inundation patterns were studied. Five transects
(Nos. 1, 2, 3, 4, 5) were established across the swamp at intervals along
its Tength (Fig. 2). Linear relationships between water level at CP-10
and fraction of the transect inundated were developed in one of two ways.
First, three of the transects (1, 4, 5) were paced periodically and .the
number of dry and flooded paces determined at various water levels.
Second, the remaining two transects (2, 3) were paced during one period
of high water and the water depths at each pace were recorded. Using these
depths, fractions of the transects inundated were computed for various
water levels below that on that date. Inundation data from each transect
were weighted by transect length and combined to develop whole-swamp
inundation fractions at various water levels at CP-10. Daily inundation
fractions were then computed from the CP-10 daily water level record.




Biomass
Living:

The trees and saplings of Creeping Swamp were studied in August 1974
using a point-quarter analysis (Cox 1967) along three transects (tran-
sects 1, 4, and 5; Fig. 2). Trees were defined as >10 cm diameter at
breast height (DBH) and saplings were 2.5 to 10 cm DBH. The shr%b and
herbaceous plant stratum was sampled by harvesting 15 plots (1 m¢) across
each of two transects in September 1976 and June and September 1977.
Aboveground parts of non-woody plants and Smilax spp. vines were harvested
completely. Woody plants were harvested and separated into wood and leaf
fractions. A1l collected material was separated by species or general
plant group, dried at 85 C, weighed, and subsamples combusted at 550 C
(+50 C) for 4 h to determine ash-free dry weight (AFDW).

Soil detritus:

Swamp floor Titter was measured seven_times between July 1976 and
December 1977 by sampling 30 plots (0.02 m2) along a transect across the
swamp in the mid-swamp study site according to a stratified random samp-
1ing procedure. Litter was placed in plastic bags and returned to the
laboratory where it was separated into wood and non-wood fractions, dried,
subsampled, and combusted to determine AFDW.

Soil organic carbon (below the litter layer) was measured to a depth
of 0.25 m in April 1977 and May 1978 by L. A. Yarbro. Litter was removed
and 5 cores were taken at each of 15 sites along a transect across the
swamp in the mid-swamp study site. Each core (7 cm?) was divided into
two sections according to depth (0 to 5 cm and 5 to 25 cm) and cores
from each site were combined. Core sections were dried, subsampled, and
combusted to obtain organic matter content (AFDW).

Precipitation and streamflow

Precipitation was measured and recorded daily at a site approximately
5 km southeast of Creeping Swamp. Precipitation was collected for chemi-
cal analysis using polyethylene funnel collectors (0.02 m2) emptying
into plastic bottles mounted 1 to 1.5 m above the ground. Nylon mesh
(0.25 mm) was placed over the funnels to exclude debris. No appreciable
leaching of organic carbon from the collection bottles was detected
during a 2-week incubation of distilled water. Two collectors were placed
in a field near the study site and a third collector was placed in a
clearing near CP-10. Collections for organic carbon analysis were made
for 2-week periods monthly from February to August 1978.

Streamflow was continuously monitored and recorded by the United
States Geological Survey (U.S.G.S.) at both CP-20 and CP-10. Daily
water levels, daily streamflow, and annual runoff were provided. In
August 1977 the U.S.G.S. discontinued monitoring CP-20 streamflow. Stream-
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flow was therecafter estimated from stage-discharge relationships provided
and stages on sampling dates. Streamflows were computed periodically for
the five major tributary streams by measuring velocities (Gurley Model
622-E current meter) and depth profiles. Water levels were read from
staff-type indicators or were measured from bridge railings. Stage-
streamflow relationships were constructed to determine streamflow on
sampling dates when it was not measured directly.

Water sampies were collected at CP-14 and CP-20 approximately once
every three weeks when there was streamflow during 1975. In 1976 and
1977 samples were collected biweekly during the flow period and daily
during a number of spates. Samples were collected sporadically in 1978.
Tributary streams were sampled biweekly when streamflow was appreciable
during 1976 and 1977. Samples were also collected daily during a number
of spates. A few samples were collected at Tow streamflows.

Organic _carbon analysis

Total organic carbon (TOC) in water was partitioned into three size
fractions, coarse particulate organic carbon (CPOC), greater than 0.25 mm,
fine particulate organic carbon (FPOC), between 0.45 um and 0.25 mm, and
dissolved organic carbon (DOC), Tess than 0.45 um, FPOC was not measured
directly. Fine total organic carbon (FTOC), less than 0.25 mm, was
measured and FPOC was computed as the difference between FTOC and DOC.
Coarse particulate organic matter (CPOM) transported in stream and tri-
butary waters was measured periodically, particularly at high stream-
flows, using a Targe (0.75 by 0.30 m at mouth), flow-metered net (0.25 mm
mesh). Material collected was returned to the Taboratory, dried, sub-
sampled, and combusted to determine AFDW as described earlier. CPOC
was assumed to be 50% of AFDW (Jordan and Likens 1975). Samples passed
through 0.25 mm nylon mesh for FTOC measurement and filtered samples
(pre-washed, Gelman type GA-6) for DOC measurement were placed in acid-
washed glass bottles and immediately frozen or put on ice to be frozen
upon arrival at the laboratory (less than 24 h). Samples remained frozen
until measurement (<1 yr). Prior to 1976, DOC and FTOC were measured
with a Beckman Model 915 Total Carbon Analyzer, and after 1 January 1976,
by persulfate oxidation and infrared analysis (Beckman Model 215A) ac-
cording to the method of Menzel and Vaccaro (1964). Recovery of standard
additions of potassium biphthalate to water collected from CP-14 on one
occasion in 1978 was complete.

Other analyses performed on most water samples included measurement
of various forms of nitrogen and phosphorus, various metals, temperature,
specific conductance, pH, color, and trubidity. These data have been
presented in Kuenzler, et al. (1977).

Biologic inputs

Biologic inputs include annual aboveground net productivity of trees
and saplings, shrubs and herbaceous plants (<1.5 m in height), and algae.




Annual aboveground net primary productivity of trees and saplings was
partitioned into annual net wood increment, litterfall (<0.3 m in length),
macro-litterfall (0.3 m in length), and net leaching by throughfall and
stemflow.

Annual tree and sapling net wood increment:

In order to estimate annual aboveground net wood increment of Tiving
trees and saplings, spring-connected metal bands were placed around 65
trees of various sizes (DBH) and species at about 1.5 m above the ground
in March 1975. The trees were located across the swamp in the study site
and were chosen to represent a sequence of sizes of seven of the most
important species in Creeping Swamp. Increases in tree circumference were
measured annually by determining band expansion. Increases in DBH were
computed and translated into annual net stem and branch wood increments
using allometric equations of Dabel and Day (1977) constructed for hard-
woods in The Great Dismal Swamp, Virginia. Regressions relating net
annual wood increment in 1977 and tree DBH were computed for each of the
seven species banded and a combined wood increment-DBH relationship was
computed to allow computation of net annual wood increment of non-banded
species of trees. Total swamp wood increment for 1977 was computed using
the point-quarter data and the various wood increment-DBH relationships.

Litterfall and macro-litterfall:

Litterfall of plant debris <0.3 m in length from sources more than
1.5 m in height was measured at 3- to 4-week intervals from March 1975
to March -1978. During peak Titterfall in Tate October and early November
the collection 1nterv%1 was shortened to 1-2 weeks. In 1975 and 1976
ten collectors (0.2 mé suspended musTin bags) were placed in a stratified
random fashion across transects 1 and 4, and 9 collectors across transect
5. After March 1977 only transect 4 was used and 5 additional collectors
were added bringing the number of collectors to 15. Litter was returned
to the Taboratory, dried, weighed, and subsamples ashed to determine both
total dry weight and AFDW.

Fall of branches and other plant parts greater than 0.3 m_in length
were measured by sampling six initially cleared quadrats (25 m2), three
near CP-20 and three in the mid-swamp study site, at approximately 6 to
8-week intervals from September 1976 through October 1977. Data from
1 November 1976 to 31 October 1977 was taken to be 1977 input. Material
collected was brought back to the Taboratory, weighed fresh, subsampled,
dried, reweighed, further subsampled, and combusted to determine both
total dry weight and AFDW.

Throughfall and stemflow:
Fifteen throughfall collectors, similar to those used for collecting
prec1p1tat1on were placed along a transect near the mid-swamp study site

in a stratified random design. Collections were made biweekly for
volume between September 1976 and August 1978. Samples for organic carbon
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analysis were collected every other collection period, i.e., for one
2-week period every 4 weeks. Samples were preserved in the field during
the collection period by the addition of 10 m1 of 0.015 N HgClo to the
collection bottle at the beginning of the period. This gave a Hg*t con-
centration of >40 mg-]‘l after throughfall for most periods.

Ten trees in the mid-swamp study site were collared about 1.5 m
above the swamp floor with a polyurethane sealer and the stemflow directed
into polyethylene funnels emptying into covered large plastic garbage
cans. Stemflow samples were preserved in the field with an initial ad-
dition of 50 to 100 m1 of 0.1 N HgClo in each collector can, resulting in
a Hg** concentration of >40 mg-1-! after stemflow for most periods.
Collections were made at approximately bimonthly intervals during 1977
and the first half of 1978. Samples for throughfall and stemflow organic
carbon analysis were placed in acid-washed glass bottles and frozen until
analysis.

Shrub and herbaceous plant net productivity:

Annual net productivity of the shrub and herbaceous layer (<1.5 m
in height) was measured using the harvest data collected for the compu-
tation of standing biomass. A1l aboveground parts of non-woody plants,
Smilax spp. vines, and leaves of woody plants were measured as annual
production. Annual net productivity was taken to be the maximum biomass
for each species or group each year.

Algal distribution and productivity:

Algal biomass distribution was measured monthly during March, April,
and May in 1979. Benthic algae were sampled by taking cores (0.0016 mé)
of the swamp floor where flooded at stations spaced uniformly across one
or two transects approximately 100-200 m downstream from CP-14. Material
collected from the swamp floor surface was placed in plastic bags, put on
ice, and returned to the laboratory. Algae were carefully washed from
Titter surfaces onto glass fiber filters and chlorophyll-a and phaeophytin
measured according to the method of Lorenzen (1967).

Algal productivity was measured using a modification of the one-
station diel procedure (Odum 1956; Odum and Hoskins 1958). Dissolved
oxygen was measured (Amer. Publ. Health Assoc. 1975) at CP-10 in the
evening, early morning, and two or three times throughout the day. Gross
primary productivity (GPP) was computed from dissolved oxygen increases
during the day plus the oxygen consumed in respiration at night. Pro-
duction and respiration rates were corrected for diffusion of oxygen into
the water from the atmosphere. A surface diffusion coefficient was
measured using the nitrogen-filled plastic dome method of Copeland and
Duffer (1965). A second computation was made using physical and hydrau-
lic properties of the stream (Tsivoglou and Wallace 1972). Algal produc-
tivity measurements were made periodically during the months of January
through June in 1976, 1977, and 1978. Rates were converted from oxygen
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to carbon units assuming a productivity quotient of 1.2. Net primary
productivity (NPP) was assumed to be 60% of GPP (see also Likens 1973).
Values were averaged monthly and whole-swamp monthly algal NPP was com-
puted by multiplying mean monthly NPP rates by mean monthly inundation
fractions.

Biologic outputs

Biologic outputs include (1) respiration in the swamp floor when
inundated, both a) aerobic, referred to as aquatic benthic respiration
(Rz), and b) anaerobic; (2) respiration within the water column (Ryc)s
and (3) respiration in the 1itter layer when dry, referred to as terres-
trial litter respiration (Rt]). Total soil respiration (Rts) was also
measured under terrestrial conditions; however, it could not be partitioned
between root and heterotrophic components.

Aquatic benthic and water column respiration:

Aquatic benthic respiration was measured by collecting cores of the
swamp floor in plexiglass cylinders (0.14 m in diameter, >10 cm in depth),
transporting them to the laboratory, reflooding them with swamp water,
and measuring changes in dissolved oxygen (Winkler method) during incuba-
tions at three temperatures (approximately 5, 15, and 25 C). Six cores
were collected and incubated simultaneously at approximately bimonthly
intervals from March 1978 to January 1979. Cores were initially incubated
at a temperature near ambient water temperature, except for the cores
collected in August, which were incubated at 5 C first. Cores were per-
mitted to acclimate for at Teast 24 h prior to measurement of respiration
rates at all temperatures and at least 48 h prior to the initial measure-
ment. An experiment performed on cores collected 8 August 1978 to deter-
mine if length of equilibration at a particular temperature affected
respiration rates indicated that a 1-day equilibration period was suffi-
cient. Rates measured after 1 day of incubation at 23 C were within 6%
of those measured after 3 days in five of the six cores and there was
no pattern as to which incubation gave higher rates.

Respiration in the water column was measured by incubating replicate
bottles of swamp water in the swamp for 24 to 48 h and measuring changes
in dissolved oxygen concentration. Measurements were made one or two
times monthly from November 1976 to April 1978.

Terrestrial litter respiration:

Respiration in the swamp floor litter layer when unflooded was
measured at five to ten sites periodically from 3 August 1977 to 19 July
1978 (Mulholland 1979). Respiration rates were measured by isolating
litter and measuring carbon dioxide (CO2) evolution using an alkali ab-
sorption technique (Lieth and Quellette 1962; Witkamp 1966). Litter
collected from either a 0.02 m2 or 0.008 m2 area was placed into a metal
cylinder (0.02 m2) and the ends sealed by covering with Saran (R:plastic
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wrap held with rubber bands. A cup containing 15 to 25 ml of 1T N KOH

was added to the chamber at the beginning of the incubation to absorb
evolved CO». An empty chamber containing only the KOH absorbent was
incubated simultaneously as a blank. Chambers were incubated in the field
for 6 to 15 h. Laboratory studies with field apparatus permitted
computation of a CO2 absorption coefficient (kaps.) (by the KOH) of 2.3.
Correction factors were computed to account for incomplete CO2 absorption
during field incubation (Mulholland 1979). For incubations >6 h and

kabs. >1.0, the correction factor was relatively independent of CO2
production rate. and kahg,. Following field incubation the KOH was trans-
ferred to glass bottles and titrated within 24 h to determine CO2 content.
A few ml of 2 N BaClp was added to precipitate the absorbed carbon and the
sample titrated with 1 N HC1, first to the phenolphthalein, and finally

to the brom-cresol green endpoint (Maciolek 1962). For measurements

made 4 November 1977 and thereafter the incubated litter was returned to
the laboratory, weighed, dried, reweighed, subsampled, and combusted to
determine both moisture content and AFDW.

Total soil respiratidn:

Total CO2 evolution from the swamp floor when unflooded, referred to
as total soil respiration (Rts), was measured at two to seven sites on
17 dates from 8 December 1976 to 19 July 1978. Respiration was measured
by inserting a metal cylinder (0.02 mé) into the swamp floor, adding a
cup of T N KOH (20 to 25 ml1), covering with Saran wrap, and incubating
for 6 to 75 h. Handling and analysis of the KOH after incubation to
determine the amount of CO2 absorbed was identical to that described for
litter respiration. Both soil and air temperatures were taken using a
mercury thermometer.

Anaerobic respiration:

Dissolved methane evolution from inundated areas was measured period-
ically from March 1978 to February 1979. Polyvinyl chloride cylinders
(0.021 m2) were driven into the swamp floor, leaving a 2 to 5 cm lip
exposed, and allowed to equilibrate for at least 1 week. Cylindrical
plastic sheaths, extending above the water surface, were slipped over the
imbedded cylinder 1lips and fixed with rubber bands. The water column
was isolated from the atmosphere by floating a piece of styrofoam fit
snugly into the plastic sheath. Stirring rods were mounted in the
styrofoam tops to enable mixing of the water column before the final
sample was drawn. Water samples were collected in 60 ml plastic syringes
fitted with 3-way valves before and after the incubation period (3 to
6 h), placed in ice water, and analyzed for dissolved methane concentra-
tion within 24 h. Dissolved methane was measured by gas chromatography
(Perkin-Elmer Model 900) after nitrogen stripping and subsampling of the
nitrogen-methane mixture.
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Particulate organic carbon formation

POC formation due to precipitation of DOC as well as bacterial growth
was measured periodically from November 1977 to May 1978. Swamp water
was collected and a portion incubated in glass bottles, wrapped in opaque
plastic, and placed in the swamp for 30 to 80 days. Another portion was
returned to the laboratory, filtered through pre-combusted Gelman Type
A/E glass fiber filters, dried at 85 C, weighed, recombusted, and re-
weighed to determine particulate AFDW initially in the water. After
incubation the first portion of water was returned to the laboratory and
treated in the same manner to determine the concentration of particulate
AFDW. Increases in AFDW during the incubation were assumed entirely to
be precipitated dissolved organic matter, half of which was assumed to
be DOC. This technique certainly overestimates DOC precipitation
because it does not differentiate between precipitation and bacterial
growth.

Dissolved organic carbon leaching from ground litter

Rapid 1eaching:

The amount of readily leachable material from newly fallen leaves
of various tree species was measured in the fall of 1978. Leaves were
picked from trees just prior to abscission and grouped according to
species. A1l were air dried and weighed, and subsamples were dried at
85 C and reweighed to determine dry weight. Leaves were immersed in
distilled water for 1 to 7 days at 23 C, dried again at 85 C, and
reweighed to determine dry weight loss.

The readily leachable material in newly fallen leaves may be leached
by surface water or throughfall as it percolates through the ground
litter when the swamp is unflooded. In the fall of 1976 and winter of
1977 simultaneous experiments were performed at Creeping Swamp and at
Chapel Hil11, N.C. to determine the rate of throughfall leaching of newly
fallen leaves. Newly fallen red maple leaves were collected in Creeping
Swamp just prior to abscission and known amounts placed in nylon mesh bags
(1 mm mesh). One group of bags was placed in a relatively high area of
the swamp and a second set was placed in a wooded area near Chapel Hill.
Two or three bags were collected periodically, dried at 85 C, and re-
weighed to determine dry weight loss. Throughfall was also measured during
each collection period at the incubation sites with collectors similar
to those described earlier.

In November 1978 an experiment was performed to estimate the amount
of readily leachable material that was biologically readily utilizable
and quickly respired. Three swamp floor cores were collected, reflooded
with swamp water, and incybated at 25 C. Measurements of dissolved
organic carbon concentration were made before and after the incubations
to determine background leaching rates. The water was then drained and
each core was reflooded with leachate derived from newly fallen red
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maple leaves leached by distiiled water for 12 and 24 h periods immediately
preceding the incubation. Dissolved organic carbon concentration of the
leachate in each core was measured for a period of 7 days under aerobic
conditions. :

STow leaching:

Rates of slow, long-term leaching of DOC from organic material on
the swamp floor were measured during May, August, and November 1978, and
January 1979.  Swamp floor cores (0.14 m in diameter, >10 cm in depth)
were taken, returned to the laboratory, reflooded with swamp water, and
incubated at two or three temperatures with continuous aeration. DOC
concentration was measured before and after 24 to 60 h incubation periods.
Leaching rates per unit of swamp floor were computed from increases in
DOC concentration. A total of six cores were collected and incubated in
each experiment.

Additional methods

AFDW was taken to be organic matter and organic carbon was assumed
to be 50% of organic matter by weight (Westlake 1963; Reichle, et al.
1973). Statistical analysis of data was performed using Statistical
Package for the Social Sciences (Nie, et al. 1970). Sample variability is
throughout expressed in terms of one standard error (S.E.) from the mean
value (x = S.E.). : ‘

RESULTS

Inundation patterns

Inundation patterns in Creeping Swamp were directly related to water
level fluctuations. Mean monthly inundation fractions ranged from 0.64
in January 1976 and March -1977 to 0.0 in October 1976 (Table 1). Flooded
and dry seasons were clearly evident. The swamp was, on average, 50%
flooded during December, January, February, and March in 1976 and 54%
flooded during these months in 1977. During June through October the
swamp was flooded, on average, 13% in 1976 and 21% in 1977. A six-year
mean daily inundation record for Creeping Swamp shows, even more clearly,
the seasonal variation in inundation (Fig. 4). Salient features of
seasonal inundation include: (1) relatively sharp increases in inundation
during late fall, (2) relatively stable and high winter inundation,. (3)
gradual declines in inundation during spring, and (4) very low summer:
inundation. The dip in February, and peak in late May and early June
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in mean inundation evident in Fig. 4, are probably a result of particular
weather patterns during the six-year period 1973-1978, and do not reflect
long-term swamp inundation patterns. Precipitation recorded at a site

25 km away averaged between 9 and 12.4 cmemo~! during 1973-1978, with the
exception of February (7.95 cm), October (7.37 cm), and November (6.40 cm)
(National Oceanographic and Atmospheric Administration 1973-1978). Sea-
sonal variation in inundation was due to the seasonal changes in evapo-
transpiration and not precipitation.

Table 1. Mean monthly inundation fractions of Creeping Swamp in 1976

and 1977.

Month 1976 ' 1977
danuary - .64 .58
February .50 .41
March .43 ‘ .64
April .21 .32
May | .32 .21
June .40 ‘ .25
July .19 .03
August .03 .18
September .02 .28
October .00 .32
November .10 .57
December .44 .54

Living biomass

Trees and saplings:

Red maple (Acer rubrum), ash, mostly water ash (Fraxinus caroliniana),
and black gum (Nyssa sylvatica var biflora) were the most abundant trees,
and red maple and ash the most abundant saplings in Creeping Swamp (see
also Mulholland 1979). In terms of basal area, black gum, swamp chestnut
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oak (Quercus michauxii), tupelo gum (Nyssa aquatica), and red maple dom-
inated the tree stratum. Total swamp stem density was 705 trees-ha”' and
1206 saplings-ha-1. Average swamp tree diameter was 28.1 cm (DBH) and
average sapling diameter was 5.6 cm (DBH). Using the double logarithmic
regressions relating tree biomass to DBH reported by Dabel and Day (1977)
for Great Dismal SwamB hardwoods, I computed a total tree biomass of

26.7 kg dry weightem~¢ (13.4 k ‘2) and a total sapling biomass of 0. 9
kg dry weight-m=2 (0.5 kg Cem~ ) (Tab1e 2).

Table 2. Estimated biomass (dry weight) and density for trees and saplings
in Creeping Swamp. Average density was computed from point-
quarter data. Biomass was computed using diameter-weight regres-
sions of Dabel and Day (1977)*,

Component Trees Saplings

Average Biomass:
-1

Leaves 10.1 kg-tree-] 0.3 kgesap
Branches 59.0 kg-tree“] 1.6 kg-sap—]
Stem 310 kg-tree"1 5.7 kg-sap']
Total 379 kg-tree ! 7.7 kgesap”|
Average Swamp Density 705  trees-ha” | 1206 sap-ha'1
Average Swamp Biomass 26.7 kg-m“2 0.9 kg-m'z.

*1og (stem dry weight, kg)
Tog (branch dry weight, kg
log (leaf dry weight, kg)

.4064 1og(DBH, cm) - 1.0665.
2.1880 Tog(DBH, cm) - 1.4297.
.1516 Tog(DBH, cm) - 2.1381.

H o~ -
N R

Approximately 60% of the swamp was flooded on the date the point-
quarter analysis was made. This floaded portion roughly corresponds to
the lower elevations of Creeping Swamp which are inundated much of the
winter and spring. For the years 1975-1977 this portion was flooded an
average of 41% of the time during the period December through May.
Dividing the point-quarter data into low and high swamp portions according
to the presence or absence of flooded conditions at each point permitted
analysis of the effects of inundation pattern on tree distribution and
size. While some tree species were not numerous enough in either area
to draw conclusions, changes in relative density and basal area among
the more abundant species from low to high areas were evident (Table 3).
Red maple, ash, tupelo gum, and bald cypress (Taxodium distichum) were
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decidedly more dense in the Tower area and black gum, ironwood (Carpinus
caroliniana), water oak (Quercus nigra), and swamp chestnut oak were all
relatively more dense in the higher area. Total tree density was 58%

greater and average tree diameter (DBH) was about 9% greater in the Tower

area. Average tree biomass for the lower areg was 33.4 kg dry weight.m-2,
or- 93% greater than the 17.3 kg dry weight-m~¢ for the high area.

Table 3. Relative density and basal area for species of trees in the low
and high areas in Creeping Swamp as computed from point-quarter
data collected in August 1974. Average tree density for the
Tow area was 917 trees-ha-! and that for the high area was 580
trees-ha-1. Average tree diameter (DBH) was 29.4 cm and 27.0 cm
for the low and high areas, respectively.*

Relative Relative
» Number Density Basal Area
. Species ’ low high low high 1low  high

Acer rubrum L. - 24 21 .250 ..181 Jd14 0 .113

Nyssa sylvatica var
biflora (Walter) Sargent

—
—_—

24 115 .207 .119 .228
219 .086 .096 .055
073 .069  .117 .039
.042 .086 .009 .026
031 .069 .071 .126
.021 .078 .063 .188
094 .009 .223 .015
.073 .026 .062 .086
.010 .069 .001 .039
.031 .034 .103 .036
021 .026 .013 .011
.010 ..017  .001 .004

[a)
—
——
o

Fraxinus spp.
. Liquidambar styraciflua L.

Carpinus caroliniana Walter

Quercus nigra L.

Quercus michauxii Nuttall

Nyssa aquatica L.

Taxodium distichum (L.) Richard
Ilex opaca Aiton

Ulmus americana L.

Quercus Taurifolia Michauxii

Quercus phellos L.

- O O —= N W — N OWw N WPk
-—
O D W NN W b O W —= W o o

Liriodendron tulipifera L. --  .026  --  .029

Crataegus spp. -- .0V -~ .005

Populus heterophylla L. 010 -- 007 --
| Total 9 116 1.00 1.00 1.00 1.00

*Species from Radford, et al. 1968.
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Shrubs and herbaceous plants:

Creeping Swamp has a shrub and herbaceous plant stratum varying

~widely 1in density and composed of various species of tree seedlings, vines
(Smilax spp., Berchemia scandens (Hi11) K. Koch, Rhus radicans L., and
Decumaria barbara L.), ferns (Onoclea sensibilis L.. and Osmunda regalis
var. spectabilis (Willd.) Gray), sedges (Carex spp.), virginia willow
(Itea virginica L.), leucothoe (Leucothoe axillaris (Lam.) D. Don}), cane
(Arundinaria gigantea (Walter) Muhl.), Tizard's tail (Saururus cernuus
L.), violets (Viola spp.), and other less common species (see also Kuenzler,
et al. 1977). Total aboveground bigmass ranged from 36.9 g AFDW-m=2 on

13 September 1976 to 42.4 ¢ AFDW-m=2 on 22 June 1977, with Smilax spp. and
Leucothoe axillaris dominating during all harvests (Mulholland 1979).

Swamp floor detritus

Ground litter:

Standing crop of ground litter in Creeping Swamp, excluding boles,
varied seasonally, exhibiting a sharp increase following autumn leaf-falil,
and a decline thereafter (Fig. 5). Leaves and leaf fragments comprised
from 55 to 80% of total ground litter; this fraction was generally high-
est in ginter and Towest in late summer. Eeak standing crop was 1068 ¢
AFDW.m™= of total 1itter and 856 g AFDWem™¢ of leaf 1itter on 17 February
1977. Minimum levels were 825 and 560 g AFDW.m~¢ of total and leaf
lTitter on 20 September 1977. The standard errors for adjacent measurements
frequently overlap; however, the trend was unmistakable. From 17 February
1977 to 20 September 1977 there was a net decomposition of approximately
250 g AFDWem-2 (125 g C-m~2), most of which was leaf litter. The
decomposition rate appeared to be faster from 17 February to 28 April
than thereafter. There was a net input of litter during the peak leaf-
£a11 peEiod in 1977 (20 September to 21 November) of 150 g

FDWem=¢,

On 29 July 1979 an estimate of detrital boles on the swamp floor was
made by measuring dimensions of all logs within two 0.25 ha quadrats
and classifying them into one of three categories depending upon the
degree of decomposition. Three Togs in each decompositional classifica-
tion were subsampled and wood density was measured. Biomass of dead boles
on the swamp floor was 240 gwm'2 and 520 g-m-2 in the two quadrats
sampled.

Soil:

The soil profile in Creeping Swamp below the 1itter layer consisted
of a thin organic layer of about 1-5 cm, underlain by sand and clay.
Plant roots were shallow and small roots and root hairs penetrated into
the litter layer. There was no evidence of large scale sedimentation or
_humus formation. The top 5 cm of swamp soil, below the litter layer, had
a mean organic matter content of 17.3(x1.7)% in April 1977 and 16.5(+2.0)%
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in May 1978. The soil profile between 5 and 25 cm had a mean organic
content of 7.4(+1.6)% in 1977 and 5.5(£0.8)% in 1978 (Yarbro 1979).

Total soil organic matter to a depth of 25 cm, excluding Titter, averaged
14,580 (+890) g AFDW-m-2 (7,290 g Cem~2) in April 1977 and 15,780 (*1000)
g AFDW-m-2 (7,690 g C-m~2) in May 1978.

Hydrologic inputs and outputs

Streamflow:

Mean annual runoff for the period 1972-1976 was 34.1 cm at CP-10
and 32.6 cm at CP-20 (as computed from U.S. Geological Survey Water Data,
1972-1977). 1In 1976, a drier than average year, runoff was 22.3 cm at
CP-10 and 17.6 cm at CP-20 (U.S.G.S. 1978). 1In 1977 runoff totalled 41.1
cm at CP-10 and was estimated to be 0.96 (average fraction for 1972-1976)
times that, or 38.7 cm, at CP-20. Runoff entering the swamp from tri-
butaries, ditches, and non-point sources between CP-20 and CP-10 was
assumed to be the same as runoff at CP-20 since the drainages were similar
in vegetation type and land use.

Streamflow in Creeping Swamp exhibited distinct seasonal variation
(Fig. 6). December through April normaily comprised the high-flow period. -
Approximately 1.5 cm of rainfall produced spates. This period usually
consisted of a series of sharp increases and gradual declines in stream-
flow. During the Tow-flow period, which generally coincided with the
growing season, the floodplain was usually unflooded and streamflow often
ceased for extended periods. Approximately 2.5 to 3.5 cm of rainfall were
required to produce significant spates. Storms similar in size to those
during the high-flow period produced much smaller spates. Spates during
1976-1977 had recurrence intervals of < two years,with the exception of the
spate in early November 1977, whicn was about a 7-year event (U.S.G.S.
personal communication). Since March 1971, when CP-10 was initially
gaged, a 10-year spate event occurred on 2 October 1971 and an 8-year event
occurred on 2 April 1973. A1l other spates during that period have been
2-year events.

Organic carbon concentration:

FTOC concentrations at CP-20, CP-14, and CP-10 varied seasonally
(Fig. 7). Concentrations ranged from 5.8 mg-1‘] at CP-20 on 19 January
1977 to 73.0 mg-1-1 at CP-14 on 9 November 1976, under stagnant conditions.
Lowest concentrations were found December through February. There were
steady increases in concentrations from March to June and they remained
high but fluctuated widely July through November. Highest concentrations
occurred under stagnant conditions during the summer and autumn months
and at relatively high streamflows in November following peak litterfall.

DOC was by far the most abundant organic carbon fraction in stream-

flow (Table 4). It comprised greater than 85% of total organic carbon
(TOC) at all stations during 1976 and greater than 93% at CP-20 and CP-10
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during 1976 and 1977. Mean ?nnual DOC concentrations, weighted by stream-
flow, ranged from 10.0 mg-1~! at CP-20 in 1976 to 23.9 mg-1-1 at TB-07

in 1976. Weighted mean annual DOC concentrations in some of the tribu-
tary streams in 1977 likely surpassed 23.9 mg-1-1; however, FPOC and DOC
were not separated on one high-flow sample date and computations could

not be made. FPOC was generally_the next most abundant organic_ carbon
fraction, ranging from 0.1 mg-1-1 at CP-20 in 1977 to 3.1 mg-1-1 at

TB-02 in 1976 (Table 4). Weighted mean_annual FTOC concentrations, the sum
of DOC and FPOC, ranged from 10.5 mg-1-1 at CP-20 in 1976 to 32.2 mg+1-1

at TB-07 in 1977. MWeighted mean CPOC concentrations were <1 mg-1-1 at
~all stations (Table 4).

Table 4. Weighted mean annual organic carbon concentrations in Creeping
Swamp and tributary streams. Percent of TOC in parentheses.

poc FPOC CPOC*

Year Station (mg-1']) (mgo1'1) (mg-]“l)

1976 CP-10 14.8 (96.7%) 0.4 (2.6%) - 0.1 (0.7%)
CP-20 10.0 (93.5%) 0.5 (4.7%) 0.2 (1.8%)
TB-01 12.8 (93.4%) 0.2 (1.5%) 0.7 (5.1%)
TB-02 18.8 (85.7%) 3.1 (14.0%) 0.2 (0.9%)
TB-03 10.3 (91.2%) 0.7 (6.2%) 0.3 (2.6%)
TB-04 15.5 (95.2%) 0.6 (3.6%) 0.2 (1.2%)
TB-07 23.9 (86.9%) 3.0 (10.9%) 0.6 (2.2%)

1977 CP-10 19.7 (94.7%) 1.0 (4.8%) 0.1 (0.5%)
CP-20 17.4 (98.3%) . 0.1 (0.6%) 0.2 (1.1%)
TB-01 23.7 (DOC + FPOC) 0.7 (2.9%)
TB-02 19.8 " 0.2 (1.0%)
TB~03 18.9 ! 0.3 (1.6%)
TB-04 20.9 " 0.2 (1.0%)
TB-07 32.2 " 0.6 (1.8%)

*weighted mean for data collected from January 1976 to January 1978

DOC and FPOC concentrations at CP-20 and CP-10 were significantly
correlated (P <0.01) with a number of physical parameters and chemical
species, among these color (positive), pH (positive), temperature (posi-

36




tive), dissolved oxygen (negative) and a number of metals (positive)

(Mulholland 1979). Negative correlations between DOC concentration and -
\10910 (streamflow) were significant but weak at both CP-20 and CP-10

(r = -0.46 and -0.38, respectively). DOC concentration was positively

correlated with logig (streamflow) at TB-03, TB-04, and TB-07 (r = 0.70,
0.60, and 0.83, respectively). Similar correlations were not significant
at TB-01 and TB-02. Correlations between FPOC concentration and Togjg

(streamflow) were significant at CP-10 only (r = 0.33). CPOC concentra-
“tion was both highly and positively correlated with streamflow (r =

0.84) and 10910 (streamflow) (r = 0.83), but only at CP-10.

Streamflow and groundwater organic carbon flux:

The flux of organic carbon via streamflow at CP-20 and CP-10 was
computed by multiplying weighted mean annual DOC, FPOC, and CPOC concen-
trations by total annual streamflow, and dividing by the area of swamp
(3.2 km2). The flux of organic carbon into the swamp via runoff entering
the swamp between CP-20 and CP-10 (tributary input) was estimated from
weighted mean annual FTOC and CPOC concentrations computed for each of J
the five major tributaries, averaged in proportion to annual flow in each,
and multiplied by total runoff entering the swamp between CP-20 and CP-10
(in volume units). Overall tributary weighted mean DOC concentration
was computed to be 13.5 mg-]'] in 1976 and 18.9 mg-1-1 in 1977, weighted
mean FPOC concentration was 1.0 mg-1~' in 1976 and_1.8 mg-1-1 in 1977,
and weighted mean CPOC concentration was 0.3 mg~1'1 in both years.

In a study of the hydrology of the Creeping Swamp watershed upstream
of CP-10, Winner and Simmons (1977) reported that the segment of swamp
between CP-20 and CP-10 received inputs of groundwater from the uppermost
major confined aquifer, the Castle Hayne Limestone. The Castle Hayne
originates near the western boundary of the Creeping Swamp watershed,dips
toward the east,and receives recharge from high elevation areas within the
watershed. Upward movement of water from the Castle Hayne to the low-
lying Creeping Swamp floodplain is thought to be mostly derived from
groundwater recharge at higher elevations in the watershed. DOC concen-
tration in the Castle Hayne aquifer measured at a site approximately
60 km from Creeping Swamp was 2.5 mge1-1 (Leenheer, et al. 1974).

Annual streamfiow and groundwater flux of organic carbon in Creeping
Swamp is presented for 1976 and 1977 (Table 5). The flux of carbon was
mostly DOC, and, while total outputs of TOC and DOC exceeded total inputs
in both years, POC input exceeded output in 1976. Both inputs and outputs
of TOC were substantially greater in 1977 than in 1976, reflecting
85% more streamflow at CP-10 and 120% more streamflow at CP-20 in 1977
as compared to 1976.
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Table 5. Flux of organic carbon via streamflow and groundwater in Creeping
Swamp (g Cem-2syr-1). Positive net flux indicates net movement
into the Creeping Swamp study segment and negative values net
movement out.

1976 1977

DOC POC TOC DoC POC TOC

Inputs

Main Stream (CP-20) 17.6 1.3 18.9 67.9 1.2 69.1

Tributary 35.6 3.4 39.0 112.9* 10.0* 122.9

Groundwater 3.0 -— 3.0 1.2 --- 1.2

Total Inputs 56.2 4.7 60.9 182.0 11.2 193.2
Outputs _

Main Stream (CP-10) 82.1 2.8 84.9 202.4 11.3  213.7
Net Flux -25.9 +1.9 -24.0 -20.4 -0.1 -20.5

*Tributary weighted mean annual DOC and FPOC concentrations assumed to be
the same fractions of FTOC as in 1976 (i.e., DOC = 91.3% of FTOC and
FPOC = 8.7% of FTOC).

Rainfall eorganic carbon flux:

I measured organic carbon concentrations in rainfall of from 5.0 to
15.7 mg~1‘1, with a mean of 10.3 mg-1'1, from February to August 1978.
True mean annual concentration was likely much less than 10.3 mg-1-"'.
Contamination of some form must have occurred. Rainfall collector bottles
were imbedded in the soil and groundwater DOC may have d1ffused through
the plastic. I have chosen to discard this data.

Jordan and Likens (1975) reported an average rainfall organic carbon
concentration of 2.4 mg-1'1 at Hubbard Brook, New Hampshire, and Brinson
(personal communication)measured values of about 1.8 mg-]-"l in an area
within 25 km of Creeping Swamp. Assuming a mean annual rainfall organic
carbon concentration of 1.8 mg-1-! for Creeping Swamp, precipitation flux
prior to contact with vegetation was 1.8 g C-m~2 in 1976 and 2.4 g Cem-2
in 1977,
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Biologic inputs
Annual tree and sapling wood increment:

Annual aboveground net stem and branch wood increment in 1977 ranged
from 0 to 100.4 kg dry weight-tree=! for selected trees in Creeping Swamp.
Annual net wood increment was positively related to tree diameter (DBH)
for each of seven species chosen (Fig. 8). Net wood increment-DBH relation-
ships for red maple (A. rubrum), sweet gum (L. styraciflua), water oak
(Q. nigra), and swamp chestnut oak (Q. michauxii) were steeper and incre-
ments were higher than for black gum (N. sylvatica var. biflora), tupelo
gum (N. aquatica), and ash (Frax1nus spp.). The relatively Tow productiv-
ity of black gum and tupe]o gum is striking since both are common swamp
species and black gum is especially abundant in Creeping Swamp. The high
productivity of sweet gum and swamp chestnut oak, and their lower density
compared to red maple, ash, and black gum, may reflect very favorable
conditions for these species at the higher elevations in the swamp where
they are commonly found (Table 3). Perhaps ash, black gum, and tupelo
gum are abundant at the Tower elevations due to exclusion of species such
as the oaks and sweet gum because of flooding frequency rather than to
their higher productivities there. Red maple may be particularly abundant
due to its relatively high productivity, compared to ash, black gum, and
tupelo gum, and tolerance to flooding.

Annual aboveground net wood increment for 1977 was 648 g dry
weight-m=2 (324 g C-m=2) with red maple, chestnut oak, and sweet gum
dominating. Trees comprised 96% of this figure since small diameter stems
of all species grew very slowly.

Litterfall:

Litterfall in Creeping Swamp, measured by 0.2 mZ basket-type collec-
tors, was distinctly seasonal (Fig. 9). Approximately 60% of annual
Titterfall in 1975-1977 occurred in October and November, with peak 1it-
terfall usually the Tast week of October and first week of November. Mean
Titterfall was 604(+43) g dry weight-m-2 in 1975, 638(%43) g dry weight.m-2
in 1976, and 572(+24) g dry weight:m=2 in 1977 (MuTholland 1979). In
terms of organic carbon,litterfall in Creeping Swamp was 285 g Cem=2 1in
1975, 305 ¢ C-m=2 in 1976, and 272 g Cem~¢ in 1977. Leaves comprised
80.7% of Titterfall in 1976 and 75.1% in 1977, and wood comprised 11.2%
and 15.9% of litterfall in 1976 and 1977. Fruits and flower parts were
8.1% of 1itterfall in 1976 and 9.0% in 1977, and exhibited an April peak
comprising 70% and 56% of April 1itterfall those years. Litter fractions
were periodically combusted to determine AFDW. Leaves ranged from 92.2%
to 95.9% ash-free, with a mean of 94.7% over an annual period. Woody
tissue ranged from 95.9% to 98.6% ash-free with a mean of 97.0%, and fruit
and j]ower parts ranged from 95.0% to 99.1% ash-free with a mean of
97.0%.

Macro-litterfall:
Macro-Titterfall (material >0.3 m in length which was excluded from

the basket-type collectors) was most 1ikely a function of both season and
storm frequency. The highest rates measured were for late fall-early
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winter and late winter-early spring (Fig. 10). A large spate occurred in
late May 1977 which precluded collection for the period 13 April 1977 to
2 Jdune 1977. Macro-litterfall during this period was estimated to be

the average of the collection periods immediately preceding and follow-
ing, or 0.358 g dry weightem=2-day- -1. Annual macro-litterfall for 1977
(1 November 1976 to 31 October 1977) was 121(%16) g dry weight'm-2 (58.9
g Com-3). In a Florida cypress swamp Burns (1978) measured macro-litter-
fall of 66 g Cem-2

Fall of tree stems is not represented by macro-11tterfa]1 here due
to the relatively small size of the collection plots (25 m ) At Hubbard
Brook tree stems comprised 14.1% of total annual aboveground litterfall,
about 40 g C-m~2 (Gosz, et al. 1976).

Shrub and herbaceous piant net productivity:

Agnua1 shrub and herbaceous plant net productivity was 14.7(%5.8)
g Com™% in 1976 and 16.7(+5.9) g Com=2 in 1977. These are probably under-
estimates of true annual net productivity due to the omission of losses
during the growing season not measured by the harvest technique used here;
however, it is doubtful they are Tow by more than 50%.

Total aboveground plant litterfall:

Assuming macro-litterfall was constant from year to year, total
annual aboveground plant 1itterfall in Creeping Swamp was about 379
g Com=2 in 1976 and 348 g C-m~2 in 1977 (Table 6). Leaves made up
65% of 1976 and 58% of 1977 total Titterfall, and wood comprised 26% of
1976 and 30% of 1977 totals. Shrub and herbaceous plant litterfall was
computed from harvest data and is probably Tow due to Tosses during the
growing season.

Table 6. Total above?round p]ant litterfall in Creeping Swamp in

g Cem™ (#S.E.)
Type 1976 1977
Litterfall (<0.3 m in 1ehgth) 305.0 (£20.4) 272.2 (£11.2)
Macro-litterfall (>0.3 m in Tength)* 58.9 (+8.2) 58.9 (£8.2)
Shrub and herbaceous plant
Titterfall 14.7 (+5.8) 16.7 (£5.9)

Total 378.6 347.8

*Macro-Titterfall assumed to be constant from year to year.
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Throughfall and stemflow net Teaching:

A portion of annual net primary productivity is leached from Tiving
vegetation by throughfall and stemflow. In 1977 throughfall in Creeping
Swamp totalled 90% of precipitation recorded at a site about 5 km away.
Helvey and Patric (1965), in their review of throughfall and stemflow in
eastern United States hardwood forests, reported annual throughfall gen-
erally averaged 80 to 85% of precipitation. Organic carbon concentration,
as-well as many other constituents leached from foliage by throughfall and
stemflow, has been shown to be a function of season, volume of precipita-
tion in any one event, and time since last rainfall (Eaton, et al. 1973).
In Creeping Swamp throughfall organic carbon concentration (Y) was signi-
ficantly correlated (P <0.01) with volume of throughfall collected during
the 2-week period of measurement (X) for the dormant season (November
through March) and, with April excluded, for the growing season (Fig. 11).
In April 1977 and 1978 Tlarge throughfall organic carbon concentrations
(51.1 and 61.7 mg+1-1) were measured, due probably to the large amounts
of pollen and flower debris found in the samples at these times. In
1977 throughfall was 1.18_m and weighted mean annual organic carbon con-
centration was 18.0 mg-1'1. Total flux of organic carbon into Creeping
Swamp via throughfall in 1977 was 21.2 g C-m~%.

Stemflow organic carbon concentration varied widely from period to
period and from tree to tree, but tended to be inversely related to
volume. Concentrations ranged from 7.0 mge1-1 to 120 mg-1-1, with a
weighted mean annual concentration of 29.2 mg-1-1. Assuming stemflow
volume to be equal to 5% of annual precipitation (Helvey and Patric 1965),
total stemflow organic carbon flux in 1977 was 1.9 g C-m=2 or 9% of total
throughfall flux. Eaton, et al. (1973) reported an organic matter stem-
flow flux of 11% of that for throughfall at Hubbard Brook in the summer
of 1969.

Net input of organic carbon via leaching of 1iving vegetation by
throughfall and stemflow during 1977 was computeg as the difference between
total throughfa11 and stemflow flux (23.1 g C-m™ ) and rainfall flux
(2.4 g Cem~4), or 20.7 g C-m-2.

ATgal productivity:

Filamentous algae were noticeable in flooded areas of Creeping Swamp
from January until about June, or until the swamp dried for an extended
period. Generally algae did not reappear during summer or autumn spates,
due probably to Tight 1imitation under the tree canopy and to the short
duration of flooding. Algal growth became much less noticeable after mid-
April and algae were commonly observed floating downstream at this time.
Filamentous species observed in Creeping Swamp include Batrachiospermum
sp., Bulbochaeta sp., Draparnaldia glomerata, Eunotia pectinalis, Hyalotheca

dissiliens, Oedogonium sp., Spirogyra sp., Iribonema sp., and Zygnema sp.
ngera11y the filimentous diatem, E. pectinalis appeared first in January
with a more diverse flora developing in February, March, and early April.
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By May only the red alga Batrachiospermum sp. was observed2 In 1979
chlorophyl1-a on the swamp floor totalled 9.1 (11.0% mgem~%¢ on 15 March,
9.0 (+2.0) mgem-2 on 16 April, and 4.6 (+0.9) mgem=2 on 22 May. In a
1974-75 study Kuenzler, et al. (1977) reported chlorophyll-a levels of
<0.4 mgem-3 in the water column in Creeping Swamp, much Tower than 1979.

Oxygen diffusion coefficients of 0.015 and 0.02 g Ozsm‘z-hr'1 (at
0% saturation and 16 C) were computed from measurements taken in April
1976 using the nitrogen-filled dome method of Copeland and Duffer (1964).
Coefficients of from 0.03 to 0.08 g Oz-m‘z-hr-1 (at 0% saturation) were
computed for normal streamflow conditions using stream physical and
hydraulic properties (Tsivoglou and Wallace 1972). For computations of
gross primary productivity (EPP) in Creeping Swamp I used a diffusion
coefficient of 0.035 g O2+em~“-hr=1 (at 0% saturation). Due to the small
size of the coefficient, GPP would be in error by less than 20% even if
the coefficient was in error by a factor of 2.

GPP rates of aquatic plants, primarily filamentous algae, but probably
including benthic diatoms, mosses, liverworts, and submerged vascular
plants, varied widely, ranging from 0.1 to 3.9 g Og-m"z-day'1 (Fig. 12).
Large winter and spring spates may have dislodged algal filaments and re-
duced productivity temporarily. In addition algal productivity in newly
flooded areas was probably Tow until biomass could build up. There is
Tikely some seasonal effect since the highest GPP values were recorded
in March, just prior to canopy closure (early April), and no values
>0.9 ¢g 02~m‘2-day-1 were measured during April-June. Mean monthly algal
GPP for January through June ranged from 0.25 to 2.00 g 02-m-2-day-1 and
mean monthly algal net primary productivity (NPP) ranged from 0.15 to 1.20
g 02+m=2-day-1 (Mulholland 1979). Input of algal NPP was 12.6 g Cem-2 in
1976 and 14.1 g Cem=2 in 1977 when normalized for the entire area of
swamp.

Biologic outputs

Respiration rates:

Sites of respiration measurements in Creeping Swamp were the swamp
floor, in both the flooded and unflooded conditions, and the water column.
Organic carbon loss from Creeping Swamp by way of respiration activity on,
or in, the swamp floor has three components: (1) aerobic terrestrial
respiration and release of carbon dioxide (CO2) when the swamp is unflooded,
(2) aerobic aquatic respiration and release of CO2, and (3) anaerobic
respiration with the release of CO2 and CH4, either in dissolved form
or in bubbles. Together these processes represent the principal non-hydro-
logic Tosses of organic carbon from Creeping Swamp.

Terrestrial Respiration. Aerobic terrestrial respiration was
measured for the litter layer only (terrestrial litter respiration, R

')s
and for the total soil profile (total soil respiration, Rts)' Rates tl
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of terrestrial litter respiration ranged from 3.6 to 180 mg C-m'z-hr'],

with temperature explaining about 66% of the variation (Fig. 13). For
the subset of data gathered on 4 November 1977 and thereafter, inclu-
sion of the amount of litter incubated (in AFDW) as an independent
variable significantly improved (P<.05) the regression, explaining an
additional 10.2% of the variation in respiration rate (Mulholland 1979).
Litter moisture content was poorly correlated with respiration rate

(r = .04), and its inclusion did not significantly improve the strength
of a multiple regression. Although some (Witkamp 1966, 1968) have re-
norted a significant moisture effect, it may be less important in un-
flooded areas of Creeping Swamp due to the high water table and humid
conditions. Total soil respiration rates ranged from 27 to 441 mg
C-m=2.hr-1, with temperature alone explaining 69% of the variation (Fig.
14). Roots are very abundant in the top soil layers of Creeping Swamp
and much of the total soil respiration is likely to be root derived.
Roots have been reported to contribute from 6 to > 50% of total soil
respiration in forests (Coleman 1973; Edwards and Sollins 1973; Edwards
and Harris 1977; Wiant 1967; Witkamp and Frank, 1969).

Aerobic Aquatic Respiration. Respiration rates within the water
column itself varied seasonally, with very low winter rates, slightly
higher spring rates, and the highest rates measured in summer under low
streamflow or stagnant conditions (Fig. 15). An early November peak in
water column respiration rate corresponding to the release of readily
leachable organic compounds from newly fallen leaves was not evident in
1977. The low rates of respiration in the water column were probably
due to two factors: (1) the lack of particulate surfaces for bacterial
colonization within the water column; turbidity and POC were very Tow
most of the year, and (2) while concentrations of DOC in the water were.
large, most of it was likely refractory humic and fulvic compounds.

Aerobic aquatic respiration rates of the swamp floor in laboratory
incubated coyres (aquatic benthic respiration) ranged from near 0 to
194 mg Op-m” ‘hr-T, with temperature explaining from 84% to 96% of the
variation (Mulholland 1979). The data were divided into seasonal groupings
with significantly different (P < 0.05) temperature-rate relationships
hetween groups (Fig. 16). Temperature alone explained 93% of the cold
season and 88% of the warm seasen variation in respiration rate, with
Qg's of 2.5 and 3.2, respectively. The aquatic benthic respiratjon rates
reported here are somewhat higher than the 21 to 83 mg 02 'm~4¢-hr~! mea-
sured_in a_Llouisiana cypress swamp bayou, but less than the 125 to 417
Oz-m'z-hr“] measured in a lake within the swamp (Day, et al. 1977). They
fell within the lower range of the 29 to 896 mg Op-m-2hr=T reported over
an annual period for various North Carolina Piedmont and Coastal Plain
streams (Hoskin 1959).

Anaerobic Respiration. Evolution rates of dissolved methane from
Creeping Swamp ranged from near 0 to 9.9 mg CH4-m'2-hr‘], and exhibited
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no simple relationship to water temperature (Fig. 17b). Rates were
generally higher in the spring months near Transect 1 (Fig. 17a),

was inundated for longer periods and had slightly Tower water velocities
due to the diking effects of the state highway nearby.  Funnel collectors
were set out from February to June 1979 but no methane ebbulition was
observed. Evidently if ebbulition occurred, the water column was suffi-
ciently undersaturated with methane that dissolution occurred rapidly.
Rudd and Hamilton (1978) measured methane evolution rates of 0.7 to 6.7
mg CH4-m‘2-hr‘1 in a eutrophic Canadian shield lake and found they
varied Tittle throughout the year. Baker-Blocher, et al. (1977)
measured methane evolution rates of from 4.2 to 50 mg CHg-m=2-hr-1

in some Michigan wetlands and found them to increase with temperature.

Monthly and annual respiration:

Monthly and annual respiration rates were computed for water
column respiration, aerobic terrestrial Titter and total soil respira-
tion, and aerobic aquatic benthic respiration on a whole-swamp basis.
Monthly water co]u?n respiration was low (<1 g C-m'z-m0'1) and annual
totals (3.2 g Cem™¢ in 1976 and 4.5 ¢ Com=2 in 1977) were small compared
to those for the swamp floor. Monthly rates of terrestrial litter and
aquatic benthic respiration varied seasonally (Fig. %8 Month]y
terrestrial Titter respiration rates (3 to 51 g Com~%+.mo-! exhibited
a pattern of sharp summer peaks and low winter values. Th1s reflected
seasonal differences in both temperature and inundation, Monthly-
aquatic benthic respiration rates (0 to 7.4 g Cem~Z2emo-1) were lower
and more uniform throughout the year, reflecting the counteracting
effects of lTow water temperatures and large inundation fractions in
winter and early spring, and the reverse situation during summer and
fall. Terrestrial litter respiration totaled 275 g Cem~¢ 1in 1976 and
246 g C-m=2 in 1977, and represented 24% of total soil respiration in
both years. This 1is in reasonable agreement with the 30% contribution
by Titter to total soil respiration in an English forest (Phillipson,
et al. 1975). Most of the remaining total soil respiration in Creeping
Swamp is probably root-derived. Total soil respiration was 1145 g Cem"
in 1976 and 1026 ¢ Cem=Z in 1977. Aquatic benthic respiration was 91 g
02-m~2 in 1976 and 122 g Op+m~% in 1977. Assuming an RQ of 120, organic
carbon loss via aquatic benthic respiration totaled 34 g Cem % in 1976
and 46 g C-m=Z in 1977.

Particulate organic carbon formation

_ Conversion of dissolved organic carbon to the particulate form via
DOC precipitation and possibly bacterial growth was measured from Novem-
ber 1977 to M?y 1978. Rates of POC formation ranged_from 0.01 to 0.15 mg
AFDW-1-T+day=!, with a mean of 0.10 mg AFDW<1-T+day=1; and were generally
higher during the spring months (Mu1ho11and 1979). Using the mean. POC
formation rate of 0.10 mg AFDW'1'1'day' (0.05 mg C'1'1'day'1) and mean
water retention time of 30 h, computed from estimated swamp volumes (using
topographic data from the five transects paced for inundation patterns)
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and streamflow rates at corresponding volumes, I computed annual swamp
POC formation for 1977 of 0.6 g C-m~<.

Leaching of DOC from ground litter

Leaching of ground 1itter represents a transfer from POC to DOC
and consists of three processes: (1) rapid, short-term Toss of readily
leachable material from submerged, newly fallen litter, mostly leaves,:
(2) removal of readily leachable material from newly fallen litter by
throughfall when the swamp is dry, and (3) slow, Tong-term.leaching of
submerged 1itter.

The amount of readily leachable material in newly fallen leaves in
Creeping Swamp, as measured by 7-day leaching experiments, ranged from
5.5% for swamp chestnut oak (Q. michauxii) Teaves to 32.6% for tulip
poplar (L. tulipifera) leaves (Table 7). For four of the seven leaf
species studied, most of the initial leaching was complete after 48 h
of submersion but for tupelo gum (N. aquatica), black gum (N. sylvatica
var. biflora), and swamp chestnut oak significant leaching took pTace
between 48 and 168 h (Fig. 19). In order to compute the readily leachable
organic matter avajlable, total annual Teaf litter input was apportioned
among the seven most abundant tree species according to their basal areas.
In 1976 41.4 g C-m~2 and in 1977 32.3 g C-m=2 of annual leaf litterfall
was readily Teachable. Much of the readily leachable material removed
from newly fallen leaves has been shown to be rapidly utilized by bacteria
in streams (Cummins, et al. 1972; Lock and Hynes 1976; McDowell and '
Fisher 1976; Wetzel and Manny 1972). In experiments with swamp floor
cores, about half the DOC initially leached from red maple leaves was
utilized (disappeared) within 12 h, from 55 to 70% within 24 h, and from
79 to 103% within 95 h (Table 8). :

The readily leachable material of newly fallen leaves which fall in
unflooded areas can be leached and transported into the soil by through-
fall. In concurrent studies of throughfall leacning of newly fallen red
maple (A. rubrum) leaves from Creeping Swamp, incubated in the swamp and
in a wooded area near Chapel Hill, North Carolina, approximately 10 to
. 12 cm of throughfall was required to extract the readily leachable frac-
tion (Mulholland 1979).

Rates of slow leaching of ground litter, as measured from DOC
increases in laboratory incubated swamp floor cores, ranged from 0 to
48 mg C-m=2.hr-1 (Fig. 20). For the November and January experiments
exponential relationships (Y = AeBT) between leaching rate (Y) and
temperature (T) described the data slightly better than did linear
relationships. ‘Exponential equations were similarly used to fit the May
and August data (Mulholland 1979). Temperature alone explained 74% of
~the variation in Teaching rate in November, 81% in January, 86% in May,
and 89% in August (cf. Fig. 20). If AFDW of core Tlitter is included, the
regression is significantly improved (P<.05) and an additional 15% of the
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Table 7. Dry weight loss as a percentage of original dry weight during
a 7-day leaching study of newly fallen leaves collected in
autumn from several species of trees in Creeping Swamp. Leaves
were leached in distilled water at 23 C.

48-hour Dry Weight Loss 7-day Dry Weight Loss

Species (% of original weight) (% of original weight)
Quercus michauxii _ 2.5 - 5.5
Quercus. nigra - ‘ 6.9
Fraxinus spp. 11.5 , o 11.8
Liquidambar styraciflua 17.9 18.3
Nyssa sylvatica var. biflora 14.1 18.4
Nyssa aquatica 16.9 22.3
Acer rubrum 17.1 23.0
Liriodendron tulipifera 31.3 32.6

Table 8. Utilization of readily leachable material from newly fallen
red maple leaves in swamp floor cores taken in November 1978.

Leaching " Leachate Percent of Leachate

eachi ach ' Utilized
(h) (g 1™h in10.5h in24h in 95 h
12 110 58 71 .
16 54 -
47 55 -
24 150 - 70 103
- 60 79

-- 65 85

*Length of tfme leaves were submerged in distilled water to leach readily
Teachable fraction. : ’
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variation is explained in November, and 4% in August. In May, the amount of
litter in the cores was not measured and in January it did not signifi-
cantly improve the regression. Leaching rates generally decreased from
November to May, probably reflecting decreases in ground litter. The
relatively high leaching rates in August are contrary to the trend of
decreasing rates with time after autumn litterfall. They may be explained
by the relatively large amounts of Titter in the August cores (1140 g
AFDW-m=2). Mean core litter in the November experiments was 793 g _
AFDW-m=2 and in January 607 g AFDW-m-2. From inspection of ground litter
levels during 1977 (Fig. 5), it appears that the amount of 1itter in the
August cores was higher than mean swamp levels during August 1977, pro-
bably due to sampling bias.

Monthly and annual slow leaching rates were estimated using the
leaching rate-temperature relationships (Fig. 20), mean monthly water
temperatures, and mean monthly inundation fractions. The November reia-
tionship was used for November and December, the January relationship for
January through March, and the May relationship for April through October.
The August relationship was not used due to the large amounts of core
litter. Slow leaching in December 1976 and November 1977 was assumed to
occur over 24 and 23 days, respectively, because initial leaching during
the first 7 days of inundation was already accounted for. Most of -the
slow leaching occurred during December through March and May through July
in 1976, and in March, November, and December in 1977. Total annual slow
leaching of ground litter was 16.6 g Cem~2 in 1976 and 24.3 g C-m-2 in
1977.

Natura1 and channelized streams in eastern North Carolina

In addition to Creeping Swamp, organic carbon concentration was moni-
tored in six other streams in eastern North Carolina, four of which have
been channelized (Fig. 1). Weighted mean annual DOC and FPOC concentrations
are presented for these seven streams (Table 9). Weighted mean annual
DOC concentrations ranged from 8.5 mg-1-1 in 1975 at Grindle Creek (GR-

10) to 19.7 mg-1-1 in 1977 at Creeping Swamp (CP-10). Weighted mean annual
FPOC concentrations ranged from 0.4 mg+1-1 in 1976 at Creeping Swamp
(CP-10) to 3.2 mg-1-1 in 1975 at Tracey Swamp (TR-10). Weighted mean
annual FTOC concentration in Tracey Swamp was about 1.4 times higher in
1975 than in 1976. This difference may be due to the Tack of winter high-
streamflow samples in 1976. Streamflow was greater than 1 m3-sec-! on
four of seven sampling dates in 1975, but only two of ten sampling dates
in 1976. In Tracey Swamp, a channelized stream, the lack of high-stream-
flow data may have biased 1976 weighted mean annual FTOC concentration
toward Tower values. In Creeping Swamp weighted mean annual DOC concen-

- tration increased by 40% from 1976 to 1977. This may be explained by
large DOC concentrations during a very large spate just after peak leaf-
fall in early November 1977.

_ Seasonal patterns of FTOC concentration are presented for four streams
(Fig. 21). FTOC concentrations during 1976 in two natural swamp-streams,
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Chicod Creek (CH-20) and Palmetto Swamp (PM-10)}, were somewhat higher,
especially in the summer, than in two channelized streams, Clayroot
(CY-10) and Tracey Swamps (TR-10). In Chicod Creek and Pa]me%to Swamp
FTOC concentrations during 1976 were generally 10 to 15 mge1™', whereas
in Clayroot and Tracey Swamps they were normally 5 to 10 mg-]'T.

Table 9. MWeighted mean annual DOC and FPOC concentrations in natural
and channelized streams in eastern North Carolina.

Number Weighted Mean Annual
of Concentrations (mgfl"])
Stream Year Samples DOC FPOC
Natural:
Creeping Swamp
(CP-10) 1975 16 12.6 1.0
1976 29 14.8 0.4
v 1977 26 19.7 1.0
Palmetto Swamp
(PM-10) 1975 13 - (70.1)* --
_ 1976 8 10.4 0.8
Chicod Creek
(CH-20) 1975 8 10.4 1.6
1976 9 -- (15.2)* -~
Channelized:
Clayroot Swamp
(CY51O) 1976 26 12.0 2.5
Tracey Swamp
(TR-10) 1975 7 14.0 3.2
v 1976 10 -- (12.2)* --
Conetoe Creek
(co-10) 1975 7 11.1 1.7
Grindle Creek
(GR-10) 1975 7 8.5 2.3

*Weighted mean annual FTOC concentration.

DOC or FPOC concentrations.
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Figure‘Z]. Seasonal pattefns of fine total organic carbon (FTOC) con-
centration (e) and streamflow (o) at (a) Chicod Creek (CH-20),

(b) Palmetto Swamp (PM-10), (c) Clayroot Swamp (CY-10), and
(d) Tracey Swamp (TR-10) 1in 1976.
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FTOC concentration was significantly correlated (P<.05) with logjg
(streamflow) in all but Chicod and Grindle Creeks. For Grindle Creek
the correlation was significant at P<.06. The correlations for the four
channelized streams were all positive, whereas those for Palmetto and
Creeping Swamps, both natural streams, were negative. Correlations be-
tween DOC concentration and log10 (streamflow) were significant and
positive for Tracey and Clayroot Swamps, as was a correlation between
DOC concentration and streamflow for Conetoe Creek. FPOC concentration
was not significantly correlated with streamflow or logig (streamflow)
in any of the streams.

Effect of spates on organic carbon concentration in Creeping and Clayroot
Swamps

Concentrations of FTOC and DOC (not shown) increased slightly as
streamflow increased, but were diluted slightly thereafter during spates
in Creeping Swamp (CP-10 and CP-20) in January, June, and December 1976
(Fig. 22). Peaks in FTOC concentration at CP-10 during the June spate
(3 June and 6 June) were due to Targe FPOC concentrations on these dates.
FPOC concentrations were less than 3.0 mg-1-1 on all other dates during
the June spate.

In Clayroot Swamp; a channelized stream within 5 km of Creeping
Swamp (Fig. 1), FTOC concentration during spates exhibited patterns similar
to, but not as dramatic, as streamflow (Fig. 23). DOC concentration
patterns (not shown) were not as sharply peaked as those for FTOC. FTOC
concentration patterns were mostly a result of FPOC concentrations, which
were generally high as streamflow increased, and returned to low 1eve1s
as streamflow decreased.:

DISCUSSION

Organic carbon concentrations

DOC concentrations reported here for three natural swamp-streams in
eastern North Carolina are high compared to upland rivers and streams,
with the exception of some Canadian streams reported by Lock, et al.
(1977), but are similar to those reported for other swamps (Tab]e 10).
High DOC concentrations found in swamps as compared to waters of upland
forested watersheds are 1ikely due to two factors. First, Teaching pro-
cesses are enhanced in swamps due to long contact times between water and
ground Titter. In upland forests Teaching takes place primarily by rain-
fall as it passes through the tree canopy and percolates into the soil.
Contact time between water and ground litter is relatively short as
rainfall quickly penetrates vertically into the lower soil layers. There
it is isolated from further contact with detritus, moves laterally, and
eventually emerges in streams. In swamps, leaching takes place primarily
by surface water. Swamp surface waters are shallow and velocities are
low, resulting in relatively long contact time between water and ground

64 .




9))

fo

-sech)

3
ol H O U
T

FLOW (571
D

Jii
3

\#

EAT

o
"
[ S Y

ST

Figure 22.

20 @) T 1 ! l T L
" Q .
15 —Zo- CP-10
10 I 3 N CP—ZO/—O'
s 8 Mo ,//'
5t d - e . o’ ~
¢ \"'"‘Q-~—T—-//"’
| Jan27 28 29 30 3l Febl 4
—~ |'» 1 T | | T T
TL-
2
2
z; 10 O’//*O/,/‘-*_“\\’-“ ~\.O~ l“*O
E 0 g-_—;;#f ! | | ® 8- -l
. May24Juned 4 5 6 7 8 22
20 F ! l | l ! | ! 3
(c)
o /% i
- -0
IO" M -
CpP-2 ~
5 L. ./0;//’/*?\\0\ ~0 J
0 == // | 1 L Tt -
Dec7 8 6 I7 18 19 20 2
1976

Patterns of fine total organic carbon (FTOC) concentration
and streamflow at two stations in Creeping Swamp (CP-10
and CP-20) during spates in (a) January, (b) June, and

(c) December 1976.

Solid line depicts FTOC concentration

and broken line shows streamflow.

65



16

N DN O D o P

o

STREAMFLOW (m3 - sec™)

o

w ™

Figure

5| {/. . l\\"//f‘ f

0 i&/\} ] L | | | Ly

Jan 2| 27 28 29 30 3l Febl S
—~ 20 F1 1 | T I ] T T

4

. L1
May24 Juned 4 5
T

S0 F T 1 |
(c)

0L —L1—,
Dec 8 e |17 I8
' 1976

19 20

Patterns of fine total organic carbon (FTOC) concentration
and streamflow at two stations in Clayroot Swamp (CY-10
and CY-20) during spates in (a) January, (b) June, and

(c) December 1976. Solid 1ine depicts FTOC concentration
and broken 1line shows streamflow.

€6




L9

Table 10. Concentration of organic carbon in natural waters.
to organic carbon by multiplying by 0.5.

Organic matter concentrations were

converted

DOC (mg-1"")

FPOC (mg-1"")

CPOC {mg-17 )

Ecosystem range mean range - range " mean Reference
Rivers and streams:
Fort R., Mass. 0.9-7.4 3.1 0.4-3.1 0.004-0.09 0.025 Fisher (1977)
Bear Br., N.H. 0.4-3.8 1.3 0.0-1.5 -0.51T 0.011 Fisher and Likens
- (1973)
Watersheds 2 and Hobbie and Likens
6, Hubbard Brook (1973)
Expt. Forest,
N.H. 0.3-4.8 <2.0 0.1-0.4
Augusta Cr. . Wetzel and Manny
Mich. 2.0-11.7. <8.0 0.2-7.0* (1977)
Catahoula Cr., De 1a Cruz and Post
Miss. 1.5-5.9* (1977)
Nanaimo R. Naiman and Sibert
B.C. 6.0-14.0 6.4 (1978)
4 Guatamalean R. 1.0-36 <10.0  0.0-10 Brinson (1976)
12 New Zealand Lock, et al. (1977)
Str. 0.7-4.6
5 Canadian Str. 4.9-24.6 Lock, et al. (1977)
Swamps :
Eastern N.C. 10.4-19.7 this study
Louisiana bayous 10.2-12.2 Day, et al. (1977)
Big Cypress Sw., Fla. 15.0-26.0 Carter, et al. (1973)

*estimate of POC which most closely approximates FPOC.



1itter. In Creeping Swamp, with a mean depth of about 0.3 m, mean water
velogity of about 0.1 m-sec-1, and mean ground litter of about 450 g
C-m-2, approximately 60 g C.m-2.yr-1 is leached from the soil surface.
High swamp DOC concentrations are also due to the concentration effects
of high rates of evapotranspiration in swamps as compared to upland water-
sheds. Annual evapotranspiration was computed to be 61% of annual preci-
pitation in the Creeping Swamp watershed (Winner and Simmons 1977), but
only 38% in the Hubbard Brook watersheds (Likens, et al. 1977) and in the
Fort River watershed (Fisher 1977). Evapotranspiration ranged from about
34 to 66% of precipitation in three Guatemalan watersheds (Br1nson 1976).
Burns (1978) reported evapotranspiration of 71% of prec1p1tat1on in a
Florida cypress swamp.

In a study from October 1978 to April 1979, L. P. Smock (personal
communication) found that on average DOC was 86% dialyzable (<10,000 MW
or <3.2 nm) at CP-14 and 75% dialyzable at CP-10 when flowing. However,
in a stagnant pool in the floodplain during March, DOC was 32% dialyzable,
and at CP-14 during October when the stream was intermittant, DOC was 56%
dialyzable. Koenings (1976) reported that only about 15% of the DOC of
a northern acid bog lake was dialyzable. It appears the size distribu-
~tion of DOC molecules may be related to hydraulic properties of the
aquatic environment as well as the source of the dissolved material.

Average concentrations of FPOC in the eastern North Carolina natural
swamp-streams are low but within the range of those for most other
reported rivers, streams, and swamps (Table 10). Low swamp FPOC concen-
trations are reasonable since water velocities are low and watersheds
are relatively flat.

Productivity and biomass

Total annual abovegEound net primary productivity in Creeping Swamp
for 1977 (1450 g AFDWem < or 707 g Cem- 2) was computed as the sum of that
for trees and saplings (676 g C 2), shrub and herbaceous plants (16.7

g Cm~2), and algae (14.1 g Cem- 2). Tree and sapling abovegroun% net pro-
ductivity was comprised of net annual wood increment (324 g Cem litter-
fall (272 g C-m~2), macro-litterfall (59 g C-m-2), and net throughfa]]

and stemflow leaching (20.9 g C.m-2) (Table 6; see also Mulholland 1979).
Macro-litterfall may be a slight overestimate of net annual product1v1ty
since it may have 1nc1uded material from dead trees; however, this is
probab1y minor.

Creep1ng Swamp was about as productive as some larger riverine
swamps in Louisiana (Lac des Allemands Swamp) and North Carolina (Tar
River Swamp), and more productive than an I11inois riverine swamp (Cach
River Swamp), an ombrotrophic Georgia swamp (Okefenokee Swamp), and most
temperate-zone upland forests (Table 11). In general the flowing-water
swamps (Creeping and Tar River Swamps, North Carolina, and Lac des Alle-
mands, Louisiana) had higher total and litter productivity than did the
bog swamps (in Minnesota and Georgia), Riverine and smaller floodplain
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Table 11." Annual productivity and standing crop of biomass and detritus in swamps and upland forests. Values given
in terms of organic matter (organic carbon taken as 50% of organic matter).

Annual Productivity Standing Crep
Total
Aboveground Shrub and "~ Total Soil Detritus
. NPP Litterfall Herb Layer Biomass Litter Total*
. - - - - - - - - -2
Location Type (gem2eyr™) (g Peyr™) (gem 2oy (kgem?) (gomP) (kgemT2)
Swamps : _
Minnesota . cedar bog] 1030 488 ‘ 1M 16 -- 100
I11inois cypress-tupelo, 2
riverine (Cach R.) 682 348 4 45 - 15
North tupelo, riverine
Carolina (Tar R.)3 -- 633 11 -- - --
mixed hardwood
swamp-stream 4
(Creeping Sw.) 1450 572 33 28 1000 16
Georgia cypress bog 5 '
(Okefenokee) 692 328 - 31 1000 992
Florida cypress 6 :
(Big Cypress) 1368 345 -- 19 -~ --
Louisiana cypress-tupelo,
riverine (Lac des ,
Allemands )’ 1328+ 620 20 - 422 --
mixed hardWood,
riverine (Lac des
Allemands)/ 1654+ , 574 _ 200 -- -- --
Bottomland
~_Forest:
I1Tinois maple-ash

{Sangamon R.) 1250 - 1060 29 -- -



Table 11 (continued)

Aboveground Shrub and Total Soil Detritus
Location ~ Type NPP Litterfall Herb Layer Biomass Litter Total*
Upland Forests:
Sweden beech? 1540 570 30 32 500 21
spruce’ 1370 572 <1 31 1900 21
Minnesota  oak' , 890 457 10 12 -- 6
NgziHamp— map]e—beech—bir?B "
re (Hubbard Brook)'Y» 800 560 1 13+ 360 5
New York oak—pine (Brookhaven)]2 858 -- 63 7 -- --
Tennessee tulip poplar (Oak Ridge)]3 1268 358 - 17 557 26
North lobloliy pine .
Carolina plantationl4 4112 530 -- 14 1808 --
Georgia oak-hickory'> 600 445 - 16 956 --
World Averages:
Temperate Rodin and Bazi]evich'(1967) 350-2000 - - 10-50 - --
Bray and Gorham (1964) -- 350-550 - -- - --
Whittaker‘(1965) 600-3000 (X = 1300) 6-200 (X = 30)
Schlesinger (1977) -- -- -- -- -- 24
Tropical Bray and Gorham (1964) 2790 1060 - -~ - -~
Whittaker (1975) 1000-5000 {x = 2000) -- 6-80 '(i = 45) -

* reported to a depth of 25 cm for I1lincis and North Carolina swamps, 91.5 cm for the Okefenokee Swamp, 45 cm for
the Hubbard Brock forest, 65 cm for the Swedish forests, 75 cm for the Tennessee forest, and 50 cm in Schlesinger's
estimate.

+ middle of the reported range

References: :

1. Reiners (1972) 6. Burns (1978) 11. Gosz, et al. (1976)

2. Mitsch, et al. (1977) 7. Conner and Day (1976) 12. Whittaker and Woodwell (1969)
3. Brinson {1977) 8. -Johnson and Bell (1976) 13. Reichle, et al. {1973)

4. this study 9. Nihlgard (1972) 14. Kinerson, et al. (1977)

5. Schlesinger {1978) , . 10. Whittaker, et al. (1974) 15. Monk, et al. (1970)
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swamps may support some of the highest natural forest productivipies in
the temperate zone. However, swamps in cooler climates (Cache River Swamp,

‘IT1inois) or those without abundant nutrient supplies (Okefenokee Swamp

and the Minnesota cedar bog) had similar or somewhat Tower productivity
than upland forests. :

Biomass in Creeping Swamp was intermediate compared to other swamps,
but surpassed those for upland forests reported here (Table 11). It was
in the middle of the range given by Rodin and Bazilevich (1967) for tem-
perate forests. A report on Southeastern forest biomass in good stands
by Smith, et al. (1975) indicated that swamps similar to Creeping Swamp
(termed branch bottom sites) possessed some of the highest biomass of any
of the forests in this region, ranging from 24 kgem=2 in 20-year stands
to 51 kgsm-2 in 60-year stands.

Ground Titter in Creeping Swamp was as great as that in Okefenokee
Swamp and greater than that reported for other swamps, but within the
range of upland forests (Table 11). This appears to be the result of
rather large annual total 1itterfall in Creeping Swamp rather than slow
decomposition as in Okefenokee Swamp. Total soil organic matter in
Creeping Swamp was Tess than the Minnesota and Georgia bog swamps and
within the range of upland forests (Table 11). The fermentation and
humus layer was thin and clay and sand layers were reached at shallow
depths. Decomposition of ground litter appears to keep pace with total
Titterfall over an annual period. Decomposition is probably enhanced by
alternating flooded and unfiooded conditions, allowing periodic penetra-
tion of gaseous oxygen to ground Titter and upper soil layers.

Respiration
| Aquatft benthic respiration:

. Aquatic benthic respiration was measured in laboratory experiments
with swamp floor cores (Fig. 16) and extrapolated to field conditions
using in situ mean monthly temperatures. Since this is an important
organic carbon loss from Creeping Swamp, it is desirable to compare
values measured in the laboratory with those measured in the field. Field
measurements of aquatic respiration can be computed from diel oxygen
concentration data gathered to compute algal productivity. Comparison
between those field measurements and rates computed from the laboratory
studies for similar temperature and season indicates there is reasonable
agreement for much of the data (Table 12).. The field measurements cer-
tainly have much greater error associated with them due to difficulties
in estimating average water depth. The large discrepancy between labora-
tory and field-measured rates for March 1978 may be the result of increased
algal respiration due to a large algal bloom observed at that time.

. Aquatic benthic respiration was measured in terms of oxygen units.
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A mean RQ of 1.71 (£0.10) was measured in laboratory experiments with
swamp floor cores; however, they were probably overestimations of field
values due to difficulties in measuring dissolved CO2 accurately and
possible artificial creation of increased anaerobic respiration within
the Tower parts of the core during incubation. An RQ of 1.0 was used to
convert aquatic benthic respiration data from oxygen to carbon units
because (1) most of the organic substrate was carbohydrate, and (2) an-
aerobic release of CO» was accounted for separately.

Table 12. Comparison of field and laboratory measurements of aquatic
benthic respiration rates. Field measurements consisted of
night respiration rates computed from diel studies and labora-
tory measurements were computed from rates measured in swamp
floor cores (Fig. 16).

Mean Field Aquatic Benthic Respiration Rates

, Temperature Field Laboratory
Date o (°c) (mg Oz.m'z-hr']) (mg Og-m'z-hr-1)
16-17 Feb. 1976 14.5 87 65
02-03 March 1976 17 46 54
03-04 March 1976 18 62 61
12-13 April 1976 1 | 25 25
24-25 May 1976 15 33 42
06-07 June 1976 16.5 33 50
07-08 June 1976 17 55 54
16-17 Feb. 1977 2 9 .22
30-31 March 1977 17.5 53 57
12-13 April 1977 18.5 32 64
28-29 April 1977 17.5 29 57
14-15 Feb. 1978 3.5 34 | 24
14-15 March 1978 - 13 110 32
28-29 March 1978 14 .78 ' 37

Comparison of terrestrial and aquatic rates:

The respiration rate-temperature relationships for terrestrial litter
(Rt1) (Fig. 13) and aquatic benthic respiration (Rz) in November and
January (Fig. 16a), converted to carbon units, were not statistically
different from one another (P<.05). The aquatic benthic respiration
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rate-temperature relationship for the March, May, August, and September
experiments (Fig. 16b), converted to carbon units, was statistically
different from the terrestrial Titter relationship for both coefficients.
This implies that respiration was similar at all temperatures in both
aquatic benthic and terrestrial litter habitats in the cold season (Nov-
ember-February), but that respiration was greater in terrestrial litter
than in the aquatic benthic habitat at temperatures <35 C during the

warm season (March-October). This behavior may reflect the dominance of
terrestrial systems during the warmer periods of the year. Normally when
water temperatures are relatively high, the aquatic system is much reduced
in area. Aquatic microbes may be more cold-adapted, responding less
strongly with increasing temperature than those in the terrestrial system.

Respiration of readily leachable DOC:

The microbial utilization of DOC Teached from newly fallen leaves
was not accounted for in any of my respiration studies. This rapid
utilization of Teached DOC represented a flush of intense metabolic
activity immediately following submersion of newly fallen leaves, or in
unflooded areas, during and immediately following rainfall events as
throughfall leached newly fallen leaves and percolated through the litter
~and soil Tayers. Using approximate swamp floor topographic profiles
from the five transects paced, surface water residence time within the
study segment was estimated to be about 25-40 h when the swamp is >70%
inundated. If all of the readily leachable material was leached by surface
waters, about 60-70% of it would have been retained and presumably res-
pired within the swamp (Table 8) and would not have appeared in my esti-
mates for annual respiration. If throughfall leaching was important, the
percentage that was not measured would have been still higher.

A Targe spate occurred on 6 November 1977,just after peak Titterfall,
flooding the entire swamp (Fig. 6). In most years much of the readily
leachable fraction of swamp leaf 1itter would have been leached by through-
fall, percolated through the unflooded swamp Titter and soil, and been
retained and utilized there. However, in 1977 the size and timing of the
November storm resulted in quick flooding and most of the readily leachable
material was probably leached into surface waters. DOC concentrations.
measured at CP-10 during this spate were very large {weighted mean concen-
tration of 21 mg+1-1), suggesting that this was the case. I have esti-
mated that 32.3 g.C-m-2 was leached from soil litter during this period,
but due to its rapid utilization, only about 35% (11.3 g C-m~2) was
accounted for as hydrologic DOC output at CP-10, the remainder (21.0 g
C-m~2) was retained and presumably respired within the swamp segment.

Due to the Tack of a significant increase in autumn water column respira-
tion rates (Fig. 15) and the paucity of particles for bacterial coloniza-
tion within the water column, it is probable that the utilization of the
readily leachable material took place on the swamp floor by bacteria
colonizing leaf and other detrital surfaces. Nevertheless, since the DOC
was in the water column for some short period, the 21 g C.m~2 additional
respiration in 1977 was assigned to the water column system component.
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In 1976 the situation was not quite as clear since the first Targe
spate did not occur until the middle of December. Prior to this time
throughfall undoubtedly leached some of the readily leachable material,
which was then retained and eventually respired within the litter and soil.
Assuming equal portions of total readily leachable material (computed to
be 41.6 g C-m-2 in 1976) were leached by throughfall and surface waters
‘each, 20.8 g Cem~2 of unaccounted-for respiration took place in the
terrestrial Titter-soil system and about 65% of 20.8, or 13.5 g Cem-2,
was retained and presumably respired within the aquatic portion of the
swamp segment. Total annual water column and terrestrial Titter respira-
tion must be increased by 13.5 and 20.8 g Cem-2, respectively, to account
for the respiration of readily leachable matter lost from newly fallen
leaves in 1976.

Anaerobic respiration:

_ Annual anaerobic respiratory conversion of organic to inorganic carbon
involves both C02 and CH4 production. Martens and Berner (1977) have
stated that two major pathways lead to methane production: (1) CO2
reduction (CO2 + 4Hp -» CH4 + 2H20), and (2) fermentation of acetic acid
(CH3COOH —» CHg + 2H20). In fermentation COp and CHg are produced in

equal amounts. Claypool and Kaplan (1974) have reported that 30 to 50%

of CH4 production in anerobic environments is by way of CO02 reduction.

While evolution rates of dissolved CH4 in Creeping Swamp showed no
striking seasonal or temperature effects (Fig. 17), season, temperature,
and inundation together may explain some of the variation. The low
rates measured in December, January, and February probably reflected the
low soil temperatures during these months. The August values were low
because the swamp had been flooded only a few days before the measurement
and interstitial dissolved CHa concentrations had yet to build up. When
unflooded for extended periods, gaseous oxygen can penetrate the Titter
and upper soil layers. Evolution rates were lower near Transect 4 than’
near Transect 1 probably due to more frequent drying in upstream areas
away from the highway. It is plausible that methane evolution in Creeping
Swamp is only important during the spring months when soil temperatures
increase and flooded or water-logged conditions exist. It may also be
important at times during summer and autumn when these conditions occur.
However, the swamp is usually dry most of the summer and autumn allowing
gaseous oxygen penetration and probably Tittle anaerobic respiration.

Annual methane evolution in Creeping Swamp is difficult to estimate
from my data. I have only measured methane evolution under flooded con-
ditions, and then primarily the dissolved form. Strayer and Tiedje (1978)
reported ebullition transported from about one-half to as much methane out
of the sediments of a small hypereutrophic lake as did diffusion. How-
ever, in Creeping Swamp if ebullition from the soil-water interface occurs,
rapid dissolution appears to preclude substantial loss of methane as bubbles

and my technique for measuring dissolved methane evolution would include
ebullition. Assuming that fermentation accounted for 60% of methane




release, that methane evolution occurred only under flooded conditions from
March through November, and that the mean annual methane diffusion rate was
3.0 mg CHg-m-2+hr-1, annual release of inorganic carbon via anaerobic
respiration in Creeping Swamp was 2.8 g Cem-2 as CHg and 1.7 g Cem-2 as

CO2 in 1976 and 6.1 g C-m~2 as CHq and 3.7 g Cem=2 as CO2 in 1977.

Total annual swamp fioor respiration:

Total annual soil respiration in Creeping Swamp, the sun of aerobic
(Ra) and anaerobic aquatic benthic respiration and terrestrial soil res-
piration (Rts), was 1184 g C-m=2 in 1976 and 1082 g C-m~2 in 1977. These
annual soil respiration values are similar to those reported for an upland
Tennessee forest , and greater than those reported for other forests and
swamps, with the exception of a Puerto Rican mangrove swamp (Table 13).
They are also at the upper end of the range given by Schlesinger (1977)
for world temperate forests. If the difference between total soil and
total 1itter respiration (Rts - Rt]) is assumed to be entirely root-
derived, then total annyal respiration due to swamp floor decomposition of
detritus was 333 g Cem=2 in 1976 and 334 g Com=2 in 1977.

Tabie‘13.~ Annual tbta1 5011 respiration'in various swamps and upland

forests. ,
Total Annual
Soil Respiration
Location Forest type (g C-m"z) Reference

Forested Swamps:

Minnesota cedar bog 739 Reiners (1968)

North mixed hardwood

Carolina swamp-stream 1184, 1082* this study

Puerto Rico mangrove swamp 1350 Lugo and Snedaker (1974)

Upland Forests:

Minnesota oak 794 Reiners (1968)

England beech 171 Philipson, et al. (1975)

Tennessee mixed deciduous 1036 Edwards and Sollins (1973)

North Toblolly pine

Carolina plantation 757 Kinerson, et al. (1977)
World Forests (ranges):

Temperate Zone 171-1414 Schlesinger (1977)

Tropical Zone 405-6100 Schlesinger (1977)

* total terrestrial soil respiration, anaerobic and aerobic aquatic
respiration for 1976 and 1977.
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Production/respiration ratios for the aquatic ecosystem

P/R ratios can be computed for the aquatic swamp-stream ecosystem
(excluding higher plant production) on an annual basis and for the months
of January through June. On an annual basis, Creeping Swamp is quite
heterotrophic with P/R of 0.2 in 1977. However, inspection of monthly
P/R indicates an increase in P/R from January to March and a decrease
thereafter, with February and March near unity (Table 14). March offers
the most favorable combination of sunlight and temperature for algal
growth in Creeping Swamp since at this time Teaf-out has yet to develop
and water temperatures are increasing. While algal productivity was not
measured from July to December, P/R ratios are thought to be extremely
small and the ecosystem highly heterotrophic since light intensity is
low beneath the canopy and flooding is usually of relatively short duration.

Table 14. Monthly P/R ratios for the aquatic ecosystem in 1977.
A11 production and respiration figures are g C-m™¢ of flooded

area only.

Month ‘ NPP Rh* P/R
January 1.6 6.9 0.2
February 6.1 7.1 0.9
March 11.6 11.1 ‘ 1.0
April 5.0 14.7 0.3
May 3.3 20.0 0.2
June 4.0 22.4 0.2

), aquatic benthic respiration (R_),

* ) . .
sum of water column respiration (ch a

and anaerobic respiration.

Particulate organic carbon formation

The formation of POC as a result of DOC precipitation is an insigni-
ficant process compared to other organic carbon flows in Creeping Swamp.
Lush and Hynes (1973) reported that DOC precipitation in streams was
positively correlated with turbulence, ionic strength, especially dissolved
calcium, and pH, all of which are relatively low in Creeping Swamp. At
CP-10 in 1976 mean soluble calcium concentration was 3.8 mg-T'],
conductivity was usually 40 to 70 umho-cm-1, and pH usually Tess than
5.8 {Kuenzler, et al. 1977). The low DOC precipitation rates measured
in Creeping Swamp were not surprising.




Annual organic carbon budget for Creeping Swamp

Elemental cycling in ecosystems can be examined by an annual budget.
The Creeping Swamp ecosystem was first treated as a "black box" with
inputs and outputs quantified (Table 15). In a more detailed approach it
was partitioned into its principal components with internal-system flows
between components, and flows between components and the external environ-
ment (Fig. 24). I have partitioned Creeping Swamp into five components:
three 1iving components (trees and saplings, shrub and herbaceous plants,
and algae) and two detrital components (water column and swamp floor).
Ecosystem inputs and outputs were quantified (Table 15), and all components
and flows of organic carbon presented in schematic form (Fig. 24). Through-
fall and stemflow inputs were partitioned between the aquatic and terres-
trial habitats by examining daily rainfall and inundation fraction data.
Terrestrial i1itter respiration was assumed to include all respiration of
the swamp floor under terrestrial conditions, except that derived from
roots.

Complete budget data were available for 1977 (Table 15). Inputs
exceeded outputs by 361 g Cem-2 with all but 38 g C.m~2 of this in annual
aboveground net wood increment. With the exception of tree growth, Creeping
Swamp is nearly in balance with respect to inputs and outputs of organic
carbon. Further strengthening this contention is the absence of soil
humus or peat layers of any size.

Water column:

The components of the model can also be examined separately. Analysis
of the water column indicates that it functions primarily as a flow-
through or transport entity. Allochthonous hydrologic inputs of organic
carbon totaled 196 g Cem-Z2.yr-1, 76% of the 258 g Cem-2.yr~-1 of total 1977
water column inputs (Fig. 24). Hydrologic outputs totaled 214 g Com=2.yr-1,
89% of the 240 g C.m-2.yr-1 of total water column outputs,and respiration
accounted for the remainder (Fig. 24). The swamp segment ecosystem studied
here was about 7% efficient in retaining and presumably respiring total
organic inputs (>95% DOC) to the surface water compartment, and even less
efficient in retaining allochthonous inputs (94% DOC).

Swamp floor:

The swamp floor detrital component had inputs of 378 g C-m'z-yr'],
of which 92% were inputs of terrestrial plant Titter (Fig. 24). Output
from the swamp floor totaled 358 g Com'z-yr‘1, of which 84% was as respira-
tion and 16% as leaching (Fig. 24). While the leaching loss percentage
was not Targe, it did represent a significant amount of organic carbon
and is Tikely the primary difference in organic carbon cycling between
wooded swamps and upland forests, upland forests having less leaching
exports. The swamp floor net input of 20 g C.m=Z2-yr-1 (about 5% of total
input) is certainly within the Timits of error for the estimation of plant
Titter inputs and respiration outputs, and is not significant. Inputs and
outputs for the swamp floor were in approximate balance with no apparent
storage or net consumption of detrital organic carbon in 1977.
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Table 15. Inputs and outputs of orgénic carbon_in Creeping Swamp for
1976 and 1977. Al11 values in g Cem=2.yr-1.

1976 1977
INPUTS
Hydrologic:
Upstream (TOC) 18.9 69.1
Tributary (TOC) 39.0 123
Groundwater (DOC) 3.0 1.2
Rainfall 1.8 2.4
Biologic: _
Tree and sapling aboveground
net productivity -
wood increment 324
Titterfall 305 (8.5) 272 (11)
macrolitter 58.9 (+8.0)
net throughfall
and stemflow 20.7
Shrub and herbaceous plant
aboveground net productivity 14.7 (£5.8) 16.7 (£5.9)
Algal net productivity 12.6 14.1
Total Inputs 902
QUTPUTS
Hydrologic:
Stream (TOC) 84.9 214
Biologic:
Respiration - water column 18.7 25.5
aquatic benthic 34.1 45.9
terrestrial litter 296 246
anaerobic 4.5 9.8
Total Outputs 438 541
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Whole ecosystem:

Total hydrologic output of organic carbon accounted for 37% of the
578 g C-m~2 of total detrital inputs to the 8-km swamp-stream segment in
1977. The ecosystem was thus 63% efficient at retaining detrital carbon
input, converting most, if not all of it, to CO» via metabolic processes.

Organic matter retention efficiencies have been computed from budget
data for 1.7-km segments of Bear Brook (Fisher and Likens 1973) and Fort
River (Fisher 1977), two upland streams with much higher gradients than
Creeping Swamp. Comparison of retention efficiencies between the upland
streams and Creeping Swamp is not useful, however, since segment lengths
were very different. Organic carbon retention is a function of stream
processing and storage features which, in turn, are related to segment
length. In addition retention efficiencies cannot be normalized to a
unit stream Tength since much of the input is lateral and fluvial inputs
discontinuous and non-uniform along stream segments.

In order to avoid the problems associated with comparing organic
matter retention efficiencies of stream segments of different lengths or
orders, Fisher (1977) has proposed basing indices on organic matter
loading. Fisher's loading coefficient (k) expresses the rate of organic
matter concentration change based upon an exponential model:

PN ¢
CO = Ci e

where Co and C4 are output and input concentrations for a particular stream
-segment. The Toading coefficient can be nocrmalized to a unit segment
Tength (z) yielding:
k'z

CO = Cioe .
If organic matter concentrations in Tateral fluvial inputs are similar to
the upstream concentration then non-hydrologic inputs, primarily Titter
inputs, throughfall and algal production are responsible for stream
organic matter loading. These inputs, normalized to a unit stream length,
can be considered as a loading potential (LP). Fisher's stream metabolism
index (SMI), computed as total ecosystem respiration divided by the amount
of respiration needed to prevent stream organic matter concentration
increase, reflects the ability of the ecosystem to prevent loading, given
its organic inputs. Assuming a steady state with no annual organic matter
storage, the metabolism index is also a retention index.

Creeping Swamp, while loading at a rate higher than both Bear Brook
and Fort River, has a metabolism index (retention index) intermediate
between these two, but closer to that of Bear Brook, a stream which ex-
hibits no organic matter loading (Table 16). This reflects relatively
efficient organic matter retention in Creeping Swamp despite its high
loading potential (Table 16). Creeping Swamp was better able to retain
its organic matter inputs than Fort River, and only slightly less able
than Bear Brook. The relatively high metabolism index of Creeping Swamp
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may be attributed to long organic matter retention times due to physical
retention features and the dominance of CPOM input, a more readily retained
organic matter fraction. Although Creeping Swamp was closer in size to
Fort River, it has retention features more similar to those of smaller,
Tower order streams such as Bear Brook (Bilby and Likens 1979). The pre-
sence of trees within the swamp-stream ecosystem increases the tortuosity
of flow pathways and the potential for debris dams. In addition, unlike
upland streams, the low gradient of Creeping Swamp produces low water
velocities with 1ittle erosive force.

Table 16. Characteristics of three stream segment ecosystems and indices
describing organic matter dynamics in each. Data for Bear
Brook are from Fisher and Likens (1973) and Fort River from
Fisher (1977). '

Parameter Bear Brook Fort River Creeping Swamp

Stream order 2 4 3
Study segment length (km) 1.7 1.7
Drainage at downstream

station (km2) 1.3 107 80
Organic matter input (kg/mz) 1.36 30.8 1.16
Loading potentiall (kg/m) 2.3 14.3 154
Retention efficiencyz 0.34 0.04 0.63
Loading factor3 1.0 1.025 1.175
Loading coefficient (k')4 0 0.0143/km 0.0202/km
Steam metabolism index® 1.0 0.638 0.82

]Meteoro1ogic and biological organic carbon inputs per unit stream length
2(2 inputs ~ % outputs)/: inputs

3Factor by which organic carbon concentration increases in the study
segment (after Fisher 1977)

4Computed as Co = Cj-ek Z where Co
Ci
k i

output concentration

input concentration
coefficient for stream segment
Tength z

Ecosgstem retention/retention necessary to prevent loading (after Fisher
1977).
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Organic carbon export from watersheds

Creeping Swamp watershed:

Exports of organic carbon were computed for the entire watershed
drained by Creeping Swamp. Monthly export of FTOC at CP-10 was computed
for 1976 and 1977 by multiplying weighted mean monthly concentration by
total monthly streamflow. FTOC export exhibited dramatic seasonal varia- -
tion (Fig. 25); it was highest in winter and early spring and Towest in
summer and early autumn, a pattern similar to streamflow (Fig. 6). The
large November export in 1977 was absent in 1976. November export of
organic carbon was related to streamflow even more dramatically than in
other months due to the large source of readily leachable organic carbon
available just after peak leaf-fall when a spate occurred.

Total organic carbon (TOC) flux at the upstream station, CP-20, was
3.10 ¢ Cem=2 of watershed in 1975, 1.89 g C-m-2 in 1976, and 6.81 g Com=2
in 1977. TOC export at the downstream station, CP-10, was 4.15 g Cem-2
of watershed in 1975, 3.37 g Cem~% in 1976, and 8.55 ¢ Cem=2 in-1977. TOC
flux at both stations was in all years >93% DOC. Precipitation recorded
in Greenville, North Carolina, about 25 km from Creeping Swamp, totaled
110 cm in 1975, 102 cm in 1976, and 126 cm in 1977 (National Oceanographic
and Atmospheric Administration 1975, 1976, 1977). Precipitation in 1977
was equal to the 25-year average, while that in 1975 was 13% less, and
that in 1976 24% less than the 25-year average (National Oceanographic
and Atmospheric Administration 1952-1978).

Comparison with other watersheds:

Exports of TOC from Creeping Swamp were high compared to other water-
sheds, mostly upland (Table 17). Brinson (1976) postulated a Tinear
relationship (Y = 0.023X + 0.158, r = 0.91) between organic carbon export,
Y (in g C-m-2), and annual runoff, X (in cm), from upland watersheds.

I have added two additional upland watersheds to those compiled by Brinson
and found 1ittle change in the relationship (Y = 0.023X + 0.355, r = 0.91).
However, an entirely different linear relationship best described organic
carbon export from Creeping Swamp, other eastern North Carclina water=
sheds with extensive swamp drainage, and a Louisiana swamp (Y = 0.123X

+ 0.490, r = 0.89) (Fig. 26). The slope of the line describing swamp-
draining watersheds is about 5.3 times greater than that for upland
watersheds, indicating much larger organic carbon export per unit runoff.
There were also higher organic carbon exports for some swamp-draining
watersheds than for upland ones, and many of the low exports from swamp-
draining watersheds were 1ikely due to the below-average precipitation

in 1975 and 1976.

In the segment of Creeping Swamp under study here, the net export of

organic carbon totaled 22 g Csm-2 of swamp in 1976 and 18 g C.m-2 of swamp
in 1977, about 2.6% of ecosystem NPP.(Table 18). These figures must be
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Table 17. Annual organic carbon export* and runoff from various upland and swamp-draining watersheds.

: Annual
Annual Organic Carbon
Area Runoff - Export
Watershed (km2-) (cm) (g C-m"z-yr_]) Reference
UQ]and
Arctic:
Char Lake, N.W.T., Can. 43.50 15.8 0.30 de March (1975) -
Cool Temperate:

Hubbard Brook, N.H.

watershed #2 (defor. )+ 0.16 122.1 2. N Hobbie and Likens (1973)
Borman, et al. (1974)

watershed #6 (forest.)+ 0.13 96.2 1.51 Borman, et al. (1974)
Bear Brook 1.30 72.0 1.95 Fisher and Likens (1973)
Mirror Lake 0.85 64.7 1.89 Jordan and Likens (1975)

Fort River, Mass. 107.30 79.8 3.29 Fisher (1977)

Marion Lake, B.C., Can. 13 204.8 5.17 Efford (1972)

Nanaimo River, B.C., Can. 894 167.8 14.60" Naiman and Sibert (1978)

Humid Tropics: , |

Rio San Marcos, Guat. 170 85 2.20 Brinson (1976)

Rio Sauce, Guat. 300 86 3.20 Brinson (1976)

Rio Polochic, Guat. 5247 - 194 4.80 Brinson (1976)

Swamp-draining
Warm Temperate: .
Louisiana swamp 770 89++ . 10.4 Day, et al. (1977)
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Tabie 17 (continued)

Annuat Organic Carbon
Watershed Area Runoff Export Reference
Swamp-draining
Warm Temperate:

Creeping Swamp, N.C.
CP-10 (1975) 80 30.5 4.15 This Study
(1976) 80 22.3 3.37 This Study
(1977) 80 41.1 8.55 This Study
CP-20 (1975) 32 27.2 3.10 This Study
(1976) 32 17.9 1.89 This Study
(1977) 32 39.0 6.81 This Study

Palmetto Swamp, N.C.
(1975) 54 30.3 3.06 This Study
(1976) 54 22.2 2.49 This Study

Tracey Swamp, N.C.
(1975) 141 30.5"F 5.25 This Study
(1976) 141 22.3%" 2.72 This Study
Chicod Creek, N.C.

(1975) 132 30.5'" 3.66 This Study
(1976) 132 22.3%* 3.39 This Study
Clayroot Swamp, N.C. (1976) 110 22.3%7" 3.23 This Study

*Export is as TOC for all upland watersheds except for watersheds 2 and 6 at Hubbard Brook and

shed, in which export was as FTOC. Export was as FTOC for all swamp-draining watersheds except Creeping Swamp in

which export was as TOC.

the Marion Lake water-

tExport was computed by adding the average of 1965-1970 bedload measurements to the 1967-1969 average fine part1cu-

late and dissoived fractions. Runoff is the 1967-1969 average.
Watershed is mountainous but contains several bog lakes and lakes used for log storage.

t++Annual runoff was computed by dividing total organic carbon export by the product of mean annual organic carbon

+concentr‘atmn and watershed area.

Runoff values are assumed to be equal to those at Creep1ng Swamp for that year.
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treated with caution, however, because they were computed as the difference
between two large values (total input and output), each of which has at
least 5 to 10% of error associated with it. Nonetheless, the net export
from Creeping Swamp seems to indicate that the swamp portion of the water-
shed exported more organic carbon per unit area than did the watershed as

a whg]e (with exports of 3.37 and 8.55 g C.m-2 of watershed in 1976 and
1977).

Table 18. Net hydrologic flux of TOC (g C'm'2 of swamp—yr'1) from Creeping
' Swamp for 1976 and 1977. Net flux computed as the difference
between total hydrologic inputs and outputs.

Stream Tributary  Precipi- Ground- Total
tation water

1976
Inputs ‘ 18.9 39.0 1.8 3.0 62.7
Outputs 84.9 . 84.9
Net Output 22.2
| | 1977
Inputs 69.1 ° 122.9 2.4 1.2 195.6
Outputs 213.7 213.7
Net Output 18.1

Exports of organic carbon are likely influenced by Tow frequency
runoff events as well as annual runoff. The timing and size of the
7-year spate that occurred in November 1977 was shown to influence consider-
ably the 1977 dissolved organic export. Very low frequency spate events
(>50-100 yr) have substantially influenced both short and long-term export
of particulate material from mountainous watersheds in Oregon (Swanson,
et al., in press); however, their effect is probably much less in lowland
Coastal Plain swamp-streams. Nonetheless the effect of very low frequency
spates on the export of particulate detritus in swamp-streams is uncertain
and not accounted for in annual budgets such as the one presented here.

~ Naiman and Sibert (1978) reported annual runoff of 168 cm and annual
organic carbon export of 14.6 g C-m-2 by the Nanaimo River from an upland
British Columbian watershed which includes several bog lakes and lakes
used for log storage. When plotted on Fig. 26, this watershed falls in
the intermediate region between upland and swamp~draining watersheds. This
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may reflect a combination of upland and swamp characteristics not present
in the other watersheds plotted. While no data are available on the
percentage of watershed in swamp habitat for the swamp-draining water-
sheds reported here, it is possible that they may be roughly similar and
that watersheds draining less swampland or other types of wetlands would
fall into the intermediate regions of Fig. 26, as does the Nanaimo River.
The runoff-organic carbon export relationship may reflect different percen-
tages of wetland drainage, or different types.

Fate of exported organic carbon

A1l watersheds export organic carbon regardless of vegetation type
or topography. This export represents an unavoidable leakage of the
products of photosynthesis and decomposition from ecosystems due to
hydrologic processes. While ecosystem productivity depends upon water for
growth and nutrient transport, water is also responsible for the removal
of some of that production to downstream aquatic ecosystems. The primary
ecosystem carbon cycle is from the inorganic, gaseous state to the organic
state via plant productivity, and back to the inorganic state via respira-
tion processes within the ecosystem. A secondary cycle involves the same’
initial transfer of carbon from the inorganic to the organic state, but is
followed by an export of organic carbon by way of hydrologic processes and
subsequent breakdown of organic carbon to the inorganic state in down-
stream aquatic ecosystems. While the primary cycle dominates in most eco-
systems, including swamps, the relative importance of the secondary cycle
depends upon ecosystem hydrologic properties. Swamps and other wetlands
have abundant surface water as well as relatively high rates of primary
productivity. This combination of properties results in high organic car-
bon Teakage compared to other ecosystems, especially terrestrial ones. Most
of the.organic carbon exported from watersheds is in the dissolved form
and not readily utilized by consumer organisms (Wetzel and Manny 1972;
McDowell and Fisher 1976). In order to complete the carbon cycle, trans-
formation to a more readily utilizable form must occur prior to respira-
tory breakdown and release of inorganic carbon.

The fate of terrestrially produced and exported DOC has been recently
investigated. While Lush and Hynes (1973) reported that DOC precipitation
occurred in freshwater, Lock and Hynes (1976) showed that it was of minor
importance in natural hardwater streams. Sholkovitz (1976) reported that
significant DOC precipitation occurred when filtered river water was mixed
with filtered seawater. Gardner and Menzel {1974), in a study of river,
estuarine, and offshore sediments, found that the greatest deposition of
lignin-derived organic materials occurred at the interface of fresh and
seawater. While most vascular plant-derived and exported DQC;has-a'short
retention time in flowing water ecosystems and 1s‘poqr1y-ut1]1zed py
heterotrophs, precipitated DOC may be much better ut111zed.due to increased
retention time, especially in vertically stratified estuar1es,.1qcreased
surface area available for bacterial colonization, anq availability to
a greater variety of organisms, particularly those which can only utilize
particulate matter, such as filter feeders.
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Estuaries have been generally viewed as among the most productive
ecosystems and as serving important nursery functions (Lauff 1967;
Odum 1971). Inputs of vascular plant-derived organic carbon from up-
stream may be extremely important to estuarine secondary productivity.
Sibert, et al. (1977) and Naiman and Sibert (1978) have recently demon-
strated a direct 1ink between estuarine fish production and detrital carbon
inputs from upstream terrestrial sources. In our study watersheds drain-
ing swamps have been shown to be greater exporters-of organic carbon than
upland watersheds. Swamp ecosystems, especially swamp-streams and larger
floodplain swamps in coastal areas, may be very important in maintaining
high secondary productivity in downstream estuarine ecosystems.

Comparison between natural and channelized streams

There is no clear difference in weighted mean annual DOC and FPOC
concentrations between natural and channelized streams in eastern North
Carolina (Table 9). The natural streams may have slightly higher weighted
mean annual DOC and lower FPOC concentrations than the channelized
streams, however there is considerable overlap in the data. More inten-
sive sampling, especially during spates, is needed to discern any signifi-
cant differences in weighted mean annual concentrations.

. Seasonal patterns of organic carbon concentration, however, differ
between the natural and channelized streams (Fig. 21). Clayroot Swamp
(CY-10) and Tracey Swamp (TR-10), both channelized streams, have low FTOC
concentrations in summer and early fall, whereas Chicod Creek (CH-20)

‘and' Palmetto Swamp (PM-10), both natural streams, have somewhat higher
-summer and fall concentrations, as did Creeping Swamp (Fig. 7). The
channelized streams have relatively high FTOC concentration at high
streamflow and low FTOC concentration at low streamflow, whereas the op-
posite pattern appears to be true for natural streams. FTOC concentration
was positively correlated with logyg (streamflow) for the four chan-
nelized streams and negatively correlated for two of the three natural
streams studied (P<.05). This pattern was generally true for DOC concen-
tration as well. Fisher and Likens (1973) reported a significant positive
correlation between log]g (dissolved organic matter concentration) and
Togip (streamflow) for Bear Brook, New Hampshire, and attributed it to
lTeaching of the canopy and soil litter and flushing of adsorbed organic
matter from clay surfaces during rainfall events. No significant rela-
tionship was found for two other nearby New Hampshire streams over an
“entire year (Hobbie and Likens 1973).

The differences in organic carbon concentration-streamflow relation-
ships between natural and channelized streams in eastern North Carolina may
reflect differences in the source of runoff. At low streamflow the chan-
nelized streams, as well as upland streams, drain primarily groundwater
with relatively low organic carbon concentration, and the natural streams
drain swamp surface waters in which DOC has been concentrated due to
high evapotranspiration and increased leaching of plant detritus. During
periods of high streamflow the channelized streams have higher DOC
concentrations, simitar to those of natural streams, since they receive
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inputs flushed from natural swamp-stream tributaries. The channelized
streams may also have higher FPOC concentrations at high streamflows,
particularly as streamflows rise and peak during spates. The negative
correlations between FTOC concentration and logjg (streamflow) in
Creeping and Palmetto Swamps indicate a dilution effect in natural
swamp~streams which may be tempered by increasing amounts of swamp in-
undated as streamflow increases, subjecting greater amounts of detritus
to leaching. ’




3. PHOSPHORUS CYCLING IN THE FLOODPLAIN ECOSYSTEM
AND EXPORTS FROM THE WATERSHED

by Laura Anne Yarbro

INTRODUCTION

General

The semi-aquatic character of wetlands and their interactions with
both terrestrial and aquatic ecosystems has led to many investigations
of the capability of wetlands to process introduced materials so that
these materials are not ultimately released to ecosystems downstream.
However, the processes affecting elemental biogeochemistry in wetlands
are poorly understood. For elements without significant gaseous forms,
the hydrology of the wetland ecosystem is the driving force behind mat-
erial transport into and from the system (Bormann and Likens 1979;
Gosselink and Turner 1978). The biota of wetlands are adapted to the
hydrologic regime and its related material fluxes and, furthermore, can
over time markedly influence the ecosystem's hydrology and export of
materials (R1chardson, et al. 1978). Knowledge of the functioning of a
wetland ecosystem in response to its characteristic hydrology and material
fluxes can be gained by the study of the cycling or biogeochemistry of
one or more elements in the ecosystem. I have chosen to examine the
dynamics of the essential element, phosphorus, in a small headwater stream
floodplain swamp, Creeping Swamp, located in the Coastal Plain of North
Carolina. The element phosphorus was chosen because (1) it is essential
for the growth and maintenance of 1ife; (2) it is generally described as
being Timiting in freshwater ecosystems {Vollenweider 1968; Schindler
1977); and (3) its cycling is relatively easy to quantify: it has no
gaseous phase significant to ecosystem biogeochemistry.

Phosphorus cycling in wetlands

Wetlands, by their juxtaposition to both terrestrial and aquatic
ecosystems, may act as filters or traps for materials received from both
types of ecosystems (Grant and Patrick 1970; Wharton 1970; Bender and
Correll 1974; Steward and Ornes 1973, 1975; Kitchens, et al. 1975; Lee,
et al. 1975; Boyt 1976; Odum and Ewel 1976, 1978; Richardson, et al.
19765 M1tsch, et al. 1977 Sloey, et al. 1978) However, this general-
ization does not hold true for all wetlands; some wetlands export mater-
ials, particularly nitrogen and phosphorus, rather than conserve them
(Crisp 1966 Gardner 1976; Heinle and Flemer 1976; Kemp 1978). Reten-
tion is sometimes seasonally temporary (Bender and Correll 1974; Burke
1975; Axelrad, et al. 1976; Woodwell and Whitney 1977; Richardson, et al.
1978; Spang]er, et al. 1976, 1977; Simpson and Wh1gham 1978; Tilton and
Kadlec 1979), or occurs for a short period of time after wh1ch the eco-
system becomes "saturated" (Steward and Ornes 1973, 1975; Valiela, et al.
1973; McPherson, et al. 1976; Valiela and Vince 1976), or significantly
mod1f1es ecosystem character1st1cs over success1ona1 or perhaps evolu-



tionary time (Steward and Ornes 1973, 1975; Hartland-Rowe and Wright 1975;
Richardson, et al. 1978). Some ecosystems appear to retain a significant
portion of their inputs of phosphorus (Burke 1975; Butler 1975; Viner
1975a; Hartland-Rowe and Wright 1975; Gaudet 1976; Odum and Ewel 1976,
1978; Day, et al. 1976; Boyt, et al. 1977; Kuenzler, et al. 1977; Nessel
1978; Yonika and Lowry 1978). Thus, it is imperative to understand the
factors controlling phosphorus cycling in wetlands in order to generalize
about wetland biogeochemistry.

Factors controlling phosphorus cycling in wetlands:

The character common to all wetlands is that they are wet; they
have water-saturated soils and are inundated periodically, seasonally,
or continually. The nature and timing of water entering, remaining and
leaving the wetland ecosystem is the hydrology of the system and consti-
tutes the most important factor influencing wetland biogeochemistry
(Gosselink and Turner 1978). It is also the 1ink between wetlands and
adjacent aquatic and terrestrial ecosystems (Likens and Bormann 1974;
Loucks 1975). Coupled with the amount and source of water entering the -
wetland ecosystem is the burden of materials carried in by the waters.
The magnitude of the inputs and the amount and availability of phosphorus
in the sediments are the second most important set of factors influencing
wetland elemental cycling. These factors are most frequently and dras-
tically modified by the activities of man. Thirdly, climate, as mani-
fested by the timing of hydrologic inputs and seasonal responses of the
biota, affects the cycling of materials in wetlands. Finally, the
characteristic biota of a wetland and their evolutionary and successional
response to elemental, hydrologic and energy inputs also exert control =
on elemental fluxes and cycling in the ecosystem. Note that no one set
of factors acts alone to control wetland biogeochemistry; rather all are
affected by the others. It is the sum of these interactions which
ultimately results in the characteristic functioning of a particular
wetland. Yarbro (1979) gave a detailed review of the Titerature on phos-
phorus biogeochemistry in freshwater marshes and swamps and in salt marshes,
particularly stressing the relationships to hydrology, levels and sources
of inputs, storage of phosphorus within the ecosystem, climate, and in-
fluence of mankind.

Phosphorus cycling in Creeping Swamp:

A preliminary model of phosphorus inputs, cycling, and exports for
the floodplain and surrounding watershed of Creeping Swamp has been
developed (Fig. 27). Phosphorus cycling in the Creeping Swamp watershed
is dependent primarily on precipitation inputs because of the highly
weathered status of the surface soils (Soil Survey, Pitt County 1974).
Additionally, a portion of the upper elevations of the watershed is
covered with pocosins; the build-up of organic materials in the sediments
of these systems has probably isolated them from mineral soils. The
floodplain of Creeping Swamp receives phosphorus from incoming precipi-
tation (Fig. 27) and streamwaters draining surrounding uplands. The
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