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CARBON POOLSAND FLUXESASAN
INDICATOR OF RIPARIAN RESTORATION

LauraA. B. Giee

(ABSTRACT)

Riparian forests are integra components of the landscape. The inherent biogeochemica
processes that occur in such forests provide numerous benefits to wildlife and society. Maintaining
good water qudity isamgor benefit from riparian forests and therefore, the maintenance, creation, or
restoration of riparian forestsisindispensable. This study was designed to broaden current knowledge
of the complex, interrelated biogeochemica processes and determine indices for riparian forest
restoration based on the various carbon pool s/fluxes that may represent restoration success.

This study was implemented on the Savannah River Site, an Environmental Research Park,
where severd riparian forests are recovering from thermal disturbances. The streamsin these forests
were subjected to therma discharges that increased flows and resulted in removal of soil and adecline
in the amount of woody vegetation. Two of these riparian forests are at different ages post-disturbance
and represent different stages of recovery, which provides an exceptiona opportunity to study

successiond processesin riparian forests and enhance restoration efforts.

Linear transects perpendicular to the main stream channd s were established in 2 recovering
riparian forests of different ages (two areas in Pen Branch ~ 8 years post-disturbance; Fourmile Branch
~ 12 years post disturbance) and an undisturbed (thermally) more mature riparian forest (Meyer's
Branch ~ 60 years). Along these transects quantitative data were obtained on above and belowground

carbon pools and fluxes.



Carbon pools exhibited a close correlation with riparian forest development. Biomass and
carbon pools increased with increasing riparian forest sand age. The importance of the herbaceous
carbon pool declined relative to the total above ground biomass, and the root carbon pool increased
with forest age/succession. In generd, net primary production (NPP) in young riparian forests (~8-10
years) rapidly approached and even exceeded NPP of more mature riparian forests. Once the
herbaceous stage of succession was surpassed, the litterfall component of NPP plays a greater role
riparian forests. Asawoody overstory became established (after ~ 8-10 years), annud litterfal rates
as afunction of NPP were independent of forest age.

Establishment of woody species occurred ~8 to 10 years after thermal disturbance and litterfall
amount in young riparian forests rgpidly became comparable to mature riparian forests. Laterd litter
movement from the riparian forest toward the stream was |ess than the amount of litter (carbon pool)
deposited from upstream into the riparian forest during aflood event. Overdl laterd litter movement
supplied less energy to the stream system than verticd inputs. A declinein riparian forest floor biomass
was observed with increasing riparian forest development. However, a difference in foliar forest floor
percent carbon lent itself to aminimal increase in the forest floor carbon pool with increasing riparian
forest age. Woody debrisin riparian forests comprised arelatively smal carbon pool compared to tree
and soil carbon poals.

The species composition of litter gppeared to be more of an overriding factor influencing
decomposition rates than forest age. The influence of litter quaity was evident in the decomposition
rates of the different litter composites used in thisstudy. In dl 4 sites the litter composite from the
meature riparian forest decomposed significantly more than the litter composites from the younger
riparian forests. The fairly rapid decomposition of red maple (Acer rubrum L.), which was one of the
man components in the mature riparian forest litter compogte, influenced the greater decomposition
rate. The litter composites from the younger riparian forests were smilar and both included more
decomposition resstant litter types, specificaly waxmyrtle (Myrica cerifera L.) and ader (Alnus
serrulata (Ait.) Willd.). Decomposition rates did not differ between the individua successond stages.



Riparian forests are intimately associated with their hydroperiod. During flood events the
riparian forest receivesinputs of organic matter and sediment, and the amount of deposition may
decrease dong a distance gradient from the main stream channd. The differentid amount of inputs
could affect forest productivity. However, in these riparian forests, a distance gradient effect was not
observed. Trends in herbaceous biomass were evident dong a microtopographic moisture gradient.
The ridge and swale microtopography prevaent in the younger riparian forests counteracted a distance
from the stream channel gradient effect across the riparian forest.

This study provided knowledge of how carbon pools and fluxes change with riparian forest
recovery from disturbance as wel as through different serd stages. Implementing the findings of this
study will enhance restoration eva uation efforts to ensure that these areas continue to provide the

numerous benefits gleamed from them.
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Chapter I. Introduction

Study Rationale

Riparian ecosystems are unique because of their linear position dong rivers and streams. These
ecosystems include amosaic of topography, floral and fauna communities, and environments that serve
as an interface between terrestrial and aguatic ecosystems. Riparian ecosystems are considered to be
more vegetatively productive and have higher species diversity and density than adjacent uplands
because of the periodic influx of water and nutrients, especidly when flooding is seasond rather than
continuous (Wharton et d. 1982). The hydroperiod of ariparian forest grestly influences the dynamic
nature of the processes dictating forest productivity. Flood events may provide or remove nutrients
available for vegetative growth. Depending of the extent and duration of aflood event, anaerobic
conditions will retard root growth, thereby limiting nutrient uptake critical for forest productivity. Also,
anaerobic conditions will affect decomposition rates of organic matter and incorporation of the

nutrients.

The most extensive riparian systems in the United States are the mesic bottomland hardwood
forest ecosystems of the Southeast (Mitsch and Gossdlink 1993). Riparian ecosystems provide
numerous goods and services (vaues) to society because of the processes (functions) that occur within
them (Walbridge 1993). Three main categories describe the functions and values of riparian forests: 1)
water quality and hydrology, 2) wildlife and fish, and 3) aesthetics and outdoor recreation (Palone and
Todd 1997). Anthropocentric values of riparian forests include flood mitigation, ssormwater control,
improved water qudity, removal of nonpoint source pollutants, structure and habitat for fish and
wildlife, travel corridors for wildlife, recregtiond hunting and fishing, timber, and aesthetics. Maintaining
hedlthy aguatic environments will subsequently enhance water quality and the establishment, or

restoration, of riparian forests is a vehicle to achieve this objective. Streamside vegetation isvery



important for certain insect ingtars (life tages).  Knowledge of the natural processesinvolved in
riparian forests, particularly the carbon/energy dynamics will facilitate success of restoration projects.

Disturbance interferes with the variety of riparian forest functions and subsequently the values
these riparian areas provide. Riparian ecosystems recover more dowly with increased disturbance
severity and some types of perturbations have longer lagting effects (Scott et d. 1985). A disturbance
may cause aforest to revert to an earlier serd stage. Therefore, understanding successiona processes
will enhance restoration activities. For example, knowledge of how above and belowground biomass
and carbon pools change at successve serd stages will provide a reference to determine whether

restoration efforts have been successful.

An understianding of the structure and function of undisturbed systlemsis an underlying
assumption of restoration research, yet this understanding is often lacking in current restoration efforts
(Cairns 1987). The perpetuation of ecosystem quality requires basdline studies of biogeochemicdl
conditions (Cairns et d. 1978). Maintenance of naturd energy inflows must be ahigh priority in
wetland management/restoration to sustain the integrity of riparian ecosystems and prevent the
immigration of invadve and exctic flord and fauna species. Changesin dte productivity occur through
changes in nutrient supply and cycling petterns, water availability and flux rates, and in root and
aboveground plant processes. An evauation of impacts on ecosystem processes or the determination
of future productivity depends on the quantification of changes in these processes or their controlling
factors.

Riparian issues are in the forefront of current research. Research is occurring on restoring
riparian areas in the Pacific Northwest to revive sdlmon populations. A large scde effort in the Eadt,
referred to as the Chesapeake Bay Initiative (2010 miles of riparian buffer by 2010) is currently being

implemented. In pastures across the country, programs are being implemented to prevent range



animas from destroying stream banks and therefore water quality. In forestry, the creation of

streamside management zones as a best management practice are employed to protect water quality.

Carbon continues to be a hot topic, specificaly in reference to itsrolein globa warming. An
internationd treaty, the Kyoto Protocol, which has been signed, but not yet ratified, addresses crediting
forested areas as carbon sinks to offset CO, emissons, given their ability to sequester carbon.
Aggrading forests are consdered to be net carbon sinks whereas mature forests are generdly in
equilibrium (Trettin et d. 1999). A better understanding of carbon pools and dynamics within riparian
ecosystems may provide ingight to applying the appropriate credits.

Human influence on forests, particularly changes in landuse and harvesting, have resulted in
regiona differencesin carbon storage (Murray et . 2000). Knowledge of litter and soil carbon pools
and dynamicsis limited and the effects of management activities on soil and litter carbon are not well
understood (Hoover et d. 2000). Knowing how carbon pools change through forest development is
important to understanding natural forest recovery processes and will aid restoration efforts.

This study was implemented on the Savannah River Site, Environmental Research Park, where
severd riparian forests are recovering from thermal disturbance. The streams in these forests were
subjected to elevated, therma discharges that removed soil and caused adeclinein woody vegetation.
In 1981, environmenta cleanup began due to the Resource Conservation and Recovery Act. In 1985
and 1989, reactors that discharged into the streams were shut down. The final impact statement and
subsequent record of decision directed that the riparian areas associated with these streams should be
restored to “functional forested wetland status to the extent possible.” Severa of these riparian forests
are a different ages post-disturbance and represent different stages of recovery which provides an
exceptiona opportunity to study successond processes in riparian forests and enhance restoration

efforts.



Current measures of restoration success are based on plant/tree surviva and density at
relatively young ages. Mitsch et d. (1998) suggest theat ‘ the introduction of plant species, dthough
necessary to meset legd requirements of early plant cover in created wetlands, may not aways be
necessary to start wetlands on atrgectory toward becoming afunctiona ecosystem.” The
complexity/specidization of interactions between abiotic and biotic factors involved in afunctioning
riparian ecosystem make it difficult to consder only one index as a measure of success. However,
quantifying individua factors may reved those components that play a greater rolein riparian processes.
Development of more accurate and efficient indices, and their interactions, is needed to determine
riparian restoration success. Carbon is an underlying component linking the cyclic processes
respons ble for succession and restoration. Carbon serves as an energy source for detritivoresin the
decompogtion of organic matter, specificaly litterfall, and this process returns nutrients to the system
where they are available for reuse. Carbon isaso an important structural component of woody
vegetation. Therefore, carbon pools may represent an accurate and efficient index of riparian
restoration.

Objectives

The overdl objective of this research project was to quantify and compare environmenta
factors and their influence on restored and non-disturbed riparian Sites to develop more accurate and
efficient indices of riparian restoration success. The following generd and specific null hypothesis were
tested to achieve these objectives.

Carbon pools in a riparian ecosystem are not affected by successional

state.

- Riparian forest productivity (aboveground) and biomass (above and belowground,
and litterfall) are independent of successond stage.



- Litter decompostion rate is not affected by seral stlage. Rates of litter decompostion
are independent of vegetation type.

- Woody debrisin low order streams and associated riparian areas do not significantly

contribute to the total organic matter content across successiona stages.

- Soil organic matter quantity is congstent throughout each riparian area regardless of

the successond stage.

- The successiond stage of ariparian area does not affect litter movement into the

gream (vertica and laterd), and instream litter.

- The successiond stage of ariparian area does not affect submerged aguatic

vegetation biomass.

Carbon pool magnitude in a riparian ecosystem is not affected by

microtopography or the gradient from stream channel to upland.

- Riparian forest biomass (above and belowground) is not affected by
microtopography.

- Thereisno linear relationship correating riparian forest biomass with a distance

gradient from stream channd to upland.

- Soil organic matter quantity is not affected by microtopography within ariparian
forest.



Chapter 11. Methods

Study Site Description

The study sites are located in riparian forests adjacent to three braided, blackwater streams on
the Savannah River Site (SRS), a Nationa Environmenta Research Park in South Carolina (latitude
33°N, longitude 82° W) (Fig. 11-1). The climate is temperate with warm, humid summers and cool
winters. The mean annua temperature and precipitation are 18 °C and 124 cm, respectively.
Surrounding land useis generaly forested. Watershed sizes are Pen Branch, 55 kn?; Fourmile Branch,
57 kim?; and Meyer’ s Branch, 51 k.

The Savannah River Site was designated by the federal government for nuclear fuel production
inthe early 1950's. Ecologica studies dso commenced on Site at thistime. Four reactors were built in
the years 1952 to 1956 and two were shut down in 1964-1971. In 1981 environmental cleanup began
due to the Resource Conservation and Recovery Act. 1n 1985 and 1989 the reactors affecting the
streams of Fourmile Branch and Pen Branch were shut down, respectively. The fina impact statement
and subsequent record of decision directed that the riparian areas associated with Fourmile Branch and
Pen Branch be restored to “functiona forested wetland status to the extent possible’” (Nelson 1996). In
Pen Branch the objective was to accel erate the establishment of a bottomland-hardwood ecosystem in
223 acres of disturbed forest.

Pen Branch and Fourmile Branch streams are third order tributaries of the Savannah River and
these tributaries received thermal, elevated discharge from nuclear production processes between 1954
to0 1989, and 1955 to 1985, respectively (Fig. 11-2). The stream corridors experienced eevated
temperatures (up to 70 °C) and increased discharge (1 to 2 orders of magnitude greater than base
flow). Thethermd discharge killed the bottomland hardwood vegetation and atered sediment erosion
and deposition patterns. The third stream in this sudy, Meyer’s Branch, represents aminimally



disturbed, third order reference ste (Fig. 11-2). Only minor disturbances such as selective logging in the
1940's occurred in Meyer’ s Branch, but it never received therma effluent.

The age of the riparian forests adjacent to Pen Branch, Fourmile Branch, and Meyer’s Branch
at the time this study began were 8 years, 12 years, and gpproximately 60 years, respectively. There
are 2 treatment areas within the Pen Branch corridor. One area has been alowed to regenerate
naturdly. Following asite preparation of herbicides to remove black willow (Salix nigra Marsh.) and
wax myrtle (Myrica cerifera L.) seedlings, and prescribed burning in November 1993, an adjacent
areawas artificidly regenerated by planting bottomland hardwoods in January 1994. In January and
February 1995, the corridor was replanted to replace seedlings lost to herbivory. Species planted
included cherrybark oak (Quercus falcata var. pagodifolia Ell.), water oak (Q. nigra L.), water
hickory (Carya aquatica (Michx. f.) Nutt.) , swamp tupelo (Nyssa sylvatica var. biflora (Walt.)
Sarg.), Shumard oak (Q. shumardii Buckl.), swamp chestnut oak (Q. michauxii Nutt.), persmmon
(Diospyros virginiana L.), green ash (Fraxinus pennsylvanica Marsh.), bald cypress (Taxodium
distichumL.), sycamore (Platanus occidentalis L.), water tupelo (N. aquatica L.), and pignut
hickory (C. glabra (Mill.) Sweset). For the remainder of this document natural regeneration and
artificid regeneration areas of Pen Branch will be referred to as Pen Branch (NR) and Pen Branch

(AR), respectively.

Early successiona species such aswillow (Salix spp. L.), waxmyrtle, smooth alder (Alnus
serrulata (Ait.) Willd.), and buttonbush (Cephalanthus occidentalis L.) dominated Pen Branch (NR).
The planted section (artificid regeneration) of Pen Branch was dominated by herbaceous vegetation
and blackberry (Rubus spp.), with some buttonbush and alder. The woody component of the Fourmile
Branch riparian forest was al'so dominated by willow, with the addition of red maple (Acer rubrumL.),
ader, waxmyrtle, and loblolly pine (Pinustaeda L.). Meyer's Branch represents a mature bottomland
forest with a mixed species compaosition including bald cypress, swamp and water tupelo, red maple,

Virginiawillow (Itea virginica L.), arrowwood (Viburnum dentatum L.), and dog-hobble
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(Leucothoe axillaris (Lam.) D. Don.) as the dominant species. A complete species list may be found
in Appendix Table 1.

Soil Descriptions

Soil descriptions were determined via an intensive examination of over 25 soil auger derived
soil profiles for each site (Azola 1997). Soil profiles were described using standard Natural Resources
Conservation Service techniques as described by the Keys to Soil Taxonomy (NRCS 1998). The soils
in the riparian forest of Pen Branch include Typic Endoaquepts, Typic Fluvaguents, and Thapto-Higtic
Fluvagquents indicating the adluvid nature of the Stes. In Pen Branch microtopography has influenced
s0il development resulting in different soil characteristics on the ridge and swaes. Adjacent upland soils

were characterized as Entisols and Ultisols.

In the Fourmile Branch riparian forest soils are generdly Thapto-Higtic Huvaguents, which have
aburied A or higic horizon. Characterization of soil profiles was not significantly influenced by
microtopography, so ridges and swales were mapped as one unit. Adjacent upland soils are ultisols on
the west Sde of the main channel (Typic Endoaquults, Aquic Hapludults) and entisols on the east Side
of the main channd (Typic and Aquic Quartzipsamments).

Much of the soilsin the Meyer' s Branch riparian forest have an organic layer > 18 cm deep
and the Typic Medisaprists had severd organic layers extending to an average depth of 102 cm. Other
riparian s0il types include Humagueptic Endoaquepts and Fluvaquents. Microtopography effects on
the morphology of the soils were minima. The upland soils are very sandy (Grossarenic Hapludults and
Arenic Endoaguults).

Currently the two thermally disturbed areas are dominated by aquents and agquepts whereas

Meyer's Branch is dominated by organic soils (histosols). The use of Meyer’s Branch as acontrol is
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reasonable because the Thapto-Histic nature of the soils in the disturbed areas indicates that these areas
were higtic in nature prior to the human induced changes to hydroperiod.

General Experimental Design

Gradients (e.g., evation, moisture) perpendicular to stream channels have been sudied by
numerous researchers (Bell and Sipp 1975; Johnson and Bell 1976; Hauer et a. 1986; Brinson 1993;
Reese and Moorhead 1996; Burke et a. 1999, Bledsoe and Shear 2000). In 1997, 17 transects were
established perpendicular to the main stream channels and in most cases spanned the width of the
riparian area extending into the upland. Placement of the transects was predetermined based on a
previoudy ingtdled hydrology study (Kolka et d. 2000). Transect length ranged from 3 to 94 m (Fig.
11-3) originating from the main stream channd.  Three transects were established within Pen Branch
(NR), 3 within Pen Branch (AR), 6 within the Fourmile Branch riparian forest, and 5 within the
Meyer's Branch riparian forest (Appendix Fig. 1).

Tree and shrub plots were used to measure tree and shrub biomass (Fig. 11-4). Smaler and
more numerous subplots were used to measure herbaceous biomass and species richness, root
biomass, and soil chemica and physical properties (Fig. 11-4).  The number of tree and shrub plots and
subplots (for herb, root, and soil sampling) established dong the transects for the riparian areas within
each study ste are provided in Table I1-1.
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Tablell-1. Number of tree and shrub plots and subplots within the riparian and upland forests.

Riparian Upland
Study Area Tree/Shrub Subplots Tree/Shrub Subplots
Plots Plots
Pen Branch (AR) 11 34 3 9
Pen Branch (NR) 12 37 3 9
Fourmile Branch 16 51 6 18
Meyer’'s Branch 15 49 5 15

Field and Laboratory Methods and Analysis

| dentification and quantification of carbon pools and fluxes were central themes of this research
(Table11-2) and awide variety of techniques were used to acquire thisdata. Table 11-2 liststhe overall
poals and fluxes that were identified and measured, and the chapter where the results are discussed.
The following methods describe the techniques used to acquire the field and laboratory samples
necessary to estimate carbon quantities for each of the identified pools.

Tablell-2. The pools and fluxesin ariparian forest. X denotes the pools and fluxes examined in this
study and the chapter(s) where they can be found.

Pools Chapter Fluxes Chapter
Trees X Il Litterfall X 1, v
Shrubs X " Lateral Litter Movement X v
Herbs X 11, VI Decomposition X \Y
Fine Roots X 11, VI Respiration

Litterfall X 1", v L eaching

Forest Floor X 1, 1v Sediment (attached carbon) X 11
Woody Debris X Il Instream Litter X 1V, V
Soil X 11, VI

Stream Vegetation X Il
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Standing Biomass

Trees and shrub layers comprise 1/4 to 3/4 of the biomass on aforested site (Kimmins 1987).
Along each riparian forest transect, tree and shrub plots (Wenger 1984) were spaced at 15.2 m
intervas originating at the main stream channd.  Within each tree and shrub plot, the diameter at breast
height (dbh @ 1.4m), height, and species of al trees (dbh > 4.0 cm) within a0.013 ha circular plot
were recorded. Diameter (measured just above the root collar), height, and species were recorded for
al shrubs (dbh < 4.0 cm and height > 0.5 m) within 20.002 ha plot. Fidd sampling was conducted in
June, 1997 and November 1999. Aboveground biomass values for trees and shrubs were estimated
using existing dbh:biomass regressions (Clark and Taras 1976; Peet and Council 1980; Clark et dl.
1985; Muzika et d. 1987; Mader 1990; Hauser 1992; Gholz et d. in press). The dbh:biomass
regression equations may be found in Appendix Table 4.

Her baceous Biomass/Species Richness

Depending on the serd stage of ariparian area, herbaceous biomass may comprise a
subgtantiad amount (Kimmins 1987). Along each transect, clip plots (Hal et d. 1993) were spaced at
45 mintervas. All vegetation in the herbaceous layer (< 0.5 min height, regardiess of growth form)
was clipped from each 0.25 n? area. The number of species obsarved in each clip plot was recorded
to determine species richness (# of species per 0.25 n¥). Microtopography was subjectively rated at
each clip plot as wet, intermediate, or dry based on position in the landscape (ridge or swde). Clip
plots were dso established in the adjacent uplands. Sampling was conducted four times: June &
August 1997, and June & August 1998. Consecutive clip plots were taken from the same genera area
and microtopography with no overlap of clip plot areato avoid influence from previous sampling. Al

clipped vegetation was dried to a constant temperature (60 °C) and weighed.
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Net Primary Productivity

Aboveground biomass increments are awell recognized pool of carbon. Egtimation of total net
annud primary productivity was determined by the mean annua increment method (Art and Marks
1971) in which the woody biomass is divided by the age of the forest sand. The mean annua increment
method generally underestimates current woody production, but alows interpretations of
chronoseguence type data. Trees and shrubs were divided by the respective riparian forest age (8 &
10.5,8 & 105,12 & 14.5and 60 & 62 yearsfor the 2 areas in Pen Branch, the riparian forest along
Fourmile Branch, and the Meyer’ s Branch riparian forest, respectively). Sixty years was used for
Meyer's Branch athough some older residud trees remained following the selective harvest. A 60-
year age was aso used for upland forests. The herbaceous strata was considered to be an annual
increment. Shrub biomass was divided by forest sand age and thiswill underestimate shrub NPP in the
Meyer's Branch riparian forest and the four upland forests.

Litterfall

Deciduous hardwood forests typicaly have nutrient cycles involving large litterfal inputs.
Therefore, measurement of annud litterfal (vertica) provides information pertaining to the carbon inputs
(flux) to the forest floor and subsequent incorporation into the soil organic matter component. Sources
of water to streams within bottomland riparian forests can have complex origins, each of which
contributes to a variety of instream organic particles. Water and associated detritus may come from
upstream sources, overbank flooding, or overland flow from adjacent sources (laterd litter movement).
A multi-directiona approach to quantify latera litter transport and deposition, and subsequent
determination of the direction of the trangport may be novd.
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Riparian Litter

Vertical: Eight litter trgps (0.187 n? each) per site were randomly placed within the riparian
area (Conner and Day 1992). Collectors were elevated approximately 0.6 m to prevent inundation
during flood events. Litter was collected biweekly (September - November) followed by
approximately every 2 months for one year (9/97-8/98) for atota of 10 collection periods. Litterfall
was aso collected four times during peek litterfal of the following year (9/98-2/99). Litter was
separated by component (leaves, stems, miscellaneous [e.g., fruits, flowers, insects]). Verticd litter
samples were dried to a constant temperature (60 °C) and weighed by component (leaves, twigs, and
miscellaneous). For dl four stes, only tree and shrub litterfall components were included. In Pen
Branch (AR), herbaceous vegetation tended to engulf the litter trgps, but was not included in the

sample.

Lateral Litter Movement: A multi-directiond laterd litter (+-shaped) collector (Mudll) was
congtructed with a one-quarter to one-half mesh size to catch litter, but not impede flow or trap
sediment. Screening was placed on top to prevent the addition of verticd litterfall. A collector was
placed on each side of the stream channd's (main, intermediate, and side) and prominent swaes
encountered crossing the riparian area (approximately 5-10 collectors per transect) (Fig. 11-5). Two
sets of collectors were placed (one upstream transect and a second downstream transect) in each
riparian forest. The four Mudll compartments were labeled based on orientation (upstream, overbank,
toward stream [i.e., from the riparian forest], and downstream [i.e., backwards flow] to the stream or
swvde). The Mudlls are gpproximately one meter tall and the compartments range in size from 0.32 -
0.38 m®. Sampling was done following significant hydrologic events. Latera litter samples were dried
to a congtant temperature (60 °C), weighed and subsequently dry ashed to correct for sediment

deposition.
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Upland Litter

Litterfal dynamicsin upland forests may differ from riparian forests due to species composition.
Threeto 4 litter traps (0.187 n* each) were placed in the adjacent upland of each riparian forest.
Collectors were eevated gpproximately 0.6 m above ground surface for consstency with the riparian
litter traps and to be prepared for the possibility of inundation during unusudly high flood events.
Upland litter was collected at the same times as theriparian litterfal collection. Litter samples were
dried to a constant temperature (60 °C) and weighed according to component (leaves, twigs, and

miscellaneous).

Stream Litter

In bottomland hardwoods, smal streams are often shaded by overarching branches of trees and
shrubs and litter components may fdl directly into the sream. Litter that falsinto the Sreamis
important to the agquatic food web, but also may become deposited into the riparian forest during a
flood event. Litterfdl collectors were individualy constructed to span the width of the main Stream
channd to collect verticd inputs from riparian zone. Three litter collectors each were placed in Fourmile
Branch and Meyers Branch. Two litter collectors each were placed in Pen Branch (AR) and Pen
Branch (NR). Litter was collected at the same times as the riparian litterfall collection. Litter samples
were dried to a constant temperature (60 °C) and weighed according to component (leaves, twigs, and

miscellaneous).
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Instream L itter

It is commonly recognized that bottomland hardwoods serve as an important source of detritus
(carbon) for aquatic food chains, but the quantity of litter trangport is not well understood. Three drift
nets (0.135 n? each) with afine mesh were placed in the main stream channdl's for goproximately one
hour to collect litter flowing in the stream. The drift nets were spaced at one-third, one-haf, and two-
thirds intervals based on stream width. Samples were only collected during baseflow conditions.
Idedly the entire net was submerged, but that was not aways possble due to low water depths. The
fine mesh size of the drift net appeared to alter stream flow near the collector. However, a coarser
mesh would have dlowed fine litter particlesto escape. Stream discharge was dso determined at the
time of sampling by obtaining severd stream measurements (width, depth, velocity [Swoffer current
velocity meter, mode 2100 (pigmy)]. Sampling was conducted 6 times during the fdl, winter, and
gpring months. Litter samples were dried to a constant temperature (60 °C), weighed, and
subsequently dry ashed to correct for sediment deposition.

Forest Floor

The depth and quantity of the forest floor is controlled by litter inputs, exports, and on-site
decomposition rates. Measurement of the forest floor may provide information on these fluxes. Forest
floor samples congisting of the Oi (leaves, twigs) and Oe (fragmented leaves and twigs) layers
combined were collected from approximately fifteen 0.25 n? areas within each riparian forest except
Pen Branch (AR) due to the density of herbaceous vegetation, and approximately six to eight 0.25 n?
areasin the adjacent upland forest (Elliott et a. 1993). Samples were separated into two categories,
leaves, and twigs& miscellaneous. Litter samples were dried to a constant temperature (60 °C) and
weighed. Forest floor samples were collected early May 1998 to emulate what would be remaining of

the previous season’ s litterfall.
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Woody Debris

Larger woody debrisis an important carbon pool that is sometimes overlooked becauseit is
not sampled as living biomass or included within forest floor litter samples. The abundance of  woody
debris may sgnificantly contribute to the overdl riparian forest carbon pool. Woody debris was
inventoried using the line-intersect method. From randomly sdlected azimuths, ten 20-meter transects
originated from the subplot centers in each riparian area. Where riparian transects cross the main
stream channel, one-25 meter transect was established upstream and another 25-meter transect
established downstream. Woody debris was tdlied dong these transects. In the riparian area woody
debris was recorded as fine (1-2.5 cm), medium (2.5-10 cm) and large (> 10 cm) diameter. The
median diameter of the fine and medium size class, the actua diameter of the large Size dlass, and
average relative dengity for mixed hardwoods (Harmon et a. 1980; Phillips 1981) were used to
convert woody debristo biomass. Penetrometer readings were taken on the medium and large pieces
to determine their soundness (Scheungrab, personal communicetion). A sound/rotten designation was

subjectively given to the fine woody debris.

Fine Roots

Root biomass may account for one-quarter to three-quarter of the tota living biomassin a
foredt, but it is s8ldom measured due to the difficulties associated with sampling, particularly in
bottomland aress. It isimportant to recognize that the belowground biomass associated with larger
roots has not been include in the samples. Two 5-cm diameter by 20-cm length metal cores were
inserted into the soil near, but not within, each clip plot (Hall et a. 1993). Depth of core insertion was
measured when obstructions (large roots or rock) prevented insertion of the tota length of the core.
Samples (soil and roots) were refrigerated until fine roots could be washed/separated from the soil with
ajet of water on asieve (pore openings< 2mm). Only roots < 5 mm were retained. Roots were

rated subjectively aslive or dead. Live roots are consdered resilient, flexible and fleshy. Roots were
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classfied dead if they were limp and crumbled easily. Fine roots were dried to a congtant temperature
(60 °C) and each sample weighed.

Stream Vegetation - submerged aquatic vegetation (SAV)/macrophyte

Submerged aquatic vegetation is a pool of carbon that is often overlooked in bottomland
hardwood areas. This vegetation may significantly influence stream hydrodynamics and, in turn, may
affect riparian forest productivity by atering the hydroperiod. Stream plots were an extension of the
terrestrid transect. The number of sample points for estimating submerged aguiatic vegetation biomass
was based on stream width (<500 cm - three * clip plots'; > 500 cm - five ‘clip plots'). Each sample
sizewas 177 cn? (15 cm diameter).  Canopy cover was determined subjectively as no canopy (open),
partia, or full canopy. Other stream measurements included: water depth a each point, percent
macrophyte cover a each point, percent macrophyte cover across stream reach, and bank to bank
stream width. Sampling occurred four times: August and December 1997, and May and August 1998.
Samples were dried to a constant temperature (60 °C) and weighed. One species (Egeria densa)
dominated streams in both Pen Branch sites. No SAV was observed in Meyer’s Branch during the
sampling times. An unidentified species was observed sparsdy growing in the Fourmile Branch main
stream channdl, but it never occurred within the sampling transects.

Sails

Soils, particularly wetter soils, may store large quantities of carbon (Mohanty and Dash 1982;
Kozlowski 1985; James and Wells 1990; Coallins and Wein 1998; Bledsoe and Shear 2000). Soil
samples and bulk density samples were collected so that this pool could be quantified. Bulk soil
samples from the O/A horizons were randomly collected from the different microtopography areasin
each riparian forest. Samples were taken corresponding to fixed distances from the main channd (0
15.2 m, 15.2-30.3 m, 30.3-45.4, and 60.6 m). The A-horizon is approximately 7.5-13 cm in depth in
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the Fourmile Branch riparian forest and 7.5-15 cm in depth in the two areas of Pen Branch (Azola
1997). The higtic O-horizon in the Meyer's Branch riparian forest ranges from 20-76+ cm. Bulk
density was determined with the core method (Blake and Hartage 1986) from the O/A horizon.
Organic matter was determined by loss on ignition (LOI) (Nelson and Sommers 1982) (380°C for 24
hrs). Porosity (tota/micro) of the O/A horizons was determined with the a modified water desorption
method (Danielson and Sutherland 1986).

Sadiment / Reduction-Oxidation Potential

Significant volumes of sediment including attached organic matter, have been deposited in
bottomlands (Mitsch et a. [1979]; Kleiss[1996]; Kelley and Nater [2000]. A 4-foot piece of rust-
free rebar with awasher placed hafway aong the bar length was placed one meter from monitoring
wellslocated along each transects. The rebar was stuck in the ground until the washer was flush with
the ground and served as a sedimentation rod (NCASI 1986). Eleven, 7, 15, and 13 rods were placed
in Pen Branch (AR), Pen Branch (NR), Fourmile Branch and Meyer’ s Branch, respectively, on August
8, 1997. Measurements of sediment change were taken after approximately 66 weeks. These rods
were also used to evauate Site hydrology by determining the depth of iron reduction (McKee 1978).
After 66 weeks rods were visually inspected (subjectively) for depth to initid rust and permanent gray
coloration to assess redox potentia by observing changesin rod color as well aswater table
fluctuations (McKee 1978).

Carbon Laboratory Analyses

The vegetation of the herbaceous layer, soll, litterfal, fine roots, and forest floor samples
collected were dried, stored and andyzed for carbon content, which was determined viainfrared
anaysis (LECO Tota Carbon Andyzer, CR12, LECO Corp., Saint Joseph, MI). The extremely high
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temperatures rapidly ignite the sample and cause arelease of an infrared signature specific to carbon.

Three replicates of the respective sample were analyzed for carbon content.

Statistical Analysis Procedures

The main anadydstool was andysis of variance (ANOVA) for a completely randomized design
(SAS Indtitute 1996) (Table 11-3). The four sites (Pen Branch (AR), Pen Branch (NR), Fourmile
Branch and Meyer’ s Branch) representing different seral stages comprised trestments. Differencesin
various biomass and carbon pool components among the four Steswere andyzed. The Tukey multiple
range test was used to test trestment mean differences. A significanceleve (*") of 0.05 was used for al
tests. Meanswere caculated for the 3 carbon replicates for herbaceous vegetation, roots, and soil for
usein gatistical andyses.

Tablell-3. The generd ANOVA for the completely randomized design used to test differencesin
above and belowground biomass and carbon pools in severd riparian forests representing different
seral stages.

Source Degreesof Freedom Mean SquareError F test
Site (trt) t-1=3 MST =SST /3 MST / MSE
Biomass varidble n - t(nisvariable) MSE=SSE/n-t
Totd n-1

Regression techniques were used to determine whether there was a linear relationship between
distance from the main stream channel and the following vegetation variables: tree biomass (1997 and
1999); shrub biomass (1997 and 1999); total aboveground biomass (1997); net primary productivity;
herbaceous biomass, percent carbon, and carbon pool; herbaceous species richness; and root biomass
and carbon poal. Linear regression was aso used to determine whether there was a linear relationship

between distance from the main stream channd and the following soil properties. percent organic
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matter; percent carbon; bulk dendity; totd and non-capillary porosity. A liberd significanceleve (*' =

0.1) was used for dl linear regression tests.

Testsfor acorreation between severd vegetation and soil variables, and elevation were
performed. The following vegetation variables were tested: herbaceous biomass, percent carbon, and
carbon pool; herbaceous species richness; and root biomass and carbon pool. The following soil
properties were tested: percent organic matter; percent carbon; bulk densty; total and non-capillary

porosity.
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Chapter I11. Successional PatternsInfluence
Riparian Forest Biomassand Carbon Pools

Abstract

Knowledge of the changesin carbon pools with forest devel opment/succession will facilitate
riparian restoration success and increase avareness of the potentia for forests to sequester global
carbon. Riparian forest biomass and carbon pools were quantified for four riparian forests representing
different seral stagesin the South Carolina Upper Coastd Plain. Three of the riparian forests are
recovering from thermal pollution whereas the fourth represents a more mature bottomland hardwood
forest that has not been disturbed by thermd pollution. Above and belowground carbon pools were
determined from linear transects established perpendicular to the main stream channd and generaly
gpanning the width of the riparian area. The main objective of this study was to determine how carbon
poolsin ariparian ecosystem are affected by disturbance and/or successiond state.

Riparian forest biomass and carbon pools are affected by disturbance and succession. The
severity of the disturbance will dictate the degree to which forward successond processes are
interrupted or set backwards. In these South Carolina Coastal Plain riparian forests, biomass
increased with forest stand age. With increasing forest age and development, the importance of the
herbaceous biomass and carbon pool declined relative to the total above ground biomass. As stands
grew older fine root biomass increased, indicating an inverse relationship between percentage of fine
root biomass to tota biomass with increasing riparian forest age. A combination of greater fine root
biomass and higher root percent carbon in the more mature riparian forest contributed to a greater root
carbon pool than found in the younger riparian forests. Overdl the root carbon pool increased with

forest age/succession.

27



In generd net primary production (NPP) in young riparian forests (~8-10 years) rapidly
approached and exceeded NPP of the more mature riparian forest.  Once the herbaceous stage of
succession was surpassed, the litterfall component of NPP changed the schema between riparian
forests. Asawoody overstory becomes established (after ~ 8-10 years) after thermal disturbance,
annud litterfal rates as afunction of NPP were relatively independent of forest age. The litterfall
amount associated with the woody component in young riparian forests was comparable to mature
riparian forests. A declinein riparian forest floor biomass was observed with increasing riparian forest
development. However, in contrast the forest floor carbon pool increased with increasing riparian forest
development. Woody debrisin riparian forests and associated streams was a function of forest
development. However, woody debrisin these riparian forests comprised ardatively smdl carbon

pool.

Soil physica and chemica properties were tied closely to successiond stage and the processes
involved in plant community change. An inverse reaionship between total porosity and bulk density
was observed with increasing forest age. Forest development and differentia dtratification of vegetation
influenced the movement of sediment to, from, and within ariparian forest. The type or severity of
disturbance may affect submerged aguetic vegetation (SAV) establishment, but successond stage did
not appear to be a sole decisive factor. Neither canopy coverage or water depth independently
affected SAV biomass.

Introduction and Literature Review

Pant succession in riparian forestsis particularly complex due to the connection between

terrestria and stream biotic processes, and the effects the local hydroperiod has on moisture

availability, and redistribution of organic matter (nutrients) and soil particles. Succession in forest

ecosystems is not necessarily an unidirectional process (Hodges 1997). Disturbance in any forest
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community provides an opportunity for change in the carbon pools and fluxes. The severity of the
disturbance may dter successond patterns (Loucks 1970). Riparian forests associated with third
order braided stream systems in the Coastd Plain consistently undergo perturbation during seasona
flood events. The successiond stage/forest development of ariparian forest may buffer the effects of
hydrology. For example, greater forest structure, specifically within the herbaceous layer, will impede
inputs (and outputs) of sediment and organic matter from the stream (Zaebst 1997). Because riparian
forests are subject to flooding events, successond processes (from an herb dominated community to a
tree dominated one) may be delayed. Biomass and primary production closaly are associated with
how individual species respond to their environment, especidly the hydroperiod (Johnson et d. 1985).

Riparian forest successon istied closdy to the hydroperiod. Changesin the timing and
duration of flooding affect productivity and may ater the course of succession (Monk 1968; Conner
1994; Hodges 1997). The depth and duration of inundation during flood events could produce
anaerobic conditions that will dter nutrient cycling processes and possibly dow productivity. However,
nutrient subsidies brought in during flood events may enhance productivity. The species currently
established in ariparian area are adapted to the current hydroperiod. Changes to the moisture regime
will dter growth of existing species and patterns of establishment or successon.  As species
composition and growth form change with time, above- and bel ow-ground biomass, net primary
production, litterfal and forest floor dynamics, and woody debris may be affected. Thesein turn may
influence the soil carbon pooal, growth of aguatic vegetation in the streams, and sediment deposition to
and from the stream. These rdationships will be discussed in the following paragraphs.

Above-ground Vegetative Biomass

Biomass data are essentid for quantitative evauation of successond patterns. They can be

utilized to compare riparian forest communities and study the biological and physica processes that
affect productivity. Hitchcock and McDonnell (1979) synthesized the literature on biomass
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measurement and found considerable variability in methodology and information collected on biomass.

However, their review includes little reference to forested wetland species.

There are severd theories on how biomass changes with succession (Peet 1981). The smplest
isthat biomass increases in asmooth, logigtic fashion toward an upper limit fixed by ste conditions (Fig
[11-1A). Loblolly pine stands (Pinus taeda) appear to add biomass in alogistic manner (Kinnerson et
a. 1977). A second hypothesis Sates that biomass increases to a maximum in late successiond stages,
only to drop with development of the ‘climax’ community (Fig. [11-1B). The *shifting mosaic” model
proposed by Bormann and Likens (1979) supportsthis concept. A third hypothess predicts biomass
to have an initid increase followed by a drop and then subsequent recovery (Fig. 111-1C). A forest
stand subject to periodic disturbance (flooding, fire, hurricane) may drop in biomass and revert to an
earlier stage of successon followed by recovery. A fourth hypothesis of forest biomass predicts thet
after theinitid peak, the quantity of living biomass that can be supported steaedily decreases as available
nutrients are tied up in dead organic matter (Fig. 111-1D). Bored siteswith organic soils generdly
support this hypothesis (Peet 1981).
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Figure I11-1. Conceptud diagram of severa theories on how biomass changes with
succession. A = logistic manner, B = shifting mosaic, C = periodic disturbance,
D = organic accumulation.
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Generdly, the above mentioned hypotheses pertain to upland communities. Successionin
forested wetlands, and specificdly riparian areas, may not follow the same patterns due to close
association with hydrologic effects. For example, Kirkman et a. (1996) speculate that herb-
dominated baysin South Carolina do not appear to be on a successiona continuum toward a
hardwood forest. In early oldfield serd stages, succession generaly proceeds rapidly with a uniformity
of species composition (Hopkins and Wilson 1974). Riparian forests subject to frequent flooding may

remain a an early serd stage for alonger period of time.

Net Primary Productivity

Art and Marks (1971) compiled a comprehensive summary table of biomass and net primary
productivity (NPP). However, there are few references to forested wetlands or riparian forests,
probably because of the volume of literature concerning uplands rdative to wetlands. Wetlands since
have become aforefront issue and more research related to wetlands has been conducted since their
review. Still amgority of the literature refers only to aboveground NPP. Belowground production
generdly isignored athough ratios of belowground biomass to aboveground biomass may be amore
vaid index for comparison of NPP among forests (Brown et d. 1978). Hydrology aso influencesthe
above to belowground productivity ratio (Megoniga and Day 1988).

Successond patterns of NPP have been established for upland forest ecosystems (Odum
1960). A gmilar pattern of productivity incressing in a stepwise fashion with time can be found in
riparian forests as succession proceeds to dominance by tree forms. Net primary production in early
successiond forests quickly can reach the level of production in amature forest (Peet 1981). Net
primary productivity can vary depending principaly on availability of Ste resources, species
composition, and hedlth of the flord community. The shift in dominance from herbsto woody species
produces a rapid increase in annud productivity with canopy closure followed by stabilization (Peet
1981). Thedrop in production during later stages of succession can be attributed to developing forest
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sructure, changing species compaosition, and changing nutrient availability (Margaef 1963; Odum
1969; Peet 1981) or failure to recognize belowground biomass accumulation patternsin older stands.
Thereislittle evidence that the addition of anew speciesin later successond stages resultsin higher
productivity (Mooney and Gulmon 1983). In riparian forests, net primary production is not correlated
absolutely with biomass (Johnson and Bell 1976).

The hydroperiod of ariparian forest will affect primary productivity (Conner and Day 1976;
Mitsch 1978; Conner 1994). Low NPP may occur when periodic flooding causes soil chemistry to
fluctuate, resulting in disequilibrium between the plant community and environmental conditions (Burke
et a. 1999). Wharton et d. (1982) found that a wet-dry cycle in riparian forests contributes to high
productivity because it provides water necessary for growth while maintaining optimum conditions for
aerobic driven processes. Mitsch et d. (1991) observed that no single abiotic variable could predict
dte productivity. However, the biotic variable, average tree diameter, inversaly was related to
productivity. Productivity in one year may integrate the history of hydrologic conditions (Mitsch et dl.
1991).

Litterfall

Litterfdl in riparian forestsis an integra factor in amultitude of functions. It supplies energy to
the aguatic food web, provides habitat for small fauna and insects, and contributes to the formation of
soil. Litterfdl plays akey rolein the recycling of nutrients criticd for forest productivity. Changesin
gpecies composition or disturbance to the litterfall process could ater these important ecosystem

functions.
Litterfdl isacriticd parameter of energy flow influencing the proportion of the NPP thet is

stored aswoody biomass.  The greatest |oss of aboveground forest NPP is by litterfall: the annua

trandfer of living organic materid to organic matter pools of the forest floor and minerd soil (Kimmins
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1987) where it supplies energy to the detritus food web. Litterfall accounts for gpproximately 50 % of
the aboveground NPP in forested wetlands and about 70 to 80 % is comprised of leaves (Brown et d.
1978; Conner 1994). Non-woody litter, including flowers, fruits, and seeds, typicaly accounts for less
than 10 % of litterfdl tota (Megonigal and Day 1988). Factors influencing aboveground litterfall
include climate, soil moisture and fertility, and dtitude. Foliage retention can vary latitudindly aswdl as
with devation. Climatic factors highly influence the seasona and annud variation in litterfal, and rates
vary depending on forested wetland type (species compaosition) and geographic location. Trends of
leaf biomass change with succession. Foliar biomass pesks a early serd stages followed by adecline
to amore congtant leve at later stages of forest development (Kiraand Shidel 1967). Delong and
Brusven (1994) demondtrated that litterfal in ariparian areawiddy varies, yet generaly decreases with

forward succession from herbaceous to herbaceous-shrub to shrub, and to tree dominated areas.

Forest Floor

The forest floor of ariparian forest could be consdered the stage where annud litterfal inputs
are transformed and redistributed. It's biomassis afunction of the litterfal inputs, detrital community,
decompostion rates, and litter redistribution and outputs during flood events. Natura (undisturbed)
functioning of dl of these components isimportant in nutrient cyding and maintaining the hedth of a
riparian forest. Elliott et d. (1993) suggests that forest floor biomassis more afunction of decay rate
than the rate at which litter reaches the forest floor. Because riparian areas are subject to periodic
flooding, portions of the forest floor may be transported to the stream as well as receive organic matter
inputs from the stream. Hydroperiod (Bell and Sipp 1975) and microtopography or elevation (Bell et
a. 1978) influence litter depth and coverage. Theinflux of detritivores during flood events may simulate
decomposition and increase decay rates (Wharton et a. 1982).
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Fine Roots

Treesin the saturated riparian zone often have shalow root systems that enable them to take
advantage of the nutrients imported via sediments and organic matter/litter, and survive in the poorly
aerated soils. Fineroot biomass digtribution changes seasondly in Coastal Plain riparian foredts,
minimum values are atained in August, January and May, maximum vaues in December, March and
June (Baker 1998). Root growth and development are affected by several chemicd (e.g., pH, Al
toxicity, minerd nutrient deficiency) and physical (e.g., soil moisture, temperature, aeration) factors.
Roots typicaly congtitute 15 to 25% of the total biomassin forests (Harris et a. 1977) and 4 to 16% of
the aboveground biomass (Montague and Day 1980). Raich and Nadehoffer (1989) found the ratio of
bel owground carbon alocation to litterfall decreases as litterfal carbon increases.  Fine roots can
comprise alarge portion of forest NPP (50%+), yet typically comprise < 10% of forest biomass
(Santantonio et a. 1977). A decrease in root biomass relative to shoot biomassis a common
response to flooding (Kozlowski 1985). In forested wetlands, the combination of less extensive
flooding and greater amount of shrubs and herbs contributes to greater root biomass (Montague and
Day 1980). Fineroot qudity differs among successional species and the roots of early seral species
generdly have faster decomposition rates (Cromack 1981).

Woody Debris

Woody debris, coarse and fine, is gaining recognition as an important component of forested
ecosystemns. Many of the functions in forested wetlands are related to the quantity and dynamics of
downed woody debris. It provides energy, nutrients, and habitat for plants, animals, fish, birds,
amphibians, reptiles, invertebrates, and especialy microbes (Angermeier and Karr 1984; Benke et dl.
1985; Harmon et d. 1986). Woody debris isimportant in nutrient dynamics due to itsrelative
permanence compared to other more mobile and labile litter components. Further, woody debris can

act asaterredtrial dam that retains fine woody debris and other litter components as well as retards



sediment movement. Coarse woody debris (CWD) not only directly sequesters nutrients, but aso
indirectly enhances microbid habitat. Additiondly, the availability of carbon and nutrients enhance the
woody substrate for microbia and macro-detritivore habitat during the summer (Polit and Brown

1996).

In forest ecosystems, input rates of coarse woody debris range from 0.12 to 30 Mg ha year -
1 (Harmon et d. 1986). In acentrd Illinois floodplain forest, Polit and Brown (1996) found 6.6 Mg
ha! of downed woody debris. Causes of tree mortality such as windthrow, insects, and disease,
generdly occur locally within aforest and thus cregte an irregular and patchy spatid input of woody
debris. Snagsthat stand for < 10 years are more frequent in lowlands and riparian areas than on
upland sites (Van Lear 1996). Tempord variation in CWD input are associated with seasona, annual,
and successiona time scales. Successiond stage affects the Size, species, amount, decay class, and
digribution of CWD. Disturbance affects biomass by adding or removing CWD. Severe disturbance
retards forest reestablishment, delaying the addition of new CWD and reducing current CWD biomass
bel ow predicted steady-state values (Harmon et a. 1986).

In forests where the CWD input is high, alarge amount of nutrient transfer to the forest floor
will be overlooked if CWD is not measured. Although woody debris generdly islow in nutrient
concentration and is resstant to minerdization, it can be a substantia source of minera nutrients. Smal
diameter woody debris may have limited quantities of nutrients and along resdencetime. Therefore, its
rolein amature forest may not be as a nutrient reservoir, but as along-term organic matter storage pool
(Chueng and Brown 1995). Polit and Brown (1996) found N, P, and biomass poolsin dead wood
tissuesin afloodplain forest to be more nutrient rich than their upland counterparts.

The variable rate of woody debris decompostion is due to species, Sze, location, climate, and

presence and availability of decomposer organisms (Harmon et d. 1986). Abiotic and biotic factors
that can control CWD decompoasition include temperature, moisture, oxygen, substrate qudity, and the
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organismsinvolved. Most wood-decaying organisms need an optimum temperature of 25° - 30 °C.
Both extremdy low and high moisture content can limit organism activity. Decomposition rates of
CWD generdly are higher in the Southeast presumably because of favorable temperature and moisture
conditions for the microbes and invertebrates involved in the decay process (Van Lear 1996).
Coniferous woody debris generadly decomposes more dowly than hardwood debris due to greater
lignin, resin, and polyphenolic compound content (Harmon et d. 1986). Day (1982) found a hdf-life of
2.2t0 85 yearsfor smal diameter (1.2 - 3.0 cm) willow (Salix spp.) and red maple (Acer rubrumL.)
woody debris in wetland forests.

Soil Carbon Poal

The soil carbon pool is derived from vegetative inputs (e.g., litterfal, woody debris, roots) and
micro-organisms, and depends greetly on land-use history (Hoover et d. 2000). Wetland organic soils
have been estimated to sequester 1.3 x 10° t C yr  under undisturbed conditions (Vymaza 1995).
Approximately 66% of terrestria carbon is belowground and typicaly has alonger turnover time than
aboveground carbon (Garten and Wulllschleger 2000). Roots contribute approximately 60%, leef litter
6-28% and wood debris 5-15% of the annua soil organic matter inputs (Megoniga and Day 1988).
Decomposition rates of inputs and subsequent incorporation will determine the magnitude of the ol
carbon pool. Riparian forest succession and species composition may influence the decomposition
rates. In severa forest ecosystems, root senescence can exceed above-ground litterfal in contributing
amagor input to soil organic matter (Harris et a. 1980). Johnson (1992) concluded that rooting

patterns of different species can either have no effect or alarge effect on soil carbon.

Soil heterogeneity may affect the rate or direction of successon (Collins and Wein 1998).
Available soil resources may cause spatia and tempord differencesin vegetation. Increased growth of
early successiona species will retard the establishment of later successond species. Soil carbon pools

not only fluctuate in early seral stages as grester amounts of organic matter become incorporated and
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decomposition rates change, but aso soil carbon pools have been shown to increase and decrease over
time in undisturbed forests (Trettin et d. 1999). However, after disturbance (i.e., forest harvesting),
soil carbon rapidly recoversto pre-disturbance (pre-harvest) levels (Johnson 1992) and, therefore,
organic matter content can be a useful indicator of ecosystem recovery (Aust and Lea 1991).

Sediment

The displacement/transport/deposition of soil particles (sediment) in riparian forestsis afunction
of soil texture, vegetation, microtopography, and hydroperiod. Changes in surrounding landuse will
affect sedimentation rates (Kelley and Nater 2000). Sediment deposition appears to be seasonal,
dictated by local hydrologic events (Mitsch 1978). Mitsch et d. (1979) found the highest rates of
sediment deposition occur during the time of maximum litterfall. The proportion of organic/inorganic
components that comprise sediment varies throughout the year (Mitsch et d. 1979).  The capacity for
an areato buffer sediment movement is affected by species composition, where a combination of
herbaceous and woody species trap the greatest amount (Lee et d. 2000). Differentia buffering occurs
with dense herbaceous vegetation trapping coarse sediment and associated nutrients, and deep rooted
woody species effectively trapping clay and soluble nutrients (Lee et d. 2000). In contrast with
cassicd fluvid geomorphology, Kleiss (1996) found maximum sedimentation rates occur in the “first
bottom” ingtead of on the naturd levee. She attributed thisto the small particle sSze of the suspended
materid that is trangported during normal flooding. However, naturd levees trap more sediment during
50 to 100 year flood eventsthat carry coarser materid. Kleissdso found thet variaionin
sedimentation rates is afunction of distance from the river, flood duration, and tree basd area. Hupp
and Bazemore (1993) found deposition rates to be correlated inversely with elevation and degree of
ponding or hydroperiod.

Sediment trangport, specificaly of its carbon content, to the streams will affect the agquetic
ecosystem, in stream processes (Hill and Sanmugadas 1985), and submerged aguatic vegetation
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(Barko and Smart 1983). Sediment characteristics can influence water flow path direction and ground-
surface-water interactions (Mann and Wetzel 2000).

Reduction-Oxidation Potential

Riparian forests are subject to a variety of hydrologic conditions and soil reduction-oxidation
potentid is consdered to be a good index of long term hydrologic status. Spring floods that inundate
the riparian forest for an extended period of time (2 days or longer) will affect the reduction-oxidation
(redox) potentid in the soil environment. In inundated soils, the oxygen is rgpidly consumed and Eh fals
as microorganisms use aternative € ectron acceptors during anaerobic respiration. Extensive periods of
inundation alow Fe oxides to be reduced, producing the characteristic gray color in soils. Soil mottling
occurs with alternating oxidation and reduction periods. In bottomland hardwood foredts, thereisa
wide range in water fluctuations thet create a variety of reducing conditions (Faulkner and Patrick
1992).

The redox potentia will ater nutrient availability for vegetation, and saturated soils will
adversaly affect root processes. In seasondly flooded forested wetlands, vegetation directly influences
the redox state of the rhizogphere (Havens 1997) similar to submerged aguatic vegetation (Barko and
Smart 1981). Thereisagreater potentia for decline in redox potentid in soils with greater amounts of
organic matter and iron (Mohanty and Dash 1982). The species adaptability to hydroperiod will
influence the redox potential. Dissolved organic carbon (DOC) mohbility into the soil isrelated to the
redox environment (Hagedorn et d. 2000) where low retention of DOC under reducing conditions will

reduce the soil carbon poal.
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Submerged Aquatic Vegetation

Submerged aguatic vegetation (SAV) in stream ecosystems  affects stream productivity (floral
and fauna) and biogeochemical cycles (Carpenter and Lodge 1986). SAV affects the physical
environment (i.e,, light extinction, temperature, hydrodynamics, subgrate), chemicd environment
(oxygen, inorganic and organic carbon, nutrients) and the biota (i.e., epiphytes, grazers, detritivores,
fishes) in streams (Carpenter and Lodge 1986). SAV beds retard stream flow and enhance deposition
of fine sediments. Terrestrid alochthonous materid isretained in SAV beds and decomposed to a
greater extent than in unvegetated stream reaches (Dawson 1980). However, SAV growth can be
inhibited by organic matter additions (Barko and Smart 1983). Biomass of SAV decreased with
increasing quantity of organic matter added, especidly oak (Quercus spp.). Successional stage and
associated species composition of the adjacent terrestrid ecosystem may influence the amount of
alochthonous materid entering the stream. The decline in herbaceous vegetation with increesing forest
age may influence laterd litter inputs.

In shalow streams and lakes, biomass production and carbon metabolism of SAV isinfluenced
more by temperature than light (Barko and Smart 1981). Barko and Smart (1983) found growth of
SAV was correlated negatively with mean dissolved carbon concentretion in the intertitia water of
sediments. SAV growth may be influenced strongly by variations in stream bottom sediment
compogtion. The physical texture of sediment rather, than its chemical composition, gppearsto be the
principle influence on the distribution of SAV (Barko and Smart 1980). Barko and Smart (1986)
suggest that growth of some aquatic plants may be retarded significantly on very organic sediments.

Water becomes more oxygenated by SAV than by floating-leaved macrophytes (Pokorny and
Rgmankova 1983). Inariver, Kdly et d. (1983) found that diel and annua oxygen dynamics strongly
were dependent on macrophyte biomass.  SAV oxidizes the rhizosphere, which causes the

precipitation of iron and manganese that diffuse upward from deep reduced sediments. Actively
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growing SAV release 1-10 % of their photosynthetically-fixed carbon to the water as dissolved organic
compounds (Hough and Wetzel 1975). In streams, SAV stands act as sinks for particulate organic

matter during the growing season, but export organic matter upon senescence (Dawson 1980).

Objectives

The main objective of this study was to determine how carbon poolsin ariparian ecosystem are
affected by successonda gtate. To achieve this objective, the following hypotheses were addressed: 1)
riparian forest productivity, biomass and carbon pool (above and belowground, and litterfall) are
independent of successona stage; 2) woody debris in low order streams and associated riparian areas
contributes significantly to the total carbon pool; 3) soil physica and chemica properties are not
influenced by the successiona stage of riparian ares; and 4) successional stage of ariparian areadoes

not affect submerged aguetic vegetation biomass.

M ethods

Site Description

Study Sites are located in riparian forests adjacent to three braided, blackwater streams on the
Savannah River Site (SRS), Nationd Environmenta Research Park, in South Carolina (latitude 33° N,
longitude 82 ° W). Pen Branch and Fourmile Branch streams, third order tributaries of the Savannah
River, received thermal, elevated discharge from nuclear production processes between 1954 to 1989,
and 1955 to 1985, respectively. These stream corridors experienced eevated temperatures (up to 70
°C) and increased discharge (1 to 2 orders of magnitude greater than base flow). The therma
discharge killed the bottomland hardwood vegetation and disrupted sediment erosion and deposition
patterns. The third stream in this study, Meyer’ s Branch, represents aminimaly disturbed, third order
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reference Ste. Only minor disturbances, such as sdective logging in the 1940s occurred in Meyer's
Branch, but it never recaeived therma effluent.

The age of the riparian forests adjacent to Pen Branch, Fourmile Branch, and Meyer’s Branch
at the time this study began were 8 years, 12 years, and gpproximately 60 years, respectively. There
are 2 treatment areas a ong Pen Branch: one area has been dlowed to regenerate naturdly (Pen Branch
NR) whereas an adjacent area was regenerated artificialy with bottomland hardwood plantings
following site preparation with herbicides and prescribed burning (Pen Branch AR).

Field and Laboratory Techniques

Quantification of above and belowground biomass and carbon pools will reveal whether
riparian forests are affected by disturbance or serd stage. A wide variety of fied techniques were used
to acquire these data. The following methods describe the techniques used to acquire field and
laboratory samples necessary to estimate carbon quantities for each of the identified pools.

Standing Biomass

In 1997 transects were established perpendicular to the main stream channel and generally
gpanned the width of the riparian area extending into the upland. Placement of the transects was
predetermined based on a previoudy ingtalled hydrology study (Kolka et d. 2000). Transect length
ranged from 3 to 94 m originating from the main stream channel.  Three transects were established
within the natura regeneration area of Pen Branch (NR), 3 within the artificia regeneration area of Pen
Branch (AR), 6 within the Fourmile Branch riparian forest, and 5 within the Meyer' s Branch riparian
forest. Along each riparian forest transect, tree and shrub plots (Wenger 1984) were spaced at 15.2 m
intervas originating at the main stream channd. Within each tree plat, the diameter a breast height
(dbh @ 1.4 m), height, and species of al trees (dbh > 4.0 cm) within a0.013 hacircular plot were

41



recorded. Diameter, height, and species were recorded for al shrubs (dbh < 4.0 cm and height > 0.5
m) within asmaller 0.002 ha shrub plot. Field sampling was conducted in June, 1997, and November,
1999. Aboveground biomass values for the trees and shrubs were estimated using existing dbh:biomass
regressions (Table I11-1) (Clark and Taras 1976; Peet and Council 1980; Clark et al. 1985; Muzika et
al. 1987; Mader 1990; Hauser 1992; Gholz et d. in press).

Her baceous Biomass

Along each transect, clip plots were spaced a 4.5 m intervals. All herbaceous vegetation < 0.5
m in height (regardless of growth form) was collected and removed from each 0.25 n? area (Hdll e 4.
1993). Sampling was conducted four times. June & August 1997, and June & August 1998 (same
generd areawith no overlap of clip plot areato avoid influence from previous sampling). Each sample

of clipped vegetation was dried to a constant temperature (60 °C) and weighed.

Net Primary Productivity

Totd net annud primary productivity was estimated by the mean annud increment method (Art
and Marks 1971) in which woody biomass is divided by age of the forest stand. The mean annua
increment method generally underestimates current woody production, but alows interpretation of
chronoseguence type data. Trees and shrubs were divided by the respective riparian forest age (8 &
10.5,8 & 10.5, 12 & 14.5 and 60 & 62 years for the two areas in Pen Branch, the riparian forest
aong Fourmile Branch, and the Meyer’ s Branch riparian forest, respectively). Sixty years was used for
Meyer’ s Branch dthough some older residud trees remained following selective harvesting in the
1940s. A sixty-year age aso was used for the upland forests. The herbaceous strata was considered
to be an annua increment. Shrub biomass was divided by forest stand age, but this will underestimate
shrub NPP in the Meyer’ s Branch riparian forest and the four upland forests.
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Tablel11-1. Regression equations for determining aboveground tree and shrub biomass. Within reference, 4-letter
species code (App. Tbl 1) in parentheses refer to the species for which the equation was developed and inferred for

riparian species.

Shrub Species Equation DBH Reference

Acer rubrum, A. bacata 380.508 + 31.52 * (DBH?,* Ht ) r’=0.9562 | Hauser *

Aronia arbutifolia

Alnus serrulata, Callicarpa EXP (3.124 + (2.7354 * Ln (DBH,)))) M ader 2

americana, Forestiera Myrica cerifera, Sambucus canadensis,

acuminata, lieavirginiana, Vaccinium, Viburnum dentatum

Carpinus Caroliniana 108.511 + 30.207 * (DBH?,* Ht ) r2=0.9554 | Hauser (OXAR)
((3.29895 * (DBH,, 2))*1.19583)* 450 Clark 3 (Carya)

Carya glabra ((3.299* (DBH,, ) " 1.196)* 450 Clark

Cephalanthus occidentalis (107(-0.712 + 1.744 * log (DBH,,,)) * 1000) Muzika 4

Cornus foemina 10~ (2.54 + (1.928 * log (DBH,,,))) P& C° (COFL)

Diospyros virginiana ((1.822* (DBH,, )) " 1.264)* 450 Clark

Fraxinus pennsylvanica, EXP(4.149 + (2.203*Ln (DBH_,,)))) 2-48 mm Mader (FRCA)

Aesculus pavia

Ilex opaca, |. glabra, 337.443 + 42.665 * (DBHZ,* Ht ;) r’=0.9947 | Hauser

|. decidua, Persea borbonia

Liquidambar styraciflua 80.364 + 22.603 * (DBH?,* Ht ) r?0.9868 Hauser

Liriodendron tulipifera 10" (2.165+ (2.363 * log (DBH,,))) P& C

Magnolia Virginiana -122.84 +29* (DBHZ* Ht,,) r’=0.8840 | Hauser

Nyssa sylvatica ((0.175* (DBH,,?* Ht)) " 0.91)*450 Hauser (soft Hdwd)
565.7 +26.653 * (DBH%,* Ht ;) r’=0.9510

Ostrya virginiana 755.121 + 42.751 * (DBHZ,* Ht ) Hauser

Pinus taeda (10~ (-1.029 + 0.988 * r’=0.9056 Hauser
log((DBH,, % * Ht,))) * 450

Quercus velutina, Q. laurifalia, 108.511 + 30.207 * (DBH?,* Ht ) Hauser

Q. nigra,Q. lyrata 1280.568 + 39.4 (DBH?* Ht,,) r’=0.9376

Sabal minor Rachis EXP (-10.38 + (2.72* Ln(Rachis,))) Ghoetz
Frond -13.31 + (0.85*Frond )

Salix nigra, Betula nigra (107(-1.017 + 2.07 * log (DBH,,)) * 1000) Muzika

Taxodium distichum EXP (4.247 + (2.144* Ln (DBH..,))) Mader

Ulmus americana 10" (2.22 + (2.391 * log (DBH_,))) P& C (ULRU)

43




Tablel11-1 continued.

Tree Species Equation DBH Reference
Range/r?
Acer rubrum, Fraxinus ((0.149 * (DBH,,2* Ht)) " 0.94)*450 r?=0.99 Hauser
pennsylvanica, Platanus 8.299 + 0.3714*DBH,,, r’=0.3172 | Clark
occidentalis, Sambucus 9.76 + 3.9*DBH;,
canadensis
Alnus serrulata, Myrica cerifera EXP (3.124 + (2.7354 * Ln (DBH_,))) Mader
Carpinus caroliniana, Ilex opaca, ((0.2251* (DBH,, 2 * Ht,,)) » 0.924)*450 r?=0.99 Hauser (Hd
Ostrya virginiana Hdwd); Clark
Carya glabra ((3.299* (DBH,,?) * 1.196)* 450 Clark
((1.613* (DBH,, %) " 1.334)* 450 P&C> 11"
Cephalanthus occidentalis (107(-0.712 + 1.744 * log (DBH,,,)) * 1000) Muzika
Cornusflorida 10" (2.54 + (1.928 * log (DBH_.,)))) P&C
Diospyros virginiana ((1.822* (DBH,, %)  1.264)* 450 Clark
Liquidambar styraciflua, Tilia ((0.132* (DBH,,? * Ht,)) " 0.9416)*450 r’=0.99 Hauser
americana Clark
Nyssa sylvatica, MAAN ((0.175* (DBH,, 2 * Ht,)) ~ 0.91)*450 r>=0.99 Hauser (soft
Hdwd); Clark
Pinus taeda (10~ (-1.029 + 0.988 * r’=0.99 Hauser;
log((DBH,, 2* Ht ))) * 450 Clark&Taras
Quercus alba ((0.2* (DBH,, 2 * Ht,,)) ~ 0.939)*450 r>=0.99 Hauser;
Clark
Quercus nigra ((0.237 * (DBH,, % * Ht,)) * 0.923)*450 r’=0.99 Hauser;
Clark
Salix nigra, Betula nigra (10~ (-1.017 + 2.07 * log (DBH,,,)) * 1000) Muzika
Taxodium distichum ((0.1066 * (DBH,,2* Ht,)) » 0.935)*450 Mader
Ulmus americana, U. alata 10" (2.22 + (2.391 * log (DBH,,))) P& C (ULRU)

1) Hauser 1992

2) Mader 1990

3) Clark et al. 1985

4) Muzikaet al. 1987

5) P& C refersto Peet and Council 1980
6) Gholz et al. in press

7) Clark and Taras 1976




Litterfall

Eight litter trgps (0.187 n¥ each) per site were placed randomly in each riparian area (Conner
and Day 1992) and 3 to 4 litter traps (0.187 n each) were randomly placed in the adjacent upland of
each riparian forest. Collectors were elevated approximately 0.6 m to prevent inundation during flood
events. Litter was collected biweekly from September to November and approximately every two
months for one year (9/97-8/98) thereefter for atotal of 10 collection periods. Litterfal aso was
collected four times during peek litterfal of the following year (9/98-2/99). Litter was separated by
component (leaves, stems, miscellaneous [e.g., seeds, flowers, and insects]). Verticd litter samples
were dried to a constant temperature (60 °C) and each sample weighed by component (leaves, twigs,
and miscdlaneous). For dl four dtes, only tree & shrub litterfall components were included. 1n Pen
Branch (AR), herbaceous vegetation tended to engulf the litter trgps, but was not included in the

sample.

Forest Floor

Forest floor samples consisting of the Oi (leaves, twigs) and Oe (fragmented leaves and twigs)
layers combined were collected from fifteen 0.25 n? areas placed randomly within each riparian forest
except Pen Branch (AR), due to the density of herbaceous vegetation, and 6 to 8 0.25 n? areasin the
adjacent upland forest (Elliott et d. 1993). Samples were separated into two categories; leaves, and
twigs & miscellaneous. Litter samples were dried to a constant temperature (60 °C) and each sample
weighed. Forest floor samples were collected in early May 1998 to emulate what would be remaining

of the previous season'slitterfall.
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Woody Debris

Woody debris was inventoried using a line-intersect method (Wenger 1984). From randomly
selected azimuths, 10 20-meter transects originated from vegetation plot centersin each riparian area.
Where riparian transects cross the main stream channdl, 1 25-meter transect was established upstream
and another 25-meter transect established downstream. Woody debris was tallied dong these
transects. In the riparian area, woody debris was recorded as fine (1-2.5 cm), medium (2.5-10 cm),
and large (> 10 cm) diameter. The median diameters of the fine and medium Size classes, the actud
diameter of the large Sze class, and average relative densty for mixed hardwoods (Harmon et d. 1980;
Phillips 1981) were used to convert woody debris to biomass. Penetrometer readings were taken on
medium and large pieces to determine their soundness (Scheungrab, personad communication). A

sound/rotten designation was given subjectively to fine woody debris.

Fine Roots

It isimportant to recognize that the belowground biomass associated with larger roots has not
been included in the samples collected from each riparian forest. Sampling was conducted in June
1999. Two 5-cm diameter by 20-cm length metal cores were inserted into the soil near, but not within,
each clip plot (Hall et d. 1993). Depth of core insertion was measured when obstructions (large roots
or rock) prevented insertion of the total length of the core. Samples (soil and roots) were refrigerated
until fine roots could be washed/separated from the soil with ajet of water on a Seve (pore openings <
2mm). Only roots< 5 mm wereretained. Roots were rated subjectively aslive or dead. Liveroots
are consdered redilient, flexible and fleshy. Roots were classified dead if they were limp and crumbled

eadly. Finerootswere dried to a constant temperature (60 °C) and each sample weighed.
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Soil Carbon

Bulk soil samples were randomly collected from the O/A horizons in each riparian areaand
adjacent upland (James and Wdls 1990). The A-horizon was approximately 7.5-13 cm in depth in the
Fourmile Branch riparian forest and 7.5-15 cm in depth in the 2 areas of Pen Branch (Azola 1997).
The higtic O-horizon in the Meyer’ s Branch riparian forest ranged from 20-76+ cm. Carbon content of
the soil samples were determined viainfrared andyss (LECO Tota Carbon Andyzer, CR12, LECO
Corp., Saint Joseph, MI).

Sediment / Reduction Oxidation Potential

A 4-foot piece of rust-free rebar with awasher placed hafway aong the bar length was placed
1 meter from amonitoring well that was located along the transects. For placement of monitoring wells
see Kolkaet d. (2000). The rebar was stuck in the ground until the washer was flush with the ground
and served as a sedimentation rod (NCASI 1986). Eleven, 7, 15, and 13 rods were placed in Pen
Branch (AR), Pen Branch (NR), Fourmile Branch, and Meyer’ s Branch, respectively. These rods dso
were used to evauate the Site hydrology by determining the depth of iron reduction (McKee 1978).
Rods were placed in Pen Branch (AR), Pen Branch (NR), Fourmile Branch, and Meyer’ s Branch,
respectively, on August 8, 1997. Measurements of sediment change were taken after gpproximately
66 weeks. After 66 weeks rods were ingpected visudly (subjectively) for depth to initia rust (iron
oxidation) and permanent gray coloration (iron reduction) to assess relative redox potentia by
observing changesin rod color aswell as water table fluctuations (McK ee 1978).

Stream Vegetation - submerged aquatic vegetation (SAV)/macrophyte

Stream plots were an extension of the terrestria transect. Submerged aguetic vegetation
biomass was sampled based on stream width (<500 cm - 3 points; > 500 cm - 5 points). Each sample
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szeis 177 cn? (15-cm diameter).  Canopy coverage over the stream was determined subjectively as
no canopy (open), partid, or full canopy. Other stream measurements included: water depth at each
point, percent macrophyte cover at each point, percent macrophyte cover across stream reach, and
bank to bank stream width. Sampling occurred four times: August and December 1997, and May and
August 1998. Samples were dried to a constant temperature (60 °C) and each sample weighed. One
species (Egeria densa) dominated the streams at both Pen Branch sites. No SAV was observed in
Meyer’' s Branch during the sampling times. An unidentified pecies was observed growing sparsdly in
the Fourmile Branch main stream channd, but it never occurred within the sampling transects.

Carbon Laboratory Analyses

All vegetation, roots, soil, litterfall, and forest floor samples collected were dried, stored, and
andyzed for carbon content. Carbon content was determined viainfrared analysis (LECO Tota
Carbon Anayzer, CR12, LECO Corp., Saint Joseph, MI). Three replicates of the respective sample
were analyzed for carbon content. Means were calculated for the three carbon replicates for

herbaceous vegetation, roots, litterfall, forest floor, and soil for use in atistica analyses.

Statistical Analysis Procedures

The main andysstool was andysis of variance (ANOVA) for a completely randomized design
(SAS Indtitute 1996). The four dtes (Pen Branch (AR), Pen Branch (NR), Fourmile Branch and
Meyer's Branch) representing different serd stages comprised the treetments. Differencesin various
biomass and carbon pool components among the four sites were andyzed. Aboveground biomass
variablesincluded tree biomass, shrub biomass andyzed individudly for both 1997 and 1999, and
herbaceous biomass for dl 4 sampling dates. Belowground biomass variables included fine root
biomass and soil organic matter. Additiona soil properties tested included percent carbon, bulk
dengty, and total and non-capillary porosity. Differencesin annud litterfal, forest floor, woody debris,
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sediment, and submerged aguatic vegetation each were compared among the four Stes.  The Tukey
multiple range test was used to test trestment mean differences. A significanceleve (*') of 0.05 was
used for dl tests.

Results and Discussion

Standing Biomass

Riparian

Site preparation measures used in the artificid regeneration section of Pen Branch have dowed
succession of the woody component, maintaining athick herbaceous cover. Specificaly, becausefireis
an infrequent natura occurrence in these riparian forests, burning as a Site preparation method retarded
establishment of woody species (other than Rubus). Therefore, Pen Branch (AR) was considered a
younger serd stage than Pen Branch (NR). The Pen Branch (NR) and Fourmile Branch riparian
forests were relatively smilar in successond development, as displayed by an increase in shrub and
tree species and coverage, a nearly closed canopy, and a declinein herbaceous cover. Although
Meyer's Branch was ardétively mature riparian forest with aclosed canopy, it till exhibited an
increase in biomass over 2 %2 years and may be considered alater seral stage, but not a temporal
‘endpoint’. Aboveground biomassin al four riparian forests increased over a2 %2 year period (Fig.
[11-2). The dight discrepancy in Fourmile Branch possibly was the result of hydroperiod differences
that could affect forest productivity.

Herbaceous vegetation rapidly becomes established after a disturbance (Dunn and Sharitz
1987). With increasing forests devel opment, the herbaceous biomass declined and became a very
small portion of the total above ground biomass (Fig. 111-3 and 111-4). Herbaceous biomass inth
younger serd stage in Pen Branch (AR) significantly was greater than that of the other three riparian
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forests. Herbaceous biomass data obtained for severd riparian forests recovering from thermal
disturbance as well as an undisturbed riparian forest illustrates a generd decline in herbaceous biomass

with increasing forest age/succession (Table 111-2).
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Figure Il1-2. Total aboveground biomass (tree, shrub and herb) for several South Carolina Coastal Plain
riparian forests of differing ages. X-axisisnot linear. Pen Branch (AR) is considered to represent ariparian
forest younger than 8 and 10.5 years of age.
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Figurelll-3. Tree, shrub, herb, and fine root biomass for four riparian forests of differing stand age in the
South Carolina Coastal Plain. Tree and shrub calculations are from the 11/99 data, herb values are the mean
of the 4 sample dates (June& Aug. 1997 and June& Aug 1998), and root values are from the 6/99 data.
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Figurelll-4. Tree, shrub, herb, and fine root biomass for the three younger riparian forests in the South
CarolinaCoastal Plain. Tree and shrub calculations are from the 11/99 data, herb values are the mean of the
4 sample dates (June& Aug. 1997 and June& Aug 1998), and root values are from the 6/99 data.
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Herbaceous species composition changed with seral stage and differences in percent carbon
may influence carbon pool magnitude. The abundance of Rubus, which was included in the herbaceous
component, generated a significantly greater percent carbon in herbaceous vegetation of Pen Branch
(AR) than the percent carbon in herbaceous vegetation of Pen Branch (NR) and Fourmile Branch
(Table111-3). The percent carbon in herbaceous vegetation in Meyer’s Branch significantly was grester
than the percent carbon in herbaceous vegetation in Fourmile Branch. A predominant herb
(Commelina virginica L.) in Fourmile Branch has a rhizomatous growth form that may require less
structural carbon and therefore possesses alower percent carbon. Whether differences in percent
carbon are ecologicaly sgnificant depends on scae of interest. The subtle differences in percent
carbon may play arolein plant evolutionary strategy yet to be determined  The combined greater
herbaceous biomass and higher percent carbon result in Pen Branch (AR) having asignificantly greater
herbaceous carbon pool compared to the other three riparian forests (Table 111-3). Both Pen Branch
(NR) and Fourmile Branch riparian forests have sgnificantly grester herbaceous carbon pools than the
Meyer's Branch riparian forest. Thisimplies that despite gpparent Satistical differencesin the percent
carbon of herbaceous species, the herbaceous carbon pool decreases with forest age/succession in

riparian forests.

The tree and shrub biomass increased in each Site over a2 %2 year period, except for a
decrease in shrub biomassin Meyer's Branch (Table [11-4). Both tree and shrub biomass increased
sgnificantly in Pen Branch (AR) over the 2 Y%, years suggesting thet this site is following successiond
patterns toward aforest community. The towering tree and shrub biomass of the Meyer’s Branch
riparian forest is the result of the broad age difference between it and the other three riparian forests
(Fig. 111-3). Aboveground biomassin Meyer's Branch is comparable to val ues reported for other
forested wetlands (Table 111-5). Both Pen Branch riparian forests and the Fourmile Branch riparian
forest had lower aboveground biomass compared to more mature forested wetlands (Table 111-6).
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Tablel11-2. Herbaceous biomass at severa undisturbed and thermally recovering riparian forests on
the Savannah River Site in the Coastd Plain of South Carolina.

Study Area Stand Age Herbaceous Biomass Reference
kg ha 1
Pen Branch Thermal 20 yrs 2230 Sharitz et al. 1974
Steel Creek 5 yrs Post Thermal 3400 Sharitz et al. 1974
Natural Regeneration
Pen Branch (AR) 8 yrs Post Thermal 4468 This Study
Pen Branch (NR) 8 yrs Post Thermal 1295 This Study
Pen Branch (AR) 9 yrs Post Thermal 3800 This Study
Pen Branch (NR) 9 yrs Post Thermal 945 This Study
Fourmile Branch 12 yrs Post Thermal 1462 This Study
Fourmile Branch 13 yrs Post Thermal 735 This Study
Steel Creek 15 yrs Post Thermal 900 Muzikaet al. 1987
Meyer’s Branch Mature Undisturbed 150 Muzikaet al. 1987
(—1983)
Meyer’s Branch Mature Undisturbed 520 This Study
(1997) 60+ yrs
Meyer’s Branch Mature Undisturbed 370 This Study
(1998) 60+ yrs
Upper Three Runs Mature Undisturbed 1340 Sharitz et al. 1974
Creek ~75yrs
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Table 111-3. Percent carbon and carbon pools for the herb and root components of 4 riparian forests
and adjacent upland forests in the South Carolina Coastdl Plain. Within a column and ecosystem
(riparian or upland), letters different from each other are Sgnificantly different (apha = 0.05). Standard
deviations are in parentheses (). Sample size (N) for Pen Branch (AR), Pen Branch (NR), Fourmile
Branch, and Meyer’ s Branch respectively are 53, 40, 60, 40 and 54, 40, 86, 44 for riparian herbs and
roots, respectively and 6, 5, 11, 10 and 9, 9, 15, 15 for upland herbs and roots.

Herbs Roots
% Carbon Carbon Pool % Carbon Carbon Pool
(gCm?) (gCm?)
Riparian
Pen Branch (AR) 46 (2) a 213 (97) a 41(5) b 185 (105) ¢
Pen Branch (NR) 44 (3) be 62 (43) b 46 (3) a 277 (182) bc
Fourmile Branch 43(4)c 62 (53) b 44 (6) ab 304 (211) b
Meyer’s Branch 45 (2) ab 16 (15 c 46 (5) a 436 (242) a
Upland
Pen Branch (AR) 48 (4) a 13(6) ab 44 (5 a 588 (205) a
Pen Branch (NR) 47(2) a 6(2b 49(1) a 537 (169) a
Fourmile Branch 46 (1) a 12 (16) ab 45(5) a 426 (178) a
Meyer’s Branch 48(2) a 34(28) a 48(3) a 498 (196) a

There was an increase in fine root biomass with increasing forest age (Fig. 111-3 and 111-4),
however, an inverse relationship was observed between percentage of fine root biomass to total
biomass and riparian forest age. Fine root biomass comprised 31%, 15%, 20% and 5% of the total
biomass for Pen Branch (AR), Pen Branch (NR), Fourmile Branch, and Meyer’ s Branch, respectively,
al of which were in the range found by Harris et d. (1977) and Montague and Day (1980). Fine root
biomass in Meyer’ s Branch sgnificantly was greater than thet in the other three riparian forests, and fine
root biomass in Fourmile Branch significantly was greater than that in both Pen Branch riparian forests.
Fine root biomass found in the three younger riparian forests was one-fourth to one-hdf that found in
other mature forested wetlands, however, fine root biomass in Meyer's Branch was only dightly less

than the other mature forested wetlands (Montague and Day 1980). Either forest age or hydroperiod
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could account for the differences in fine root biomass between this study and others. Also, differences

in root biomass may not be apparent if dl roots are included.

The number of roots from woody species increases with forest devel opment/successon and
roots from woody species generadly have a greater percent carbon than roots of herbaceous species.
The percent carbon in fine roots at Pen Branch (NR) and Meyer’ s Branch significantly was greater than
the percent carbon in those a Pen Branch (AR) (Table 111-3). The percent carbon of the fine rootsin
Fourmile Branch aso was greater than the Pen Branch (AR) fine root percent carbon which implies that
the predominance of roots associated with trees and shrubs have higher percent carbon than
herbaceous roots. Greater fine root biomass combined with a higher percent carbon in the fine roots
result in Meyer’s Branch having a significantly greater root carbon pool than the other threeriparian
forests (Table111-3). Thefine root carbon poal in Fourmile Branch significantly was greeter than the
Pen Branch (AR) fineroot carbon pool. The 4 fine root carbon poolsin this sudy were comparable to
a mature mesophytic deciduous forest (Edwards and Harris 1977). Based on these data, the fine root

carbon pool increases with forest age/succession.

Theratio of aboveground biomass to bel owground biomass appears to decrease with
increasing forest development/successon (Table 111-4) in the riparian forests. The upland forests have
comparable above/be owground ratios (except for Pen Branch (AR)) and was comparable to the
mature riparian forest. Therefore, this biomass ratio may be representative of forest age.
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Table111-4. The above and belowground biomass (kg ha ), above/be owground biomass ratio, and
net primary productivity (NPP) (kg ha yr 1) with and without litterfall for 4 riparian and upland forests
in the South Carolina Coastd Plain.

Pen Branch (AR) Pen Branch (NR) Fourmile Branch Meyer’sBranch
Riparian

Trees?! (kg ha) 313 19,487 17,510 196,558

1731 24,414 26,516 199,847
Shrubs* (kg ha™) 833 6303 4609 4694

4702 8629 6713 3378
Herbs 2 (kg ha™) 4290 1160 1130 430
Fine Roots 4770 6010 8460 10,590
(kg ha™)
Above/below 0.44 0.18 0.25 0.05
ground ratio®
NPP* wio litterfall 4903 4307 3422 3682
(kg ha™yr ™)
NPP w/ litterfall ® 5187 10,319 7649 8947
(kg ha'tyr )

Upland

Trees (kg ha™) 123,093 285,981 312,041 245,579
Shrubs (kg ha™) 4598 9238 6534 6670
Herbs (kg ha™) 270 100 260 650
Fine Roots 14,100 11,430 9860 10,800
(kg ha™)
Above/below 0.11 0.04 0.03 0.04
ground ratio
NPP w/o litterfall 2330 4862 5398 4719
(kg hatyr?
NPP w/ litterfall 7750 10,302 12,998 11,769

(kg hatyr ™)
1) Ineach riparian forest, mean biomass was for 1997 and 1999, respectively.
2) Herbaceous biomass was the mean for al four sampling dates (June& Aug. 1997 and June& Aug
1998).
3) Above/Belowground biomass ratio: root/(treet+shrub+herb). 1999 tree and shrub data
4) NPP includes trees (1999), shrubs (1999), and herbs.
5) Annud litterfal was collected 9/97-8/98.
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Table111-5. Aboveground biomass and production of Coastal Plain riparian forests and smilar forested

wetlands (adapted from Conner, 1994 and modified from Zaebst, 1997).

Forest Type/ Location Aboveground Annual Productivity Reference
Biomass! (Stem growth only) 2
(Mgha™) (Mghatyr
Cypress-water tupelo/ LA 375 5.0 Conner & Day 1976
Cypress-water tupelo / FL 190 2.89 Mitsch & Ewel 1979
Cypress-tupelo/ IL -- 3.30 Mitsch 1978
Bottomland hardwood / IL
floodplain / transition 289/ 141 115/7.1 Johnson and Bell 1976
Bottomland hardwood / IL --
stillwater / flowing 4.24/1.77 Brown and Peterson 1983
Forested wetlands/ KY 94, 102, 184, 303, 1.42,2.71, 4.98,
various hydroperiods 312 8.12,9.14 Mitsch et al. 1991
Floodplain swamp / NC 267 5.85 Mullholland 1979
Floodplain swamp / FL 284 10.86 Brown 1981
Bottomland hardwood / LA 165 8.0 Conner & Day 1976
Dismal swamp-BLH 3/ VA 189 -- Day & Dabel 1978
Dismal swamp-maple/gum/ VA 190 -- Day & Dabel 1978
Cypress swamp / LA 278 -- Conner & Day 1982
Cypress-hardwood / FL 154 3.36 Mitsch & Ewel 1979
Dismal swamp-cypress/ VA 339 -- Day & Dabel 1978
Okefenokee swamp /GA 307 353 Schlesinger 1976
Cypress-hardwood / SC 348 134 Muzikaet al. 1987
Bottomland hardwood / SC
mesic / dry transition -- 5.86/4.62 Burke et al. 1999
wet transition / flooded 5.09/8.81
Cypress-tupelo / SC --
low / high disturbance 3.73/413 Scott et al. 1985
Naturally Recovering BLH / SC
15 yrs post disturbance 26 2.85 Muzikaet al. 1987
Riparian BLH
7-8 yrs post harvest 0.06 9.09 Bates 1989

1) Trees and Shrubs, no herbs,
2) Trees and Shrubs, Ledf litterfall was not included.
3) BLH - bottomland hardwood.



Table I11-6. Aboveground biomass and annud productivity for the four South Carolina Coastal Plain
riparian forestsin this study (1997-1999).

Forest Type/ Location

Aboveground Biomass'?

Annual Productivity
(Stem growth only) 2

Cypress-hardwood / SC
Meyer’s Branch (1997)

(Mgha™

201

(Mghatyr

3.35

Cypress-hardwood / SC
Meyer’s Branch (1999)

203

3.25

Naturally Recovering BLH % SC
12 yrs post disturbance
Fourmile Branch

221

1.89

Naturally Recovering BLH/ SC
14.5 yrs post disturbance
Fourmile Branch

33.2

2.29

Naturally Recovering BLH/ SC
8 yrs post disturbance
Pen Branch (NR)

25.8

3.24

Naturally Recovering BLH/ SC
10.5 yrs post disturbance
Pen Branch (NR)

33.0

3.15

Restored BLH/ SC
8 yrs post disturbance
Pen Branch (AR)

11

0.16

Restored BLH/ SC
10.5 yrs post disturbance
Pen Branch (AR)

6.4

0.61

1) Trees and shrubs, no herbs,

2) Trees and shrubs, ledf litterfall was not included.

3) BLH - bottomland hardwood.

Upland

The aboveground biomass of the mature upland forests adjacent to each of the riparian forests

generaly was greater than the aboveground biomass in the Meyer’ s Branch riparian forest except for

the upland forest in Pen Branch (AR) (Table 111-4). The differencesin upland aboveground biomass

demondtrates the variability within mature forests (Fig. 111-5).
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The herbaceous biomass in the Meyer’ s Branch upland forest sgnificantly was greater than the
herbaceous biomass in the other three upland forests. However, smilar to mature riparian forests, the
herbaceous biomass component in upland stands is inconsequential compared to the woody biomass
component (Fig. I11-5). There was no significant difference in the percent carbon of the herbsin the
four upland forests (Table 111-3). There was no sgnificant difference in fine root biomass, percent
carbon in the roots, or fine root carbon pool among the four upland forests (Table [11-3).
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Figure 111-5. Tree, shrub, herb and root biomass for the adjacent upland forestsin the

South Carolina Coastal Plain. Tree and shrub caculations are from 11/99 data, herb values
are the mean of the 4 sample dates (June& Aug. 1997 and June& Aug. 1998), and root vaues
are from the 6/99 data.

Riparian vs Upland

Herbaceous biomass significantly was grester in the riparian forests of both Pen Branch Stes
and Fourmile Branch than their adjacent upland forests due to differences in forest stage of
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development (stand age). In contrast, the herbaceous biomass in the Meyer’ s Branch riparian forest
was less than the herbaceous biomass in the adjacent upland forest, but the difference was not
sgnificant (p=0.1086). The saturated riparian environment and shadier closed canopy in Meyer's
Branch may creste conditions unsuitable for the continued existence of certain herbaceous species or
preclude the establishment of herbaceous species. The percent carbon of the herbaceous vegetation
was sgnificantly lessin the riparian forests of al four sites compared to their adjacent upland forests
because woody seedlings (which were greater in number in the uplands compared to the riparian areas)
were included in the herbaceous component. The differences in percent carbon did not override
herbaceous biomass in determining the herbaceous carbon pool. The herbaceous vegetation carbon
pool significantly was higher in the three younger riparian forests compared to their adjacent upland
forests. In contragt, the herbaceous vegetation carbon pool in the mature riparian forest sgnificantly
was less than that of the adjacent upland forest.

Less woody biomass in the riparian forests of both Pen Branch sites and Fourmile Branch
resulted in sgnificantly less root biomass than in the upland forests. There was no significant difference
in percent carbon of the upland fine roots and riparian fine roots, however, the percent carbon of the
upland fine roots was grester than the percent carbon of the riparian roots in each Site respectively.
The difference in upland versus riparian fine root biomass trandates into significantly lower fine root
carbon poolsin theriparian forests of both Pen Branch sites and Fourmile Branch than their respective
upland forests. The maturity of the Meyer’s Branch riparian forest registers root carbon pools
comparable to upland forest root carbon poals.

Net Primary Productivity

Forest development/succession patterns influenced net primary production in these riparian

forests. A drop in production during later stages of succession can be attributed to devel oping forest
sructure. In genera, NPP in young riparian forests (~8-10 years) rapidly approached and exceeded
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NPP of more mature riparian forests. Marks (1974) observed production to reach steady-date levels
after 4-5 yearsin Prunus dominated communities. NPP of trees, shrubs, and herbs combined was
greater in both Pen Branch riparian forests than either Fourmile Branch or Meyer’s Branch riparian
forest (Fig I11-6a). Similar to findings by Mitsch (1978) and Johnson and Bell (1976), herbaceous
vegetation in this study comprised avery smdl portion of the NPP. Including litterfall as a component
of NPP changed the bal ance between the four riparian forests (Fig. 111-6b). NPP in the Pen Branch
(NR) riparian forest exceeded NPP in the other three riparian forests. The drier hydroperiod (persona
observation) in Pen Branch (NR) appeared to promote forest productivity, especially leaf production.
This supports the theory that hydrology greetly effects nutrient dynamics and therefore, forest
productivity. Comparing NPP (with litterfal) in Pen Branch (AR) to the other riparian forests may be
inappropriate because it is dominated by herbaceous vegetation. The flashy hydroperiod in the
Fourmile Branch riparian forest and saturated conditions in the Meyer’ s Branch riparian forest certainly
impact the productivity of these Stes. Except for Pen Branch (AR), NPP for each riparian forest was
comparable to other forested wetlands (Tables 111-5 and 111-6).

NPP varied in the upland forests adjacent to the riparian forests, but generaly increased over a
2 Y5 year period, demongtrating that these forests il are growing (Fig. 111-73). Including litterfall in
NPP did not change the schema among the four upland forests (Fig. 111-7b). Except for the upland Pen
Branch (AR) forest, upland forest NPP (without litterfall) was equivaent to NPP in both Pen Branch
riparian forests and greater than NPP in the riparian forests of Fourmile Branch and Meyer’s Branch.
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Figurelll-6. A) Net primary productivity for the riparian forests at age x and x+2 % for each site. The mean
herb biomass for the four samples was included as annual productivity; tree and shrub biomass values were
divided by the respective stand age. B) Same NPP asin A with the addition of annual litterfall.
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Figurelll-7. A) Net primary productivity for the upland forests at age x and x +2 % for each site. The mean
herb biomass for the four samples was included as annual productivity; tree and shrub biomass values were
divided by their respective age (assumed 60 and 60 %2). B) Net primary productivity for the upland forests
at age x and x +2 % for each site with the addition of annual litterfall.
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Litterfall and Forest Floor

Establishment of woody species occurred within 8-10 years, and possibly sooner, after thermal
disturbance and litterfall amount in young riparian forests became comparable to mature riparian forests.
Annud litterfall was sgnificantly lessin Pen Branch (AR) than the other three riparian forests due to the
lack of woody speciesin the overstory. Annual litterfall comprised approximately 55-59% of the NPP
in the riparian forests and 53-70% in the upland forests. In the herbaceous dominated riparian forest of
Pen Branch (AR), annudl litterfall only comprises gpproximately 5% of total NPP (Fig. 111-6B). Once
the herbaceous stage of succession is surpassed and awoody overstory becomes established (after ~
8-10 years), annud litterfal rates as a function of NPP are independent of forest age. Differencesin
forest floor biomass were observed with increasing riparian forest development. The forest floor
biomass in the Meyer’ s Branch riparian forest was less (dthough not significantly) than the forest floor
biomass in Pen Branch (NR) and Fourmile Branch riparian forests (Table 111-7). The forest floor
biomass was dightly lower, however, the forest floor carbon pool was equivaent to findings by Trettin
et al. (1999).

Tablelll-7. Mean riparian forest floor biomass, foliar % carbon and forest floor carbon pool for 3
riparian forests in the South Carolina Coastdl Plain. Standard deviations are in parentheses (). Sample
szesarein brackets [ ]. Within a column, means with different letters are significantly different.

Site Biomass Carbon
(@ m? (%) (gCm?
Pen Branch (NR) 99 (79) [15] a 25 (5) [14] a 33(13)[14] a
Fourmile Branch 88 (101) [15] a 32(8)[9 a 42(25)[9] a
Meyer’'s Branch 65 (118) [15] a 45(4)[8] a 43(47)[8] a




Woody Debris

Woody debris comprised ardatively smal part of the total carbon pool. Mean woody debris
biomass was 0.26 g m?, 0.23 g m?, 0.18 g m?, and 0.28 g mi for Pen Branch (AR), Pen Branch
(NR), Fourmile Branch, and Meyer’ s Branch, respectively. High annud litterfdl input of twigsin Pen
Branch (NR) (Chapter 1V) accounted for the greater woody debris biomass in Pen Branch (NR)
compared to Fourmile Branch. In each riparian forest the amount of fine woody debris (1-2.5 cm) was
ggnificantly greater than medium sized woody debris (2.5-10 cm). No large woody debris (> 10 cm)
was found in Pen Branch (NR), however, severd large piecesintersected the transect in Pen Branch
(AR), probably remnants from the origind forest. Meyer’s Branch logicaly had the greatest number of
large woody debris pieces due to its more mature forest composition, closdly followed by Fourmile
Branch. There was no sgnificant difference in the biomass contribution between the fine and medium
Szed woody debrisfor dl sites. The mgority of the woody debris was considered sound and had
undergone little decay.

The amount of woody debris in the streams accumulates as a function of forest development.
The main stream channe within the mature riparian forest had congderably more woody debrisin dl
three size classes than the main stream channels within the three younger riparian forests. Severd large
wood pieces, possibly remnants of pre-disturbance forest conditions, were found in the streams
associated with the younger riparian foredts.
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Soil Physical and Chemical Properties

Riparian

Forest maturity and intringc stability or equilibrium (resstant and resilient to change) of nutrient
cycling processes gppear to affect soil organic matter and carbon percentages and quantities. The
meature riparian forest had significantly greater percent carbon and organic matter than the three younger
riparian forests (Table 111-8) due to the high litterfal inputs (leaves and roots) in Meyer’s Branch. The
organic matter (%) in these riparian forests are comparable to other Coastal Plain forested wetlands
(Wharton et . 1982; Axt and Walbridge 1999).

An inverse relationship between total porosity and bulk density was observed with increasing
forest age. Asforest development progresses, the total porosity increases and bulk density decreases.
Totd porogty was sgnificantly greater in Meyer's Branch due to the eevated accumulation of organic
matter, however, the lower macro-porosity was due to differencesin soil structure and alow sand
component. The amount of organic matter aso contributed to the sgnificantly lower bulk dengty in
Meyer’s Branch. The sgnificantly higher macro-porosity in Fourmile Branch potentidly islinked to the
higher percentage of sand in the soil. Bulk density was dightly lower in these four riparian forests
compared to other Coastal Plain forested wetlands (Axt and Walbridge 1999).

Thereisaweb of interrel ationships between hydroperiod, species composition and chemica
and physicd soil propertiesin ariparian forest. Specieslitterfal dynamics (leaves, twigs, fruits and
flowers) affect organic matter and carbon incorporation into the soil, and these factors in conjunction
with root dynamics affect porosity and bulk dengty. The same processes occur in an upland forest,
however, for uplands the driving forces of hydrology are not gpparent. Mann and Wetzel (2000) found
higher organic matter and lower bulk density in vegetated areas compared to areas subject to

intermittent stream flow.
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Upland

There was no sgnificant difference in percent organic maiter and carbon, total and non-
capillary porosity, and bulk density between the four upland forests (Table [11-8). The percent organic
matter and carbon, and total porosity was lower in the uplands forests than the riparian forests. The
higher sand component in the upland forests results in higher macro-porosity than the riparian forests.
The low organic matter content and soil structure contribute to the higher bulk denstiesin the upland
forests. A comparison of the soil carbon vaues of the upland and wetland forest reved s why wetland
soils are considered to be more important as carbon sinks. With the exception of Pen Branch (AR),

the wetland soils contained 2-4 times more carbon.
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Tablel11-8. Soil chemicad and physicd properties of four riparian and upland forestsin the South
Cardlina Coagtd Plain. Vdues are for the A horizon in both Pen Branch sites and Fourmile Branch, and
the O horizon in Meyer’s Branch to a depth of 10 cm. Within arow, letters different from each other
are dgnificantly different. No statistica andysis was performed on soil carbon kg ha ** and organic

matter kg ha .
Pen Branch (AR) Pen Branch (NR) Fourmile Branch Meyer’s Branch
Riparian*
Soil Carbon
Percent 42(19b 47(13) b 40(23) b 114 (4.2) a
kgha ! 20,261 17,470 15,840 12,038
Organic Matter
Percent 12.3(6) b 129@3)b 10.7 (6) b 30.3(10) a
kgha 59,335 47,949 42,372 31,997
Soil Porosity
Total 68(11) b 70M4)b 75(12) b 85(2) a
Non-capillary 18 (5) ab 155)b 20(4) a 154)b
Bulk Density (g cm ) 0.72(0.30) a 0.63(0.09) a 0.55(0.33) a 0.24 (0.06) b
Upland*
Soil Carbon
Percent 40(2) a 17(})a 24(2 a 33(@2)a
Organic Matter
Percent 82(4)a 46 (3) a 7.4(6) a 8.6(6) a
Soil Porosity
Total 61(4) a 54 (3) a 61(8) a 65(11) a
Non-capillary 25(6) a 235 a 27(5 a 24 (8) a
Bulk Density (g cm ) 0.88 (0.09) a 1.05(0.04) a 0.83(0.20) a 0.83(0.33) a

* Sample size (N) for % soil carbon, % organic matter, total and non-capillary porosity, and bulk
dengity are 18, 9, 28 & 29 for riparian and 3, 3, 6, 5 for upland for Pen Branch (AR), Pen Branch

(NR), Fourmile Branch, and Meyer's Branch, respectively.
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Sediment / Reduction-Oxidation

Pen Branch (AR,) which was dominated by herbaceous vegetation had the least sediment
deposition. Meyer’s Branch, athough a mature forest, had little ground cover and the greatest amount
of sediment deposition (Table[11-9). Meyer’s Branch dso had very subtle microtopography within the
riparian forest and no digtinct natura levee next to the stream, both points would promote movement of
sediment. Loss of sediment occurred in the Fourmile Branch riparian forest which may have been more
afunction of its hydroperiod than vegetation. Thislack of sediment input into the Fourmile Branch
riparian forest may aso partialy account for the lower productivity compared to the Pen Branch
riparian forest. The sediment deposition in Meyer’ s Branch was comparable to a Mississppi
backwater lake (1.7 cm yr *%; Eckblad et d. 1977), cypress-tupelo bottomland hardwood (> 1 cm yr -
1 Kleiss 1996), and higher than an inundated cypress swamp (0.8 cm yr *; Mitsch et a. 1979) and
several Tennessee forested wetlands (0.24 cm yr * and 0.28 cm yr *%; Hupp and Bazemore 1993).
Cooper et d. (1987) reported 25-yr sediment depths to range between 0-5 cm in floodplain swvamps
aong a Coadtal Plain watershed.

Tablel11-9. Sediment depth in each riparian forest after 66 weeks converted to annual sediment depth
in parentheses. Within a.column, letters different from each other are significantly different. Sample
szes(N) ae1l, 7,15 & 13for Pen Branch (AR), Pen Branch (NR), Fourmile Branch, and Meyer's
Branch, respectively.

Site Sediment Depth Depth to Obvious Depth to Obvious
Oxidation Reduction
(cm)
Pen Branch (AR) 0.08 (0.06) ab 559 a 9.14 ab
Pen Branch (NR) 0.15(0.12) ab 254a 10.16 ab
Fourmile Branch -0.53(-042) b 305a 10.92 a
Meyer’s Branch 2.39(1.88) a 254a 4.06b
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Reduction-Oxidetion potentid is afunction of water table fluctuations and influences nutrient
availability for plant uptake. In dl four riparian forests, the water table rises to gpproach the ground
surface during the year and subsequently recedes. Evapotranspiration probably was very high dueto
abundant herbaceous vegetation and no canopy in Pen Branch (AR) resulting in the lowest water table
rise (Fig. 111-9). The depth at which the water table typicaly resides (depth to iron reduction) was
sgnificantly lower in the Fourmile Branch riparian forest than Meyer’ s Branch (Table 111-9). The
sandier soilsin Fourmile Branch probably have a higher hydraulic conductivity alowing water to move
more fredy. The difference between the depth to initia rust and a permanent gray color waslessin the
Meyer’s Branch riparian forest compared to both Pen Branch sites and Fourmile Branch (Fig. 111-8),
which supports the saturated soil conditions observed in Meyer’s Branch. The distance between water
table rise and water table residency may be afunction of vegetative characteristics associated with
forest development/succession. Plant growth form and amount will influence transpiration rates which
will affect water use and subsequently the water table depth.

Pen Branch Pen Branch Fourmile Meyer's
(AR) (NR) Branch Branch
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Figure I11-8. Reduction oxidation patterns for iron rebar in four South Carolina Coastal Plain riparian forests.
Subjectively measured from rebar installed in each site for approximately one year.
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Submerged Aquatic Vegetation

The main stream channdls of each Steweresmilar. All of the streams had sandy subdtrates,
base flow rates of 12 to 38 cm s, and widths ranged from 550 to 920 cm. With the exception of
water chemigtry in each stream, the only mgjor difference between the stream was the age of the
adjacent riparian forest. Submerged aguatic vegetation was abundant in the two younger riparian
forests (Pen Branch AR & NR). The closed canopy and subsequent shaded stream of Meyer's
Branch may have prevented the establishment of macrophytes. A canopy effect on SAV biomasswas
examined in the Pen Branch stes and found not to be sgnificant (Fig 111-9).
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Figure 111-9. Mean submerged aguatic vegetation biomass as a function of canopy coverage
over the main stream channel associated with the two youngest riparian forests. No full canopy
data were available for Pen Branch (NR).
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Barko and Smart (1986) found adeclinein SAV growth with increasing sediment organic
matter and/or high sand fraction. Therefore, the highly organic soilsin the mature riparian forest that
may be deposited in the stream during hydrologic events may have affected SAV establishment and/or
growth.

Water depth, clarity, and the amount of suspended particulates are severa factors that could
influence light penetration and affect the proliferation of macrophytes. However, a correlation between
biomass and water depth was not found ® = 0.129 for both sites combined) (Table111-10). The
amount of macrophyte biomass in Pen Branch (AR) was approximately 2.5 times gregter than the
macrophyte biomass in Pen Branch (NR) and the difference was significant (P=0.0180). This could be
an anomaly since the two Sites are adjacent to each other with Pen Branch (NR) immediately upstream
from Pen Branch (AR) or there are factors (not analyzed) ,such as water chemidiry, associated with
each gte that may account for the presence of macrophytes. Macrophyte mats in the uncanopied areas
of the large Orinoco floodplain can reach densities of 4000 g C m? (Lewiset d. 2000) whichis
substantialy greater than the SAV carbon pool in these third order streams.

Table111-10. High and low water depths (cm) and mean macrophyte biomass (g m ) for each
sampling time. Biomass sample sizes (N) for each date are 12, 8, 13, & 10 for Pen Branch (AR) and
13, 13, 13, & 10 for Pen Branch (NR).

Pen Branch (AR) Pen Branch (NR)
Date Water Depth Mean Biomass Water Depth Mean Biomass
Low High Low High
August 1997 8.9 94.6 78.9 12.7 47.6 30.0
December 1997 394 69.8 10.1 8.9 455 234
May 1998 94 95.2 44.0 234 59.9 22
August 1998 0 50.8 41.6 4.4 22.9 11.8
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Carbon Pools

Thetota carbon pool in the mature riparian forest (Meyer’ s Branch) was congpicuoudy grester
than the three younger riparian forests (Table 111-11) primarily due to grester tree and soil carbon
pools. Riparian forest total carbon pools appear to increase with forest development/succession (Table
[11-11). The herbaceous carbon pool decreased with increasing forest age.  Fine root biomass
increased with forest development, which supports the proposition by Nadelhoffer et d. (1985) that
fine root production increases in direct proportion to aboveground production. In the herb dominated
community the above to belowground retio was very smal. Aswoody speciesinitialy become
established, the ratio gpproached 1, implying a balance between above and bel owground carbon pools.
With riparian forest maturity the aboveground carbon pool increased substantialy resulting in an above

to belowground ratio > 1.

The litterfdl carbon poolsin the young riparian forests was comparable to those in the mature
riparian forest. However, the litterfall carbon poolsfor dl of the sites contributed a small percentage of
the total riparian forest carbon pool. The forest floor carbon pool increased with forest age, but again
congtituted a very small percentage of the total carbon pool. The woody debris carbon pool was
comparable between the four riparian forests, however its percentage was negligible.
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Tablel11-11. Carbon pools by component (kg ha™) for four S.C. Coastal Plain riparian forests. The percentage of
each component isin parentheses. Assume 50% Carbon for trees, shrubs, and SAV (Turner 1995; Meyer 1986).

Component Pen Branch (AR) Pen Branch (NR) Fourmile Branch Meyer’s Branch
kgha
Aboveground
Trees 1997 156 (0.6) 9744 (27) 8755 (27) 98,279 (82)
1999 866 (3.0) 12,207 (31) 13,258 (35) 99,924 (83)
Shrubs 1997 416 (1.6) 3152 (9) 2304 (7) 2347 (2)
1999 2351(8.5) 4314 (11) 3356 (9) 1689 (1)
Herbs 2134 (8.5) 615 (2) 616 (2) 159 (0.0)
(8.0) 2 2 (0.0
Woody debris 2.6 (0.0) 2.3(0.0) 1.8(0.0) 2.8(0.0)
(0.0) (0.0 (0.0 (0.0
Litterfall 40(0.1) 2180 (6) 1580 (5) 2280 (2)
(0.2) ®) 4 @)
Forest Floor aa 330(0.4) 418 (0.9) 430 (0.4)
(0.3) 0.8) (0.4
Belowground
Carbon & 20,261 (81) 17,470 (48) 15,840 (49) 12,038 (10)
(73 (44) (42) (10)
Fine Roots 1850 (7.4) 2770 (8) 3040 (9) 4360 (4)
(6.7) (7 8 (4)
Above/Below 1997 0.12 0.78 0.72 6.3
Ground Ratio 1999 0.24 0.96 101 6.3
Instream
Submerged Aquatic 212 (0.8) 93(0.2) 0 0
Vegetation (SAV) (0.7) (0.2)
Total Mgha
1997 25.1 (100) 36.3 (100) 32.5(100) 120.0 (100)
1999 27.7 (100) 39.9 (100) 38.1(100) 120.0 (100)

a Soil carbon was calculated for the top 10 cm.
a4 No forest floor was sampled in Pen Branch (AR) because it was negligible.
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Conclusion

Riparian forest biomass and carbon pools are affected by disturbance and successiond state.
The severity of the disturbance will dictate the degree to which forward successiond processes are
interrupted or set backwards. Aboveground biomassin al 4 riparian forests increased over a2 Y2 year
period. Thetota carbon pool in riparian forests increases with forest devel opment/succession due to
the greater tree and soil carbon pools. The mature riparian forest stored gpproximately 4 times more
carbon than the younger (8-14 year old) stands. Theratio of above to belowground carbon poolsis
smal in herb dominated communities, approaches 1 with the onset of awoody component, and

continues to increase with riparian forest maturity.

Riparian forest productivity was independent of serd stage particularly with the inclusion of
woody species providing subgtantial amounts of litterfal. In generd NPP in young riparian forests (~8-
10 years) rapidly approached and exceeded NPP of more mature riparian forests. Including litterfal as
a component of NPP changed the balance between riparian forests.

Totd riparian forest biomass was a function of forest successon with theindividua components
following digtinct patterns. With forest development, the herbaceous biomass and herbaceous carbon
pool comprised avery smdl portion of the total above ground biomass and generdly declined with
increasing forest age/succession. An increase in fine root biomass occurred with increasing forest age,
however, an inverse relationship between percentage of fine root biomass to total biomass with riparian
forest age was observed. The combination of greater fine root biomass and higher root percent carbon
in arelatively mature riparian forest contributed to a greater root carbon pool than younger riparian
forests. Overdl the root carbon pool was increased with forest age/successon. Thisfinding is
important because it supports the premise that carbon storage by forests can be significantly increased
by management practices that favor below ground carbon storage.
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Once the herbaceous stage of succession was surpassed and awoody overstory becomes
established (after ~ 8-10 years), annudl litterfall rates as afunction of NPP are independent of forest
age. Egtablishment of woody species occurred within 8-10 years after thermal disturbance and litterfall
amount in young riparian forests rgpidly becomes comparable to mature riparian forests. With the repid
recovery of litterfal, incorporation and recycling of nutrients to the riparian ecosystem will provide the
resources necessary for maintaining a hedthy forest. Since litterfal recovers a ayoung age it may be
used as an index for riparian restoration demongtrating that a riparian forest is on atrgectory toward a
functioning mature riparian forest.

A declinein riparian forest floor biomass was observed with increasing riparian forest
development. However, an increase in the forest floor carbon pool was observed with increasing forest
age. Overdl, theforest floor gppears to stabilize after 10-12 years demondirating an equilibrium
between the inputs and outputs to the forest floor, suggesting that nutrient cycling processes within each

gte are functioning.

Woody debris in riparian forests and associated streams was a function of forest development,
however, it does not significantly contribute to the tota riparian forest carbon pool. Theoreticaly
mature riparian forests should have a greater amount of terrestrial and stream woody debris than
younger riparian forests. However, this was not observed in these riparian forests.  The more mature
riparian forest did have a greater amount of larger pieces of woody debris, but overdl, al four sites had
comparable estimates of woody debris biomass.  Although woody debris in these riparian forests
comprised ardatively smdl carbon poal, that may not
be reflective of itsimportance in furnishing critica forest functions. At what stage of forest development
woody debris becomes a significant carbon component remains unknown.

Soil physica and chemica properties were closdly tied to successiona stage and the processes
involved in plant community change. An inverse reaionship between total porosity and bulk density
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with increasing forest age was observed. Asforest devel opment progressed, the total porosity
increased and bulk density decreased. Forest development and differentia stratification of vegetation
influences the movement of sediment to, from, and within ariparian forest. However, it was not
conclusive that soil physical and chemica properties are afunction of forest age and not hydroperiod,
but, if forest development dictates hydrologic processes then the effects can not be separated.

Severd integrated factors such as light, water chemistry, and subgtrate control the establishment
of submerged aguetic vegetation. The type or severity of disturbance may affect SAV establishment,
but successional stage does not appear to be a decisive factor. Neither canopy coverage or water
depth independently affect SAV biomass. Therefore, canopy closure associated with mature riparian
forests may not be the only factor that influences the growth of macrophytes.  Although the submerged
aquatic vegetation condtituted a small percentage of the totd riparian forest carbon pooal, it should not
be overlooked for it plays an important role in the proper functioning of other riparian forest processes,
particularly because it may influence stream hydrology.
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LITTERFALL

Chicken Little said “the sky isfalling!”

Fisheries Biologist believed it to be energy for the aguatic ecosystem.
Wildlife Biologist exclamed “oh good, habitat for small critters.”
Soil Scientist thought it was organic matter for soil formation.
Hydr ologist pondered, it will get washed away in the next flood.
Biologist caculated victuds for soil faunalflora
Statistician estimated X% probability that next year there will be more
or less - that’s mean (or mode, or median).
Project L eader responded “Ahal A significant carbon component
for forest productivity”
“All are correct.” Itislitterfal, dependent on species composition

as afunction of forest successon and can be used as an index of

riparian restoration.
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Chapter 1V. Riparian Forest Litter Dynamics

Abstract

Litterfdl has been extensvely studied because it is a component/measure of productivity and
plays akey rolein the cycling of nutrients. Litter dynamics within three Southeastern Coagtd Plain
riparian forests representing successona stages of 9, 13, and 60+ years were sudied. The litter
components measured included vertica inputs, laterd movement, forest floor, and instream particulate
organic matter. Riparian litter dynamics were also compared to those in adjacent upland forests and
litter falling into the stream channel.  For verticd litter, traps were placed in the riparian forests and
upland forests and collected biweekly (September - November) followed by approximately every 2
months for one year (9/97-8/98) for atotal of 10 collection periods. Forest floor was measured near
the end of the vertical litter sampling. Laterd litter movement was measured after aflood event and

ingream litter was measured at least once in the Soring, summer and fall.

Aboveground litterfdl inputs to riparian forests and their associated streams were influenced by
forest productivity and species composition, both which are linked to seral stage.
Asawoody overstory becomes established (after ~ 8-10 years) annud litterfal rates were reatively
independent of forest age. The litterfall amount associated with the woody component in young riparian
forests was comparable to mature riparian forests. The mature, closed canopy riparian forest indicative
of alater successond stage contributed 2-3 times more annud litterfall biomass and carbon to the
streams than the younger riparian forests.  However, the younger riparian forest contributed more

woody materid to the stream.

The percent carbon of individud litterfal components (leaf, twig, miscdlaneous) differed
according to species. However, regardless of the differences in percent carbon of the litterfal
components for severa of the riparian forests, the litterfal carbon pools (tota, leaves, twigs, and

79



miscellaneous) reflected biomass differences between the Sites. Therefore, the difference in percent
carbon was not great enough to overcome the amount of biomass in each litterfal component. The
same biomass effect was observed for the upland forests. The pecies compaosition in the younger
riparian forests generaly had greater percent carbon in their leaves throughout the year than the mature
riparian forest. Leaf percent carbon was smilar between stream and riparian inputs in the younger

riparian forests, however, this close association was not observed in the mature riparian forest.

Therewas adight decrease in total forest floor biomass with increasing riparian forest age. The
percent carbon in the riparian forest floor leaves was greatly reduced compared to the percent carbon
of ledf litter inputsto the riparian forests.  This relationship was not observed in the uplands suggesting
that decomposition rates are greeter in the riparian forests than the upland forests. The amount of
laterd litter biomass transported from the riparian forest toward the stream was 283 and 347 g 12,
Although not sgnificantly different, the amount of litter (carbon pool) deposited from upstream was
greater than adjacent overbank deposits. Less understory vegetation and little elevation difference next
to the stream bank may influence laterd litter toward and from the stream. Overdl laterd litter supplied
less energy to the stream system than vertical inputs, pointing out the importance of overhanging trees
and shrubs for providing detritus for smal streams.

I ntroduction

Litterfall has been extensively studied for a variety of ecosystemns (temperate, tropicd, terrestria
- upland & wetland) (Bray and Gorham 1964) because it is a component/measure of productivity and
plays akey rolein the cyding of nutrients. The information on litterfal within forested wetland
ecosystems is gppreciable (Table 1V-1). Litter dynamicsin riparian forests are controlled by more than
just locdized verticd inputs.  Forest age (Oelbermann & Gordon 2000), species compaosition (riparian
and adjacent upland) (Bdll and Sipp 1975), plant community structure (Stratification) (Bell and Sipp
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Table IV-1. Annual litterfall rates (g dry wt m2yr 1) for several forested wetlands.

Type L ocation Litterfall Reference
Cypress-tupelo swamp Illinois 348 Mitsch 1978
Cypress-tupelo swamp Louisiana 620 Conner and Day 1976
Cypress-tupelo swamp Louisiana 405 Conner and Day 1992
Cypress-tupelo swamp Louisiana 316-767 Megonigal et al. 1997
Cypress-tupelo swamp North Carolina 643 Brinson et al. 1981
Cypress-tupelo swamp South Carolina 314-837 Megonigal et al. 1997
Cypress-tupelo swamp South Carolina 151-415 Scott et al. 1985
thermal (SRS)!

Cypress Florida 224-941 Brown 1981
Okefenokee swamp Georgia 310 Schlesinger 1976

Great Dismal Swamp Virginia/lN. Carolina 652-758 Gomez and Day 1982
Bottomland hardwood Louisiana 293-579 Conner and Day 1992
Bottomland hardwood [llinois 521 Bell et al. 1978
Bottomland hardwood Illinois 797 Peterson and Rolfe 1982
Bottomland hardwood [llinois 645-655 / 524-998 Brown and Peterson 1983
still water / flowing water

Bottomland hardwood Louisiana 574 Conner and Day 1976
Bottomland hardwood Louisiana 328-549 Conner et al. 1981
Bottomland hardwood Louisiana 376-845 Conner et al. 1993
Bottomland hardwood Louisiana 551-855 Megonigal et al. 1997
Pine/Bottomland hdwd? Mississippi 386 Post & DeLaCruz 1977
Bottomland hardwood South Carolina 581-832 Megonigal et al. 1997
Bottomland hardwood South Carolina 300-634 Burke et al. 1999

Bottomland hardwood
Bottomland hdwd - 8 yrs
Bottomland hdwd - 9 yrs
Bottomland hdwd - 13 yrs

Bottomland hdwd - 60 yrs

South Carolina (SRS)
South Carolina
South Carolina (SRS)
South Carolina (SRS)

South Carolina (SRS)

439-614 / 552-595

500

601

423

526

Muzikaet al. 1987
Bates 1989
This Study
This Study

This Study

1) SRS - Savannah River Site; 2) hdwd - hardwood



1975; Delong and Brusven 1994; Oelbermann & Gordon 2000), tree dendity and riparian buffer width
(Odbermann & Gordon 2000), predominant wind direction (Welbourn et a. 1981; Oelbermann and
Gordon 2000) , dope/devation (France 1995; Bell and Sipp 1975), hydroperiod (Burke et a. 1999),
and time of year influence the litter dynamics of riparian forests. Litter quaity (physica and chemica
characterigtics) determines durability to withstand dterations by its biologicd and physica environment.
Furthermore, upstream species may influence nutrient dynamics as their litter is deposited to
downstream riparian areas during flood events. Laterd litter movement in low gradient regions (e.g.,
the Atlantic Coagtdl Plain), is controlled more by stream width than dope (Conners and Naiman 1984).

Litter dynamicsin braided stream systems can be even more complex.

Most forested wetland studies focus on aboveground terrestria, vertical litterfall and do not
investigate litter movement within an ecosysem. Therefore, the movement of litter within ariparian
forest isnot well sudied. Until litterfall components become somewhat permanently Stuated,
specificaly leaves and lighter miscellaneous components, they are subject to displacement by wind, and
inriparian forests, by water. The litter dynamicsin aforested riparian ecosystem are more complex
than generic terrestrid or upland forests. Besides the standard litterfall from the canopy,
movement/inputs of litter (both towards the stream and from the stream into the riparian area) during
flood events must be considered. Stream width strongly influences the role of laterd litter as the mgor
component of alochthonous inputs (Conners and Naiman 1984). Hill and Brooks (1996) found latera
bank transfer and swamp surface runoff contributed 14-16% and 20-25%, respectively, of annua litter
inputs to a headwater stream. Pozo et d. (1997) reported 8 to 20% latera input depending on riparian
forest species composition. France (1995) found latera inputs of 6% of the total alochthonousinput to
northern lakes from the riparian litter pool, with deciduous leaves traveling dightly farther than
coniferous needles. McDowell and Fisher (1976) found 21% of the total litter input to a stream (for 77
days) occurred as laterd trangport (blown in). Conners and Naiman (1984) observed thet thereisless
laterd movement of catkins and needles than verticd inputs.
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The seasond or annud pattern of aregions hydroperiod will impact the movement of litter
(Walace et d. 1982). Surface runoff litter is generdly greatest during periods of rapid overland flow
associated with thunderstorms (Hill and Brooks 1996).  Lesf litter undergoes comminution in the
riparian area prior to latera transport during periods of inundation (Smock 1990) and therefore, any
disruption of riparian forest processes could dter leef litter movement and inputs to the stream.
Trangport of litter, Specificaly particulate organic matter, off the floodplain, instead of onto it, may be
favored in the riparian forests in this study because southeastern Coastd Plain blackwater streams
normaly do not carry large suspended sediment loads (Cuffney 1988). Tate and Meyer (1983)
observed a decrease in dissolved organic carbon concentration and export over the first two decades
of secondary succession. However, they found that periodic variations in hydrology were more

sgnificant than successiond changes.

Litterfdl entering the stream is very important to the nutrient/energy cycling of the aguatic
ecosystern and stream order dictates the magnitude and path of litterfall inputs. Headwater streamsin
forested watersheds primarily receive alochthonous organic matter inputs (Mulholland 1981). Vertica
litterfall inputs to a stream can comprise gpproximately 60% of annud litter inputs (Hill and Brooks
1996) and up to 80-90% of thetota input (Pozo et a, 1997). Organic matter inputs to forested
headwaters range between 45-90% for leaves and 5-33% for wood (Conners and Naiman 1984).
Annud litterfall per unit area of stream surface declined exponentidly with incressing stream order. 1%
& 2™ order streams had 81-95% alochthonous and 5" & 6™ order streams had 85-95%
autochthonous organic carbon (Conners and Naiman 1984). Meyer and Edwards (1990) found less

efficient organic carbon processing (i.e. longer turnover lengths) in higher order streams.

Litter within the stream (coarse or fine particul ate organic matter) should aso be addressed
because it is an important energy source for the aguatic food web. Riparian areas with different plant
gpecies composition will influence particulate organic matter inputs to streams (Hope et d. 1997; Pozo
et al. 1997). Particulate organic matter exports can comprise 10 to 25% of the total organic carbon
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flux in rivers and typicdly vary between 10 and 100 kg ha* yr * in temperate river sysems (Hope et 4.
1997). Disturbanceto ariparian forest that decreases the density of woody species will affect the
export of particulate organic matter, especidly during storms (Leff and McArthur 1988; Webdter et d.
1990).

Hydroperiod exerts a strong influence on nutrient availability, vegetation compaosition, and net
primary productivity (Burke et d. 1999) and adds important mitigating factors by removing,
concentrating, or burying litter. Storms (especialy during the spring) appear to enhance litterfal inputs.
Gosz et d. (1972) observed that sorms influence the amount of litterfall, and Gomez and Day (1982)
concluded that periodic flooding promotes litter production which could result in higher litterfdl inputs.
Thetiming of flood events, in conjunction with litterfall pesks or lulls, will influence the amount of
organic maiter redistributed within ariparian forest and play arole in determining the composition,
Sructure, distribution, and energy content of the litter layer (forest floor) in riparian forests. The
proportion of carbon forms (cdlulose, lignin) within each litter component (lesf, twig, flower, fruit) will
influence resistance to decomposition and may result in greater forest floor biomass. Surface dope,
exposure to precipitation and absence of ground vegetation increases lateral transport of riparian lesf
litter (France 1995). Laterd movement of riparian litter is often impeded by stream bank vegetation
(Dawson 1976) and vegetation-waterflow interactions (Hardin and Wistendahl 1983). Although leaf
litter is generdly rapidly processed in the stream, a storm occurring right after pesk litter fall may
sgnificantly redigtribute litter components to and within the riparian area, especialy contributing more
woody materid.

Successond stage and species compaosition (Gomez and Day 1982) influence litter dynamicsin
riparian forests. Differencesin plant communities associated with successona stage would seem to
dictate differencesin amounts of litter and litter quality. Litterfal isusudly assessed in mature forests,
therefore less information has been obtained on litterfal for younger successond stages. Because litter

is an intricate component of cycling nutrients, it isimportant to know a what stage of succession litter

84



cycling processes in younger forest stands reflect mature forest stands. Based on extensve data
compiled by Bray and Gorham (1964), there appears to be no obvious litterfdl trends with increasing

forest age once canopy closure has occurred.

The amount of litter that accumulates on the forest floor is afunction of litterfdl qudity and
quantity as well as laterd movement due to wind or flood events. Litter quaity has a strong influence
on decomposition rates and, therefore, forest floor biomass, which according to Elliott et d. (1993), is
more afunction of the decay rate than the rate a which the litter reaches the forest floor.

Successiona stage or watershed disturbance can change organic matter inputs subsequently
sgnificantly effecting stream communities. Delong and Brusven (1994) observed an increase in
alochthonous input of organic matter when dominant vegetation type changed from herbaceous to
deciduous trees. As the forest regenerates and provides allochthonous organic matter, the quditative
compostion of this materid will not recover as quickly. The quantitative input of litter to the sream
may rapidly recover to pre-disturbance levels or be unrelated to forest age, however, species
compogition may be sgnificantly different (Webster and Waide 1982). Plant species that become
established after disturbance generally have ardatively fast processng rate (Golladay et d. 1983;
Griffith and Perry 1991). Compostion of litterfall entering the stream varies according to dengity of
understory vegetation and physical structure of the riparian zone (Campbell et d. 1992). Litterfall
dynamics within the riparian areas may not exactly reflect those dong the streambank due to differing
landscape surrounding the streambank or species composition on the streambank.

Riparian litterfal dynamics change after a disturbance and the magnitude of the change depends
on the severity of the successond regression. Thetimeit takes to recover and retore the litterfall
functionsindicative of a mature riparian forest are unknown. Riparian retoration may occur naturaly
or through the actions of humans. Using litterfal as an index of riparian restoration may provide ingght
to which method provides rapid trgectory toward a mature riparian forest.
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The objectives of this sudy wereto: 1) quantify vertica litterfal inputsto the riparian forest,
upland forest, and main stream channdls of four Sites representing different successond sages, 2)
quantify laterd litter movement within four Sites representing different successond stages, 3) measure
and compare instream particul ate organic matter in the braided stream systems of each Site, 4) compare
litterfdl inputs between ecosystem (riparian, upland and stream) within each Site, 5) quantify the forest
floor of four riparian Sites representing different successond stages, and 6) quantify the percent carbon
or carbon pool (g C m?) for the litterfal inputs.

This project was specificadly designed to address the following null hypotheses: 1) the amount of
litterfdl isindependent of serd stage, 2) laterd litter flow dynamics and inputs do not comprise a
substantid carbon pool, 3) instream litter isnot afunction of riparian forest sera stage, and 4) the

carbon content of al litter components is not afunction of serd stage.

Methods

Site Description

The study sites are located in riparian forests adjacent to three braided, blackwater streams on
the Savannah River Site (SRS), a National Environmental Research Park, in South Carolina (latitude 33
°N, longitude 82 ° W). Pen Branch and Fourmile Branch streams, third order tributaries of the
Savannah River, received thermd, elevated discharge from nuclear production processes between
1954 to 1989, and 1955 to 1985, respectively. These stream corridors experienced e evated
temperatures (up to 70 °C) and increased discharge (1 to 2 orders of magnitude greater than base
flow). Thethermd discharge killed the bottomland hardwood vegetation and atered sediment erosion
and deposition patterns. The third stream in this study, Meyer’ s Branch, represents aminimally
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disturbed, third order reference ste. Only minor disturbances, such as selective logging in the 1940s

occurred in Meyer’s Branch, but it never received therma effluent.

The age of the riparian forests adjacent to Pen Branch, Fourmile Branch, and Meyer’s Branch
at the time this study began were 8 years, 12 years, and gpproximately 60 years, respectively. There
are two treatment areas aong Pen Branch. One area has been dlowed to regenerate naturaly. An
adjacent areawas atificidly regenerated with planted bottomland hardwoods following asite
preparation using herbicides and prescribed burning.

Litterfall

Hardwood forests typicdly have nutrient cyclesinvolving large litterfdl inputs. Therefore,
measurement of annud litterfal (vertical) provides information pertaining to the carbon inputs (flux) to
the forest floor and subsequent incorporation into the soil organic matter component. The sources of
water to streams within bottomland riparian forests can have complex origins and contribute to a variety
of instream organic particles. Water and associated detritus may come from upstream sources,
overbank flooding or overland flow from adjacent sources (laterd litter movement). A multi-directiona
gpproach to quantify laterd litter trangport and deposition, and subsequent determination of the
direction of the transport may be novel.

Riparian

Vertical: Eight litter traps (0.187 n each) per site were randomly placed in the riparian forest
(Conner and Day 1992). Collectors were devated gpproximately 0.6 m to prevent inundation during
flood events. Litter was collected biweekly from September to November, than gpproximeately every 2
months for one year (9/97-8/98) for atota of 10 collection periods. Litterfal was aso collected four
times during pesk litterfall the following year (9/98-2/99). Litter was separated by component (leaves,
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sems, miscellaneous [e.g., seeds, flowers, insectg]). Verticd litter samples were dried to a congtant
temperature (60 °C) and weighed according to individual component (leaves, twigs, and
miscellaneous). For dl four Stes, only tree & shrub litterfall components were included. In Pen Branch
(AR), herbaceous vegetation tended to engulf the litter traps, but was not included in the sample.

Lateral: A multi-directiond laterd litter (+-shape) collector (Mudll, Fig. IV-1) was
congructed with a one-fourth to one-haf inch mesh size to catch litter, but not impede water flow or
trap sediment. Screening was placed on top to prevent the addition of vertical litterfall. A collector
was placed on each bank of the stream channels (main, intermediate, and Sde) and prominent swales
encountered crossing the riparian area (gpproximately 5-10 collectors per transect). Two sets of
collectors were placed (one upstream transect and a second downstream transect) in each riparian
forest. The four Mudll compartments were |abeled based on orientation (upstream, overbank, toward
stream [from the riparian forest], and downstream [i.e., backwards flow] to the stream or swale. The
Mudlls are approximately one meter tal and the compartments range in size from 0.32 - 0.38 .
Sampling was done following sgnificant hydrologic events. Laterd litter samples were dried to a
constant temperature (60 °C) and weighed. Each quadrant sample was subsequently dry ashed to
correct for sediment deposition.

Upland

Threeto 4 litter traps (0.187 nv each) were randomly placed in the adjacent upland of each
riparian forest. Collectors were elevated approximately 0.6 m above ground surface for consistency
with the riparian litter traps and to be prepared for the possibility of inundation during flood events.
Litter was collected dong the same time intervals as the riparian litterfal collection. Individud litter
samples were dried to a constant temperature (60 °C) and weighed according to component (leaves,

twigs, and miscellaneous).
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B)

FigureV-1. Multi-directiona laterd litter collector (Mudll) before (A)
and efter (B) adgnificant flood event in riparian forests of South Carolina
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Litterfall collectors (Fig. IV-2) were congtructed to span the width of the main stream channel
to collect vertica inputs from the riparian zone. Three litter collectors each were placed in Fourmile
Branch and Meyers Branch. Two litter collectors each were placed in Pen Branch (AR) and Pen
Branch (NR). Litter was collected during the same time intervals as the riparian litterfal collection.
Individua litter samples were dried to a congtant temperature (60 °C) and weighed according to

component (leaves, twigs, and miscellaneous).

Forest Floor

Forest floor samples consisting of the Oi (leaves, twigs) and Oe (fragmented leaves and twigs)
layers combined were randomly collected from approximately 15 0.25 n¥ areas within each riparian
forest except Pen Branch (AR), where herbaceous vegetation was too dense, and approximately 6 to 8
0.25 n? areas in the adjacent upland forest (Elliott et d. 1993). Samples were separated into two
categories; leaves, and twigs& miscellaneous. Litter samples were dried to a constant temperature (60
°C) and weighed. Forest floor samples were collected early May 1998 to emulate what would be

remaining of the previous season’s litterfall.

Instream Litter

Three drift nets (0.135 n? each) with afine mesh were placed in the main stream channds for
gpproximately one hour to collect litter flowing in the stream.  Drift nets were spaced a one-third, one-
haf, and two-thirds intervals based on stream width. Samples were only collected during baseflow
conditions. Idedly the entire net was submerged, but that was not dways possible due to low water
depths. The fine mesh size of the drift net appeared to dter stream flow near the collector. However, a

coarser mesh would have alowed fine litter particlesto escape. Stream discharge was a'so determined
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Figure IV-2. Litter trgps spanning the main stream channel of amature riparian forest in SC.
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a the time of sampling by obtaining severd stream measurements (width, depth, velocity [Swoffer
current velocity meter, model 2100 (pigmy)]. Sampling was conducted 6 times during the fal, winter,
and spring months.  Litter samples were dried to a constant temperature (60 °C), weighed, and
subsequently dry ashed to correct for sediment deposition.

Carbon

Carbon content was determined with a LECO gas andyzer (LECO 1987) on a subsample of
the leaf, twig, and miscellaneous component of each verticd litterfdl collection period (riparian and
upland). Only the foliar component of the stream litterfall and forest floor was andyzed for carbon
content. The entire latera litter sample was analyzed for carbon content. Three replicates were
andyzed for each sample, unless the sample volume was too small.  Percent carbon was multiplied by
biomass (g m®) to obtain g C mi? for each component.  Percent organic matter in the laterdl litter
samples was determined by loss on ignition (LOI) (Nelson and Sommers 1982) (380°C for 24 hrs).

Statistical Analysis Procedures

Data were andlyzed using andysis of variance (ANOVA ) procedures for a completely
randomized design (SAS Indtitute 1996). The four stes (Pen Branch (AR), Pen Branch (NR), Fourmile
Branch and Meyer' s Branch) representing different seral stages comprised the trestments. Differences
invarious litterfdl and carbon pool components between the four Stes were andyzed.
Riparian/Upland/Stream litterfdl totals and by component were compared between the four Sites.
Latera litter movement by quadrant and stream type were compared between the four Sites. Forest
floor and instream particulate organic matter were compared between the four sites. The Tukey
multiple range test was used to distinguish treatment meen differences. A significanceleve (*') of 0.05
was used for all tests. Means were calculated for the three carbon replicates for each litterfall

component, forest floor, and Mudll samplesfor usein Satigtica analyses.
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Results and Discussion

Litterfall (Between Sites)

Riparian

Annud litterfal in Pen Branch (NR), Fourmile Branch, and Meyer’ s Branch were comparable
to other forested wetlands (Table 1V-1). Tota annud litterfall biomassin Pen Branch (NR), Fourmile
Branch, and Meyer’ s Branch was 8 to 12 times greater than Pen Branch (AR) (Fig. 1V-3) due to the
young sera stage Pen Branch (AR) represents. Meyer’ s Branch had a closed canopy, but Pen Branch
(NR) and Fourmile Branch were estimated to have 75% canopy closure, which influenced annua
litterfall.
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Figure IV-3. Totd annua riparian, upland and stream litterfal (leaves, twigs and miscdlaneous)
for four South Carolina Coastal Plain forests. Means with different |etters are sgnificantly
different (dpha = 0.05) from each other within each ecosystem type.
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Annua leaf biomass was sgnificantly lessin Pen Branch (AR) than the other three Sites (Figure
IV-4) and follows the same pattern as annud litterfal biomass suggesting that in these riparian forests
leef litter isthe most important litterfal component (Figure 1V-3). Lower leaf biomass has been
attributed to stress (Brown 1981), however, the two formerly thermally polluted sites no longer appear
to be under unusud dress asindicated by leaf biomass comparable with the mature stand and that of
other sudies (Table IV-2). The breskdown of annud litterfal into each component (leaf, twig/woody,
and miscellaneous) for Pen Branch (NR), Fourmile Branch, and Meyer’ s Branch were comparable to
other forested wetlands (Table IV-2). The litter componentsin Pen Branch (AR) were considerably
lower than other studies due to its lack of woody species. The naturd regeneration area of Pen Branch
provided significantly greater annud twig biomass than the artificia regeneration area of Pen Branch
(Figure IV-4). Although not sgnificantly different, annua twig biomass decreased with increasing
riparian forest age. Forest age aso affected annua miscellaneous litter biomass with Meyer’s Branch
having significantly grester miscellaneous litter biomass than Pen Branch (AR) (Figure [V-4).
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Figure IV-4. Annud litterfall by component for four South Carolina Coastal Plain riparian
forests. Meanswith different letters are significantly different (apha = 0.05) from each other.
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Table IV-2. Ledf, twig, and miscdllaneous litterfall biomass (g mi?) for severa forested wetlands.

Site Leaves Twigs Miscellaneous Reference
(Gm?
Bottomland Hdwd * Ridge 484-584 112-261 -- Conner et al. 1993
Transition 442-496 43-102 -
Flooded 344-357 32-97 --
Great Dismal Swamp  Atlantic White 506 189 62 Gomez & Day 1982
Cedar
Cypress 528 110 40
Mixed Hdwd 456 108 88
Maple-Gum 536 88 34
Bottomland Hdwd Still Water 376-449 88-141 84-128 Brown & Peterson 1983
Flowing Water 350-430 105-469 4-179
Bottomland Hdwd Post Thermal 354-449 75-138 11 Muzikaet al. 1987
Recovering
Undisturbed 270-521 70-86 23-196 (128
Spanish moss)
Bottomland Hdwd Floodplain 385 306 106 Peterson & Rolfe 1982
Bottomland Hdwd Floodplain 415 47 62 Bell et al. 1978
Transition 496 156 Q0
Bottomland Hdwd 404-731 16-104 13-104 Brown 1981
Bottomland Hdwd 442 91 130 Brinson et al. 1980
Bottomland Hdwd 2" Order 416 73 118 Cillero et al. 1999
3 Order 351 22 146
Bottomland Hdwd Various 300-634 14-70 Burke et a. 1999
Hydroperiods (seedfall)
Pen Branch (AR) Riparian 19 3 6 This Study
Pen Branch (NR) Riparian 448 129 24
Fourmile Branch Riparian 344 56 19
Meyer’ s Branch Riparian 448 26 28

1) Hdwd - Hardwood
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In ardatively short time span (~10 years) after a disturbance the annud litterfal amountsin the
young (10 yrs, 14 yrs) riparian forests were not significantly different than the mature riparian forest. At
thistime, the Site preparatory measures in the artificia regeneration section of Pen Branch have detained
succession to awoody component by maintaining a thick herbaceous cover. Therefore, in this sudy
Pen Branch (AR)was conddered at ayounger serd stage than Pen Branch (NR) and the herbaceous
dominated Pen Branch (AR) resulted in significantly lower annud litterfdl. Most of the litter collected in
the Pen Branch (AR) traps probably blew in from the surrounding upland forest.

Although percentages of litterfal components vary annudly (Brown and Peterson 1983) dueto
the inherent variability in nature, the annua values il represent vaid information for comparison
between stes.  Annual leaf litter comprised 74%, 81%, and 85% of the total annud litter for Pen
Branch (NR), Fourmile Branch, and Meyer’s Branch, respectively. After 24 weeks of a consecutive
year totd litterfal biomass was 25%, 71%, 71%, and 86% of annud litterfall biomassin the riparian
forests of Pen Branch (AR), Pen Branch (NR), Fourmile Branch, and Meyer’ s Branch, respectively.
Therefore, if interested in the lesf component only, obtaining quantitative datawould require little time
dlocation. Although not sgnificantly different, the annua twig component decreased with increasing
forest age. The predominance of Salix speciesin Pen Branch (NR) contributed to higher twig biomass
(persond field observation). Also, it was believed that Pen Branch (NR) was a atrangtiond stage
with Salix declining and species composition sarting to change. Gomez and Day (1982) found the
miscellaneous component comprised 5.2 to 13.5% of tota litterfall. However, in these riparian forests
the miscellaneous component comprised a very smal amount of the totad annuad biomass.

Differences in percent carbon of the litter components resulted from the qudity and structura
makeup of an individua species. The percent carbon in the leaf, twig, and miscellaneous components
generaly varied between stes (Figs. V-5 and 1V-6) and this supports the assertion that the quantitative
input of litter to the stream (and riparian forest) may rapidly recover (Webgter and Waide 1982),
however, the species composition may be sgnificantly different. The difference in percent carbon
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(specificdly in the leaves) was reflected in species composition differences. Percent carbon in the
leaves for dl four sites was higher than that reported by Oelbermann and Gordon (2000) and the
deciduous leaves reported by Post and De La Cruz (1977), but was within the range reported by
Dawson (1976) and the pine needles reported by Post and De La Cruz (1977). The lower percent
carbon in the twigsin Meyer’ s Branch may be attributable to stand age (Fig. IV-6a). Generdly, as
forest stands age, there is more woody decay, therefore, the twigs that become part of the litterfal may
have aready undergone some proportion of decay thereby losing some of their carbon content. The
percent carbon in the twigs of both Pen Branch sites and Fourmile Branch was dightly higher than
values reported by Post and De La Cruz (1977), but the percent carbon in the twigsin Meyer’s Branch
was comparable to their values for the woody component.  The percent carbon of the miscellaneous
litter component was not significantly different between the four riparian forests (Figure 1V-6b).
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Figure IV-5. Mean foliar percent carbon for the annud litterfal for four South Carolina Coadtal
Pain riparian, and upland forests and the litter falling into the stream. Within an ecosystem
type, means with different |etters are significantly different from each other.
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Figure IV-6. Mean percent carbon for the annud twig (A) and miscellaneous (B) litterfal
component for four South Carolina Coagtal Plain riparian, and upland forests. Within an
ecosystem type, means with different letters are sgnificantly different (dpha = 0.05) from each
other. There was insufficient sample amount to obtain the % carbon for the Pen Branch (AR)
miscellaneous upland litterfal component.
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Thetotd litterfall carbon pool (Table 1V-3) was smilar to that found by Brinson et d. (1980)
and Burke et . (1999). The ledf litter carbon pool (Table 1V-3) was dightly higher than that found by
Brinson et d. (1980) due to annud variability in leef litterfall. Thetwig carbon pool (Table IV-3) was
higher for Pen Branch (NR) and lower for Fourmile Branch and Meyer’ s Branch than that found by
Brinson et d. (1980). The differencesin twig carbon pools was aresult of species differences due to
forest age as reflected by successond stage. The miscdllaneous litterfal carbon pool recorded by
Brinson et d (1980) was higher than that observed in thisstudy and may be attributed to differencesin
gpecies composition. Regardless of the differencesin percent carbon of the litterfall components for
severd of the riparian forests, the litterfal carbon pools (totd, leaves, twigs, and miscdlaneous) reflect
biomass differences between the four Sites. Therefore, in this study, the difference in percent carbon
was not sufficient to override the amount of biomass in each litterfall component and litterfal carbon

pools follow a pattern Smilar to their respective biomass.

Upland

The uplands adjacent to the riparian forests are relatively mature mixed hardwood forests with
scettered pine. It was correctly assumed that litterfall processes would be smilar for dl four upland
gtes because there was no sgnificant difference in tota litterfall between the four upland forests (Fig.
I\V-3). Thetotd litterfdl biomassin al four upland sites was dightly less than that recorded by Bell et d.
(1978) and Peterson and Rolfe (1982) for upland forests adjacent to forested wetlands. Peterson and
Rolfe (1982) assart that floodplain and upland forests produce contrasting patterns of nutrient transfer
(i.e, litterfall dynamics) due to species characteristics and variahility of the physical environment. Inthe
Peterson and Rolfe (1982) study, there appeared to be more annud variability in floodplain litterfall
than the upland litterfall.
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Table1V-3. Carbon Pools (g m ) for totd litterfall, and by individua component for four riparian and
upland forests, and litterfal inputs to the main stream channel within each riparian forest inthe S. C.
Coadtd Plain. By ecosystem within arow, means with different letters are Sgnificantly different from
one another. Standard deviations are in parentheses. Sample sizes are the same for each litter
component within aste, Pen Branch (AR), Pen Branch (NR), Fourmile Branch, and Meyer’s Branch,
respectively: riparian 8, 8, 8, 8; upland 3, 3, 4, 4; stream 2, 2, 3, 3.

Pen Branch (AR) Pen Branch (NR) Fourmile Branch Meyer’'s Branch
Riparian
gCm 2
Leaf Litter 9(10) b 215 (50) a 168 (55) a 215(31) a
Twig Litter 12b 66 (76) a 29 (26) ab 13(6) ab
Miscellaneous Litter 3(4)b 12 (6) ab 9(11) ab 14(7) a
Total Litterfall 13(13) b 293 (106) a 206 (81) a 242 (28) a
Upland
gCm 2
Leaf Litter 213(82) a 222 (30) a 281 (76) a 231 (52) a
Twig Litter 28 (26) a 12(7) a 15@4) a 26 (14) a
Miscellaneous Litter 17(3) a 18 (10) a 68 (37) a 65 (44) a
Total Litterfall 258 (93) a 252 (25) a 364 (113) a 322 (95) a
Stream
gCm 2
Leaf Litter 7(Mc 92 (14) b 55 (33) bc 205 (23) a

There was no sgnificant biomass differencein ledf, twig, or miscdlaneous litterfall components between
the four upland sites (Fig. 1V-7). Leaf and miscellaneous litterfall biomass were similar to vaues found
by Bell et d. (1978) and Peterson and Rolfe (1982), but the upland twig litterfal biomass was much
less than both of their findings.
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Interestingly the percent carbon of the leaf, twig, and miscdlaneous litter components was
dightly lower in Pen Branch (NR) than Fourmile Branch to Meyer’s Branch.  The differences were
probably due to the lower pine component in Pen Branch (NR) compared to the other three upland
Sites because pine needles generaly have more percent carbon than deciduous leaves (Post and De La
Cruz 1977). Pen Branch (AR) leaf and twig components had percent carbon values smilar to Fourmile
Branch leaf and twig components.

Regardless of differences in percent carbon of the litterfall components for severa of the upland
foredts, litterfdl carbon pools (totd, leaves, twigs, and miscellaneous) reflect biomass differences
between the four sites. Therefore, the difference in percent carbon was not large enough to
counterbaance the amount of biomass in each litterfal component and carbon pools followed a pattern

smilar to their respective upland biomass.
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Figure IV-7. Annud litterfall by component for four South Carolina Coasta Plain upland
forests. Within alitterfal component, means with different |etters are Sgnificantly different (dpha
= 0.05) from each other.
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The annud litterfall biomass contributed to the main channd within Meyer’ s Branch was
ggnificantly higher than the other three stes (Fig. I'V-3) and thisreflected the influence of amature,
closed canopy forest of alater successond stage. Litterfdl inputs to the Meyer’ s Branch stream were
much greater than the litterfall inputs recorded by Hill and Brooks (1996), however; the litterfal inputs
to Pen Branch and Fourmile Branch were comparable to their observations. The mature riparian forest
aso sgnificantly provided more lesf and twig litterfall biomass than the younger riparian forests (Fig.
IV-8). The miscellaneous litterfal component within Meyer’ s Branch had significantly more biomass
than both Pen Branch stes (Fig. 1V-8) and increased with increasing forest age. Leef litter biomass
entering the main channd in Pen Branch (NR) was sgnificantly greater than legf litter biomass entering
the main channdl in Pen Branch (AR) implying that Site preparatory measures gpplied to Pen Branch
(AR) have ddayed the incorporation of litterfal (nutrientsenergy) to the aguatic ecosystem. Meyer's
Branch had more leaf and twig biomass, and the other three sites had less leaf and twig biomass
compared to values reported by Cillero et d. (1999). The miscdlaneous litterfall component was much
lessin al four sitesthan vaues reported by Cillero et a. (1999).

Percent carbon in the leaves entering the main channe of Meyer's Branch was sgnificantly less
than the percent carbon in legf litterfal entering the main channds of the other three Sites, probably due
to species differences associated with successona stage. Although the leaf percent carbon in Meyer's
Branch was much lower than the other Stes, the magnitude of leaf biomass compensated for this
difference and similar to riparian and upland litterfal trends, the ledf litterfal carbon pools for eech Site
mirror the leef litterfall biomass of each Site respectively.
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are sgnificantly different from one another (dpha = 0.05).

Litterfall (within Sites)

Theoreticdly, if litterfall dynamics were independent of forest age, dl four of the Steswould
demondrate smilar totd litterfdl for each ecosystem (riparian, and stream totd litterfall would be smilar
to total upland litterfall). However, litterfal was not independent of forest age regardless of the
ecosystem (riparian, upland, and stream inputs) as shown in thisstudy (Fig. 1V-9). Riparian forest
litterfall has been estimated to be approximately 10% lower than litterfdl into the stream (Cillero et d.
1999) and the Meyer’ s Branch riparian forest exhibits this difference. The litterfal in the younger
riparian forests does not reflect the 10% decline. Annud litterfal into the stream of Meyer’s Branch

was comparable to other 3 order streams (Cillero et a. 1999).
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Figure IV-9. Comparison of riparian, upland and stream totd annud litterfal within each South
Carolina Coagtd Plain ste. Within agte, means with different |etters are sgnificantly different
from one another (dpha= 0.05).

Seasonal Litterfall Trends

In the riparian and upland forests of Pen Branch (NR), Fourmile Branch, and Meyer’ s Branch,
litterfdl inputs pesked inthefdl (Figs IV-10 and IV-11). In spring and late summer, litterfal inputs
comprised more twig and miscellaneous biomass in the riparian and upland forests of Pen Branch (NR),
Fourmile Branch, and Meyer’ s Branch (Figs. 1V-10 and 1V-11).

Veticd litterfdl inputs to the stream pesgked in late fdl (Fig. IV-12). Unfortunatdly, dueto
spring storms, stream litterfall data for the remainder of the year, past the February collection, were
log. Thelitterfdl inputs to the stream in Meyer’ s Branch increased uniformly through the year wheress,
at Pen Branch (NR) and Fourmile Branch litterfal inputs were more erratic. The greater canopy
coverage of amature riparian forest provides amore uniform input of litter to the stream as observed in

Meyer's Branch.
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FigurelV-11. Leaf, twig, and miscellaneous litterfall component for the upland forests of Pen Branch (NR)

(A), Fourmile Branch (B), and Meyer’s Branch (C) by sampling date.
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Species respond differently to environmenta changes leading to dormancy and therefore,
litterfdl inputs may differ due to species composition (Cillero et d. 1999). For example, Bl et d.
(1978) found oak peek litterfdl to be dightly later than maple peek litterfdl. Litter composition changed
through the annual cycle, independent of forest age, as was observed in the annud litterfall of the
riparian and upland forests of Pen Branch (NR), Fourmile Branch and Meyer’s Branch. The
vegetative-seasond cycle of different species influences litterfall seasond pattern of leaves and fruit
(Cillero et d. 1999) and this was apparent in these riparian forests. More reproductive parts comprise
litterfall componentsin spring (Bell et d. 1978; Peterson and Rolfe 1982). Burke et d. (1999) found
the timing of seedfdl was different for communities with dissmilar hydroperiods.  Spring (and winter)
storms often produce more twig/woody litterfal inputs (Post and De La Cruz 1977; Bell et a. 1978;
Gomez and Day 1982). Summer litterfal is generdly comprised of frass and smal lesf fragments (Bell
et al. 1978).

Species composition isan integra part of forest succession and the chemica condtituents and
gructure of a pecies different litterfall components (leef, twig, fruit, flower) is reflected in the percent
carbon. The percent carbon in the leaf, twig, and miscellaneous litterfal components in each of the four
riparian forests was generdly higher the following year after 24 weeks compared to total values of the
previous year, with a greater discrepancy observed in the leaf percent carbon (Table 1V-4).

Higher leaf percent carbon the subsequent year could be attributed to annua variability due to
bictic / abictic factors, (i.e., leaching during precipitation events, differentid litter composition). The
percent carbon in riparian leaf litter gppears to exhibit seasona changes (Fig. 1V-13). The species
compoasition in the younger riparian forests generdly had grester percent carbon in their leaves
throughout the year than the mature riparian forest. In Pen Branch (NR) and Fourmile Branch the
percent carbon of legf litter inputs to the stream were similar to riparian lesf litter percent carbon and

108



Table IV-4. Litterfall biomass and carbon (% and g C n?) for portion (24 weeks) of a second
consecutive year for four riparian forests representing differing successond stagesin the Coasta Plain
of South Carolina

Riparian Upland
Site Biomass
L eaves Twigs Misc. ! Leaves Twigs Misc.
(@m?)
Pen Branch (AR) 7 0.02 0.01 459 17 17
Pen Branch (NR) 369 42 13 476 14 9
Fourmile Branch 275 14 8 500 11 23
Meyer’s Branch 435 11 6 479 22 46
Carbon
(%)
Pen Branch (AR) 51.7 -- -- 51.0 51.0 50
Pen Branch (NR) 51.6 51.3 52.6 50.6 50.1 49.8
Fourmile Branch 53.0 52.0 52.6 51.0 52.7 50.9
Meyer’s Branch 50.7 49.7 49.9 50.6 50.8 534
Carbon Pool
(@Cm?
Pen Branch (AR) 4 -- -- 234 8 9
Pen Branch (NR) 190 21 7 241 7 5
Fourmile Branch 146 8 4 257 6 12
Meyer’s Branch 220 5 3 242 11 25

1) Misc. - Miscellaneous litterfall component
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this close association was not observed in Meyer’s Branch. However, independent of forest age, leaf
litter percent carbon followed seasond trends within riparian and upland forests. Moorhead and
McArthur (1996) observed a decrease in foliage carbon as growing season progressed. More carbon
was dlocated to foliage in April than August and October. Post and De La Cruz (1977) found the
percent carbon of deciduous leaves to be higher in the fal compared to spring, summer and winter.
Pine needles had lower percent carbon in the fall compared to the other seasons.
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FigureIV-13. Ledf litter % carbon for four South Carolina Coast Plain riparian forests.
Open symbols are for year 1 data, closed symbols are for year 2 data. Sites are Pen Branch
natura regeneration PB(NR); Fourmile Branch - FM, and Meyer’s Branch - MB.

Almogt identica seasonal patterns were found in the upland lesf litter percent carbon (Fig. IV-
14). Theledf litter percent carbon fluctuated among the four upland forests throughout the year.
Seasonal patterns also gppeared in the leaf litter percent carbon entering the streams, however, there
appearsto be lag responses of litter fall inputs among the four stesin thefdl (Fig. IV-15). The stream
leef litter percent carbon in Fourmile Branch was consstently higher and Meyer’s Branch was

consstently lower among the four sites (Fig. 1V-15).
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FigureIV-14. Leaf litter % carbon for four South Carolina Coastal Plain upland forests. Open symbols are
for year 1 data and closed symbols are for year 2 data. Sites are Pen Branch artificial regeneration - PB(AR);
Pen Branch natural regeneration PB(NR); Fourmile Branch - FM, and Meyer’s Branch - MB.
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FigureV-15. Leaf litter % carbon for the litter falling into the main stream channels of four South Carolina
Coastal Plain riparian forests. Dataare for year 1 only. Sites are Pen Branch (AR) - PB(AR); Pen Branch
(NR) PB(NR); Fourmile Branch - FM, and Meyer’s Branch - MB.
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Forest Floor

Riparian

Totdl forest floor biomass was not sgnificantly different (p = 0.6418) between the three
riparian forests. However, there was a decrease in total forest floor biomass with an increasein
riparian forest age (Fig. 1V-16). The forest floor in the riparian forests was comprised of approximately
two-thirds leaf materid and the remainder a combination of twig and miscellaneous litter components
(Fig1V-16). Intuitively, there would be more forest floor biomass in the mature riparian forest Snce it
receives greater litterfal inputs. Either higher decompostion rates, greater flushing of materid or
blanketing by sediment deposition could explain the less forest floor biomass in the mature riparian

forest. Differencesin eevation (microtopography) could dter water flow patterns and influence litter

and sediment deposition.
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Figure IV-16. Forest floor biomass for three riparian forests in the South Carolina Coastal
Pain. Means with different letters are significantly different from one another (dpha= 0.05).
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There was a 9gnificant increase in the percent carbon of the forest floor leaf component with
increasing riparian forest age (Fig. 1V-17). Differencesin riparian forest floor foliar percent carbon may
be reflective of differing decompostion rates or species compaosition. Percent carbon in riparian forest
floor leaves was gresetly reduced compared to percent carbon of ledf litter inputs to the riparian forests
suggesting decomposers have been a work. The difference in percent carbon lends itsdlf to adight
increase in the forest floor leaf carbon pool with increasing riparian forest age (Fig. 1V-18). The forest
floor carbon poolsin this study were gpproximately 3 times greater than the forest floor carbon pooal in
amesic mixed deciduous forest (Edwards and Harris 1977).
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Figure 1V-17. Percent carbon for the forest floor leaf component of three riparian and four
upland forests in the South Carolina Coastd Plain. Within an ecosystem type, means with
different |etters are sgnificantly different from each other (dpha= 0.05). Pen Branch (AR)
riparian forest floor foliar component was not sampled.
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Figure 1VV-18. Foliar forest floor carbon pool for three riparian and four upland forestsin the
South Carolina Coagtd Plain. Within an ecosystemn type, means with different |etters are
sgnificantly different from each other (dpha= 0.05). Pen Branch (AR) riparian forest floor
foliar component was not sampled.

Upland

The forest floor biomass in the uplands adjacent to the riparian areas was primarily comprised
of leaf materid (Fig. IV-19). Tota upland forest floor biomass was approximately 5 times greater than
riparian forest floor biomass, but smilar to vaues reported by Peterson and Rolfe (1982). Greater
upland forest floor biomass may be due to greeter litterfal inputs, differences in species compostion,
forest age, or decomposition rates. The lack of significant difference in forest floor leaf percent carbon
(Fig. IV-17) between the four upland forests may be indicative of the sability, and
proportion/digtribution of species, in more mature forests, and this resultsin smilar forest floor |eaf
carbon pools for each upland site (Fig IV-18). The percent carbon in the upland forest floor leaves
was dightly less than the percent carbon of leef litterfall inputs to the upland.
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Figure 1V-19. Forest floor biomass for four upland forests in the South Carolina Coastd Plain.
Means with different |etters are Sgnificantly different from one ancther (apha = 0.05).

The percent carbon in the upland forest floor leaves was sSgnificantly greater than the riparian
forest floor leaf percent carbon. The difference between the riparian and upland forest floor foliar
percent carbon could be indicative of decomposition rates or species composition. Factors influencing
forest floor dynamics vary based on landscape position with an outcome of much smaller forest floor
carbon poolsin riparian forests regardless of forest age as compared to upland forest floor carbon
poals.

Lateral Litter

During the period of study there was one flood event which resulted in movement of laterd litter
within Fourmile Branch and Meyer’ s Branch. The hydrologic event occurred between November 26,
1998 and February 7, 1999. In Pen Branch substantial stream flow was not detectable during the
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event timeframe, possibly due to beaver (Castor canadensis) influence upstream. During the
hydrologic event, average laterd litter biomass in Fourmile Branch and Meyer’s Branch was 404 g m?
and 469 g n?, respectively which was not significantly different. Percent carbon of the laterd litter was
40.5 and 39.5, and carbon pools were 158 and 179 g C m? for Fourmile Branch and Meyer's Branch,
respectively. Percent organic matter was 77 and 74, and the amount of sediment was 142 and 163 g
m?, for Fourmile Branch and Meyer’s Branch, respectively.

Laterd litter biomass was not sgnificantly different between each quadrant in Fourmile Branch
or Meyer's Branch (Fig. 1V-20). Although not significantly different, the amount of litter deposited into
the upstream quadrant of the Mudll was greater than the overbank quadrant. Thisimplies that most of
the litter deposited during a flood event is from the upstream direction. Meyer’s Branch hasless
understory vegetation and little eevation difference (no digtinct ridge) next to the stream bank which
alowed for more overbank quadrant laterd litter than Fourmile Branch. The same physica
characterigtics dlow more latera movement towards the stream in Meyer’ s Branch than Fourmile

Branch.

Laterd litter movement toward the stream for Fourmile Branch and Meyer’ s Branch, was 283
and 347 g m 2, respectively. McDowell and Fisher (1976) reported similar amounts of litter that blew
into a stream, however, Conners and Naiman (1984) found much less laterd litter movement toward
the stream. Hill and Brooks (1996) reported an annual stream bank transport of 50-60 g nT* coarse
particulate organic matter (CPOM). Surprisingly litter was collected in the downstream quadrant.
Either thiswas litter that blew in over time or during flood events water flow petterns are not
unidirectiond. The high amount of laterd litter in the downstream quadrant in Fourmile Branch was
probably an anomaly.
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Figure IV-20. Laterd litter biomass by Mudll quadrant for two riparian forests in the
South Carolina Coagtd Plain. Means within asite with different |etters are Sgnificantly different
from each other (alpha = 0.05).

Laterd litter contained gpproximately 80 percent organic matter and was comparable between
upstream, overbank, and toward stream quadrants in Fourmile Branch (Fig. IV-21). All four quadrants
had comparable percent organic matter in Meyer’ s Branch (Fig. 1V-21). The addition of organic
matter to the stream viathe riparian area and vice versa can dter the physica and chemica
characterigtics of stream and riparian forest. The amount of sediment in the downstream quadrant of
Fourmile Branch was probably an overestimate because it represents only one sample (Fig. 1V-22).
Excluding the outlier, there was a decrease in the amount of sediment from upstream to overbank to
toward stream (Fig. IV-22). In Meyer’s Branch and dightly in Fourmile Branch, the predominant path
for sediment deposition was from upstream followed by overbank. During this flood event alesser

amount of sediment moved from the riparian area to the stream.
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Figure IV-21. Laterd litter % organic matter by Mudll quadrant for two riparian forestsin the
South Cardlina Coagtd Plain. Within a dte, means with different |etters are Sgnificantly different
from each other (alpha = 0.05).
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Figure IV-22. The amount of sediment collected by Mudll quadrant for two riparian forestsin
the South Carolina Coagtal Plain.
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Percent carbon of the laterd litter in each of the quadrants for both sites was less than the
percent carbon of litterfal components entering the respective sites which implies that litter captured via
laterd movement has undergone some decay. Also, thelaterd litter collected may have included some
herbaceous vegetation which could affect and possibly lower percent carbon vaues. In Fourmile
Branch, percent carbon of laterd litter in the downstream quadrant was significantly less than the other
three quadrants (Fig. IV-23). The downstream quadrant of Fourmile Branch had the greatest amount
of sediment which explains the lower percent carbon, and percent organic matter values. There was no
ggnificant differencein percent carbon of laterd litter between quadrantsin Meyer’s Branch.

In Fourmile Branch the laterd litter carbon pool was sgnificantly greater in the upstream
quadrant than the overbank quadrant (Fig. 1V-24). In generd the laterd litter carbon pool had a
quadrant pattern Smilar to laterd litter biomass for each quadrant and Site respectively (Fig. 1V-20),
except for the toward stream quadrant in Meyer’s Branch. Neverthdess, laterd litter supplied less
energy to the sream system than verticd inputs. The litter components subject to laterd movement
have either undergone decay to the point where al species converge to asimilar percent carbon or only
certain species (and associated %C) are more subject to latera movement than others. Also, litter
deposited from the stream to the riparian area during the flood event supplied less nutrientSenergy. The
upstream quadrant supplied the riparian forest with the greatest amount of carbon for each ste during
thisflood event.
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Figure IV-23. Lateral litter percent carbon by Mudll quadrant for two riparian forests in the South Carolina
Coastal Plain. Within a site, means with different letters are significantly different form each other (alpha=
0.05).
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FigurelV-24. Lateral litter carbon pool by Mudll quadrant for two riparian forests in the South Carolina
Coastal Plain. Within asite, means with different |etters are significantly different (alpha = 0.05).
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Supporting the findings of Conners and Naiman (1984) channel type/size within a braided
sream system does not sgnificantly affect laterd litter movement. There was no sgnificant differencein
laterd litter biomass based on stream type in either Fourmile Branch or Meyer’ s Branch (Fig. 1V-25).
However, the larger (rdlatively) stream types moved more laterd litter in the mature riparian forest and
the smdler (relatively) stream types played a grester role in the younger riparian forestsin the
movement of laterd litter. Also, there was no sgnificant difference in percent carbon and percent
organic matter in the laterd litter, and amount of sediment, based on stream type in either Site (data not
shown). The laterd litter carbon pool pattern based on stream type (Fig. IV-26) had a pattern smilar
to latera litter biomass based on stream type.
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Figure IV-25. Laterd litter biomass by stream type for two riparian forests in the South
Cardlina Coadtd Plain. Within aste, means with different |etters are sgnificantly different from
each other (alpha= 0.05).
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Figure 1V-26. Laterd litter carbon pool by stream type for two riparian forestsin the
South Carolina Coastdl Plain. Within aste, means with different letters are Sgnificantly different
from each other (alpha = 0.05).

Instream Litter

The amount of ingtream litter is a product of inputs from the surrounding watershed and greetly
susceptible to storm intensity.  Land use and watershed area (Pen Branch, 55 kn?; Fourmile Branch,
57 kn?; Meyer’s Branch, 51 knv) was comparable for al four sites and therefore, should not be a
factor in the amount of ingtream litter observed in the main channels associated with each riparian forest.
The smilarity in litter pattern over the sampling period implies that each stream system was subject to
the same influentia factors (Fig 1V-27).

Instream litter ranged from 0.0013 to 0.028 g s* (0.11 to 2.42 kg day * per stream length) for
each ste (Table 1V-5) which was comparable to undisturbed stream values reported by Webster et dl.
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(1990). Sampling was generdly conducted during base flow rates of 12to 38 cms™.  Stream
velocity in the main channd in Meyer’ s Branch had dightly higher baseflow rates than the other three
gtes. Stream channelsin Pen Branch (AR) had a significant amount of submerged aquatic vegetation
which affected stream flow and possibly instream litter dynamics.

0.03

— = Pen Branch (AR)
—&—pen Branch (NR) /A
0.025 #— —&—Fourmile Branch

- -X - Meyer's Branch /
0.02
/ ’
;!
0.015 g /.
o/
X ,'//
0.01 T

0.005

Instream Litter (g/s)

Nov-97  Jan-98 Mar-98 May-98 Jul-98 Sep-98  Nov-98  Jan-99

Figure IV-27. Instream litter of the main stream channd (3 order) associated with four

riparian forests representing different stages of succession located in the South Carolina Coastal
Han.
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TableIV-5. Ingream litter (g s?) for three 3 order streams (main channel) associated with riparian
forests representing differing successiona stages in the Coastal Plain of South Carolina. Within arow,
means with different |etters are Sgnificantly different from each other.

Date Pen Branch Pen Branch Fourmile Meyer’'s p-value

(AR) (NR) Branch Branch

gs*

November 11, 1997 -- 0.0004 0.0013 0.0118
December 19, 1997 0.002 b 0.004 b 0.014 a 0.009 b <0.0001
May 17, 1998 0.003a 0.004 a 0.010a 0.008 a 0.1508
October 17, 1998 0.005a 0.004 a 0.013a 0.007 a 0.0862
November 23, 1998 0.002 a 0.001a 0.006 a 0.006 a 0.3637
February 6, 1999 0.018 a 0.016 a 0.028 a 0.018 a 0.7848

At the dphaleve of 0.05 there was no significant differencein instream litter (g s™) between
the four Stes. However, a an dphaleved of 0.10, instream litter in Fourmile Branch was sgnificantly
greater than ingtream litter in Pen Branch (AR). All four Stes showed asmilar pattern in indream litter
with sampling date (Fig. IV-27). Hill and Brooks (1996) also observed seasond variation in CPOM
flux with greatest amounts being transported between May and October. Significant Site differencesin
ingtream litter only occurred during the second sampling date (Table 1V-5). In Pen Branch (AR) and
Meyer's Branch the February 6, 1999 sampling date was sgnificantly greeter than the other sampling
dates.

Interestingly there was more instream litter with increasing forest age or succession except for
Meyer’s Branch which had less instream litter than Fourmile Branch.  Differencesin ingtream litter
amounts may be attributed to riparian forest age and inherent species composition because leaf
processing rates in streams differ by species (Petersen and Cummins 1974; Suberkropp et a. 1976;
Benfield 1996). Thisdiscrepancy may be more afunction of hydroperiod than forest age or species
composition suppling more alochthonous materid to the stream in Fourmile Branch. The amount of
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ingtream litter in each of the four Stes was much less than reported by Post and De La Cruz (1977)
possibly due to the smaller stream Szesin this sudly.

Conclusion

Litter dynamics within riparian forests are very complex. It is often assumed on ba ance that
litter nutrients are returned in the same area from which they were absorbed. However, in riparian
forests many avenues exig for litter distribution. Besides annua vertical litterfall inputs, the movement
of litter toward and from the associated stream during flood events must be incorporated into the
equation. The hydroperiod of ariparian forest dso influences decomposition rates and therefore, forest
floor biomass. Forest age and stage of successon has quantitative and quaitative impacts on dl of the
factors effiliated with riparian forest litter dynamics. Litterfal biomassin riparian forests rapidly
gpproached quantities indicative of mature forest stands after arelatively short time span (~8 -10
years). However, litter qudity, primarily the percent carbon of the various litterfall components differed
with forest age. Higher percent carbon in litter of the younger riparian forests combined with nitrogen
fixing abilities of ader (pioneer species common to riparian forests) could enhance nutrient
incorporation and availability for productivity.

Litterfdl collection isardatively inexpensve, easy, and unobtrusive method compared to some
dternative methods of assessing restoration. Even though there was annud variation, and differencesin
percent carbon of various litterfall components between forest age, (with the amount of biomass
generdly overriding these differences), the overal litterfal measurements till reflect forest sand
differences. Therefore, litterfall can be used as an index for riparian restoration when the objective isto
ensure that woody vegetation has recovered to the extent that litterfal amount reflects a mature riparian
forest. Use of thistechnique could provide significant savings of time and funds for agencies currently

involved in restoration monitoring.
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Laterd litter movement within ariparian forest is controlled by microtopography, hydroperiod,
gpecies composition (erect vegetation and litterfall composition), and density (vegetation and forest
floor). More litter was deposited into the riparian area during a flood event than moved toward the
stream from adjacent riparian and upland areas. Thisimplies that headwater management may be more
influentia to stream litter than litter provided by wider adjacent streamside management zones.
Although the stream inputs may be small, they are no doubt critica to the aquatic ecosystem. The
young Pen Branch riparian forests did not have any gppreciable latera litter movement, possibly dueto
steeper banks dong the stream channels, denser ground cover, or adifferent hydroperiod. Gradud,
lower banks, and more uniform landscape of Meyer’ s Branch dlowed flood waters to penetrate the
riparian forest. Also since forest age affects forest floor composition and biomass, litter subject to

latera movement was a function of forest age.

Ingtream litter is afunction of the riparian forest and surrounding landuse in the entire
watershed. The closed canopy of the mature riparian forest provided greater dlochthonous input to the
stream ecosystem. Forest stand composition and density associated with successiond stage can
differentiadly buffer sorm impacts and dter the amount of litter faling into the stream.  Also forest
development and dratification can impede sediment movement toward the stream. The forestsin this
study exhibited more sediment deposition into the riparian area. Providing dlochthonous inputs and
retarding sediment to the streams confirms the critical importance of riparian buffers or sreamside

management zones.

The carbon content of dl litter mediums (verticd litterfal inputs, forest floor, and instream litter)
isafunction of successond stage as dictated by species compostion within the riparian forest. The
energy contributed by each litter faction determines the productivity of the riparian forest and provides
for ahedthy aguatic ecosystem in the associated stream.  Riparian restoration may be accelerated by

incorporating species indicative of later successona stages at an appropriate time. For example,
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planting of later successiona woody riparian species should occur after competition for resources from

herbaceous vegetation decreases.
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Decomposition

Whole
to a sum of the parts
to atom or quark
infinitessmal
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Chapter V. Litter Decomposition within Coagtal Plain
Riparian Forests Representing Different Successional Stages*

* A facsmile of this chapter has been published in the 10" Biennia Southern Silvicultural Research
Conference Proceedings.

Abstract

Decomposition of foliar litter is an important process for nutrient recycling. It isnot known if
decomposition rates differ with riparian forest seral stage. Decomposition rates of foliar litter from two
thermally disturbed young riparian forests at different stages of successon and a more mature
bottomland hardwood stand were compared. Decomposition rates were determined for one year
among and between the sites for each mixed-species litter characteristic to each Site. Species
compoasition of each Stes' respective litter, and inherent qudity, influenced decomposition rates more
than forest age. The influence of litter quaity was evident in the decomposition rates of the different litter
composites used in thisstudy. In dl four sitesthe litter composite from the mature riparian forest
decomposed significantly more rgpidly than the litter compodites from the younger riparian forests. The
fairly rapid decomposition of red maple (Acer rubrum L.), which was one of the main componentsin
the mature riparian forest litter composite, likely influenced the greater decomposition rate. The litter
compoasites from the younger riparian forests were smilar and both included more resistant litter types,
specificaly waxmyrtle (Myrica cerifera L.) and ader (Alnus serrulata (Ait.) Willd.). Litter
decomposition rates did not differ between the individua successond stages. The different
decomposition rates of the litter composites will influence the quantity of litter movement toward the
stream and eventually affect the aquatic ecosystem.
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I ntroduction

Decompostion of legf litter is an essential ecosystemn process whereby nutrients become
available for assmilation by plants, provides an energy base for the detritus food web (Post and Dela
Cruz 1977; Brinson et d. 1981; Corndlissen 1996), and contributes to the formation of soil organic
matter (Bell et d. 1978; Lockaby et d. 1996b) and related physical properties. Typicdly, lesf litter
comprises 70 percent of the total aboveground litter contributed to the forest floor on an annual basi's
(Brown 1981). The riparian forestsin this study contribute approximately 75 to 85 percent leaf litter
annudly to the forest floor (Chapter V). Forest productivity can be reduced if decomposition istoo
dow because the nutrients are removed from active circulaion (Brinson 1977; Peterson and Rolfe
1982; Day 1983; Shure et a.1986). Conversdly, litter decomposition and subsequent nutrient release
can occur fagter than plants and soil are able to retain them and the nutrients are leached out of the

rooting zone (Hauer et a. 1986; Moore 1986).

Rates of litter decompostion vary with forest type and generaly increase as the quantity of
litterfall increases. An inverse rdationship exists between litterfal biomass and nutrient content and the
biomass and nutrient content of the forest floor (i.e., there will be less forest floor biomass and reduced
nutrient content with increased litterfal of higher nutrient content). Physical and chemical properties of
foliar litter vary by species. Often, nutrient rich litter decomposes more rapidly than nutrient poor litter
in the same forest environment. Theindividud characteristics of the lesf litter of different species affect
decay rates (Witkamp 1966; Bell et d. 1978; Day 1982; McClaugherty et d. 1985; Shure et d. 1986;
Elliott et d. 1993; Adams and Angradi 1996; Belyea 1996 [pest litter]; Cornelissen 1996; Hed et d.
1997). Pine needles decay more dowly than deciduous leaves (Post and De La Cruz 1977;
Corndlissen 1996). Foliar lignin concentration in temperate regionsis generaly below 15% (Robinson
1990) and specificaly controls litter decomposition rates in later stages (Meentemeyer 1978; Robinson
1990; Hedl et a. 1997). Autumn color can be a key to decomposition rates - brown leaves contain

more lignin and tannins resulting in lower decompogtion rates (Cornelissen 1996). Adams and Angradi
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(1996) found decay rates of deciduous leaves to change among species during the second year. The
chemidry of litter within individuas of the same speciesis afunction of variations in site conditions (Hed
et a. 1997). Vaiation in litter quality occurs when defense (herbivore and pathogen) compounds are
generated (Hedl et d. 1997).

Although primarily afunction of litter qudlity, rate of decompaosition is afunction of the
decomposer community as well as decomposer - litter type interactions. Decomposition rates are a
function of the hedlth and density/magnitude of the detritivore pool, and readily available materia
present (no limiting condiments). The soil microclimate and chemidtry induced by litter will dictate
biologica activity (Wardle and Lavelle 1997). Microbia populations are positively correlated with
decomposition rates and controlled by species composition of the litter (Witkamp 1966.)
Homogenization of substrate and stabilization of microbia populations occur over time.

The overdl rate of decomposition is largely determined by soil temperature and moisture (Bell
et a. 1978; Meentemeyer 1978; Hauer et al. 1986; Moore 1986). Soil temperature is a primary
component because it influences microbid activity. At higher soil temperatures and moisture contents
lignin and cellulose decompostion significantly increases (Donnelly et d. 1990). Donnely et d. (1990)
found soil moisture had greeter affect on microbid biomass than soil temperature with greater microbia
biomass at higher soil moisture contents.  The temperature and moisture regime in the forest islinked to
successond stage. The combined dense herbaceous groundcover and lack of canopy in early stages
of succession will produce a climate much different than a closed canopy forest with little groundcover.
Within a mature forest, topographic position has less of an affect on decay rate (Adams and Angradi
1996).

In riparian forests decompostion is related to flooding frequency, depth, and duration, dthough

consistent relationships have not been established (Brinson 1977; Peterson and Rolfe 1982; Day 1983;
Duever et a. 1984; van der Vak et d. 1991; Mitsch and Gosselink 1993; Lockaby et a. 1996b).
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Decomposition processes are further confounded by the addition of organic materia during flood
events which may dter the microbid, nutrient balance of the riparian ecosystem. Permanently
anaerobic riparian forests probably have the dowest litter decomposition rates (Brinson et a. 1981),
gpecificaly because lignin decay isinhibited under anoxic conditions (Crawford 1981). Decomposition
rate is generdly greater with increased fluctuations in aerobic-anaerobic conditions (Reddy and Patrick
1975; Brinson et d. 1981) and single, brief flooding regimes (Lockaby et d. 1996a) . Pest litter had
different decay rates in hollows compared to hummocks and was affected by placement relative to
water table fluctuation (Belyea 1996). Wachendorf et d. (1997) found twice the litter loss at awet Site
compared to adry Ste.

Severd sudies have interchanged litter between sites with smilar environmentd features
(Corndlissen 1996; Baker 1998). This suggests the possibility of Ste-gpecific microbid communities
(Baker 1998). Belyea (1996) exchanged pest litter among depths both within and among microsites.

The uniqueness of this study was the ability to exchange litter types from three riparian forests
of different successona stages within close proximity to each other (3 to 7 miles). For example, foliar
litter from one riparian forest was placed in three other riparian forests of different serd stage aswell as
the origina riparian forest, and subsequently foliar litter from each riparian forest was distributed as
such.  The objective of this study was to determine whether decomposition rates differ based on
successond stage of ariparian forest. To achieve this objective, the following hypotheses were
addressed: 1) foliar decomposition rate isindependent of riparian forest serd stage; 2) the foliar litter
decomposition rate will be greatest for the indigenous foliar litter.
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M ethods

Site Description

The study sites are located in riparian forests adjacent to three braided, blackwater streams on
the Savannah River Site (SRS), aNationa Environmental Research Park in South Carolina (latitude 33
°N, longitude 82°W). Pen Branch and Fourmile Branch streams are third order tributaries of the
Savannah River and these tributaries received thermd, elevated discharge from nuclear production
processes between 1954 to 1989, and 1955 to 1985, respectively. The stream corridors experienced
elevated temperatures (up to 70 °C) and increased discharge (1 to 2 orders of magnitude greater than
base flow). Thethermd discharge killed the bottomland hardwood vegetation and atered sediment
eroson and deposition paiterns. The third stream in this study, Meyer’s Branch, represents a minimally
disturbed, third order reference site. Only minor disturbances such as sdective logging in the 1940's

occurred in Meyer’s Branch, but it never received therma effluent.

The age of the riparian forests adjacent to Pen Branch, Fourmile Branch, and Meyer’s Branch
a the time this study began were 8 years, 12 years, and gpproximately 60 years, respectively. There
are two treatment areas aong Pen Branch. One area has been dlowed to regenerate naturaly. An
adjacent areawas atificidly regenerated with planted bottomland hardwoods following asite
preparation of herbicide and prescribed burning.

Decomposition (Field)
Fresh ledf litter was collected in 1996 during pesk litterfall from each riparian forest community,
except the planted area of Pen Branch. Approximately 5 g (dry wt.) of representative litter was placed

in 2-mm mesh nylon bags with a drawstring closure. One-hundred eight (108) bags were filled with
litter for each riparian forest community type and placed in the fidld September 13 and 14, 1997. Nine
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bags of litter from each riparian forest were placed in three groupings within aste for atotd of 27 bags
per ste for each riparian community type. A reference/control consisted of craft sticks made from
Maine birch (Forgter, Inc.). An empty bag was aso placed within each group to determine possible
weight changein the bag itself. A temperature data logger (Onset Hobo) programmed to obtain
readings every four hours was placed within each grouping (3 Hobos per site). However, unanticipated
flooding depths and prolonged duration, waterlogged many of the temperature data loggers resulting in
the loss of datafor the mgority of the year. Three bags (one from each grouping within a Ste) were
collected after 7, 13, 20, 27, 42, 72, 141, 217 and 356 days. Three bags per litter type were placed in
the field and then immediately retrieved to assess transportation |oss.

Decomposition (L aboratory)

All of the collected bags were dried at 60 °C for at least one week, and bag plus litter were
weighed. Because of sediment deposition the litter was removed from the bags, weighed and ground to
pass a 20-mesh sevein aWiley mill. The empty bag was aso weighed to address the amount of
sediment deposition. Organic matter was determined for the ground litter samples by loss on ignition
(LOI) (Nelson and Sommers 1982) (380 °C for 24 hrs). For comparative analys's, organic matter was
aso determined by Walkley-Black (Wakley 1947) on a subsample of the ground litter samples. Soil
samples were obtained adjacent to the litter bag groupings and ashed at 380 °C for 24 hours to
determine the amount of organic matter in the deposited sediment. A correction factor for the organic
matter within the sediment was applied to bags collected at 141, 217, & 356 days. Rate of litter
decomposition was cal culated with the following equation (Olson 1963): X, = X, Q K where X, isthe

amount of subgtrate at timet; X, istheinitial amount of substrate; k is the fractiona loss rate per unit

time
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Statistical Analysis Procedures

Data were andyzed by means of analyss of variance (ANOVA) procedures for a completely
randomized design (SAS Indtitute 1996). The Tukey multiple range test was used to distinguish
treatment meen differences. A significance leve (*") of 0.05 was used for dl tests. Statistical andysis
conssted of comparisons between the four riparian forests and between litter types within each riparian
forest.

Results and Discussion

Comparison Between Riparian Forests

Comparison of litter decomposition between the four riparian forests demongtrates thet litter
decomposition rates do not appear to be influenced by forest age. Decay rates (K) of foliar litter
ranged from 0.27 to 0.38, 0.21 to 0.48, and 0.62 to 0.94 for Pen Branch, Fourmile Branch, and
Meyer’s Branch litter, respectively (Table V-1). These decomposition rates after 51 weeks are higher
than the findings reported by Lockaby et d. (1996b) after 106 weeks in southeastern floodplains.
Adams and Angradi (1996 ) observed changes in species decay rates in subsequent years. Although
representing different forest cover types, the litter of the older forest stands in the study by Elliott et d.
(1993) had dightly lower decomposition rates within their respective forests compared to the litter in
the younger forest gands. The litter from the younger riparian forests in this study had dightly lower k
va ues than the mature riparian forest.
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TableV-1. Decompostion rates (k) for three mixed-speciesfoliar litter types and a control in four
riparian forests located in the Coastd Plain of South Carolina.

Litter Type
Site Pen Branch Fourmile Branch Meyer’s Branch Control?
Pen Branch (AR) 0.27 0.31 0.66 0.43
Pen Branch (NR) 0.29 0.21 0.66 0.53
Fourmile Branch 0.33 0.48 0.94 0.30
Meyer’s Branch 0.38 0.30 0.62 0.34

1) Popsicle sticks of Betulawere used as the control/reference.

Decomposition of Pen Branch (NR) litter was not significant between sites (Fig. V-1A), nor
was the decomposition of litter from the Fourmile Branch riparian forest sgnificantly different between
the four stes (Fig. V-1B). Litter from the Meyer’ s Branch riparian forest decomposed significantly
more in Fourmile Branch and the Pen Branch (NR) riparian forests than Pen Branch (AR) (Fig. V-1C).
There was no sgnificant difference in control decomposition rates between stes (Fig. V-1D). Foliar
litter from the Fourmile Branch and Pen Branch riparian forests both decomposed gpproximately 25
percent after one year which was much lower than the 85 percent annua decompaosition of mixed
floodplain species found by Shure et d. (1986).
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Figure V-1. Comparison of riparian forest age on litter decomposition. Mixed-species foliar
litter from A) Pen Branch, B) Fourmile Branch, C) Meyer’s Branch and D) a control/reference.
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Figure V-1. Continued.
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The decomposition rates in this study are for mixed-species litter representing each forest type
and it has been shown that decay rates are amilar for single- and mixed-species litter (Blair et dl.
1990). Therefore, the decomposition rates of the mixed-species are indicative of each forest
community. Hardwood litter from mixed-species forests is generaly more labilewhenitisplaced in a
forest with species containing more recacitrant litter, the decomposers and detritivores adapted to the
recalcitrant litter; are able to rapidly colonize and decompose the hardwood litter. There may bea
synergidtic effect with mixed-species litter. Nutrient release of |abile litter may stimulate decompaosition
of adjacent recdcitrant litter and conversely, tannins may inhibit the decomposition process.
Cumulative effects of litter type and detritus community interactions may be associated with the stability
that comes with forest age.

Comparison of Litter Typewithin each Riparian Forest

Indl four Sitesthe Meyer’s Branch litter decomposed significantly more than the other litter
types (Fig V-2 ad). After one year gpproximately 50 percent was remaining. Thefairly rapid
decompasition of red maple (Shure et a. 1986) which was one of the main componentsin the Meyer's
Branch litter likely influenced the greater decompodtion of Meyer’s Branch litter. Although
transportation |osses were accounted for and the decompaosition bag mesh size was smdl, the smdl size
of bald cypress needles may have influenced the decompostion rate by either faling out or succumbing
to rapid decomposition. Elliott et a. (1993) found litter type to decompose most rapidly in the forest
where it was generated. However, this association was only observed in the mature riparian forest.
Foliar litter developed under shaded conditions generally have less carbon-based defense compounds
(Hed et d. 1997) and therefore would decompose at afaster rate. Possibly with forest succession an
immutable companionship develops between litter inputs and the detritivore community enriching the

decomposition process.
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Figure V-2. Comparison between litter type within each riparian forest. A) Pen Branch (AR),
B) Pen Branch (AR), C) Fourmile Branch, and D) Meyer’s Branch.
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The litter composites from the younger riparian forests, Pen Branch and Fourmile Branch, were
smilar and both included more resigtant litter types, specificaly waxmyrtle and dder. Leaveswith small
specific area can be physically resstant to penetration due to structurd chemistry. The small mesh size
of the decomposition bags may have excluded the soil faunawhich usudly process these litter types.
The control decomposed less than the lesf litter in al four Stes and values were indicative of twig

decomposition rates.

Temper ature and Hydrologic/Sediment Deposition Effectson Litter Decomposition

The limited temperature data revealed some patterns between the four sites, however, there
was no sgnificant difference in the comparison of monthly means (Fig. V-3). Lacking aforest canopy
the ambient temperature in the Pen Branch (AR) was higher than the other three sites. Temperatures a
the soil surface are usudly afew degrees warmer than air temperature and therefore, providing thereis
some form of canopy cover (herbaceous or woody), temperatures may not be significantly different at
ground level. During the summer months the temperature was severd °C lower in the closed canopy of
the Meyer’ s Branch riparian forest than the other three Sites. However, Meyer’s Branch lacks a
subgtantia groundcover and it is probably the closed canopy in conjunction with no groundcover
resulting in the lower temperatures. Bald cypress which was amagor component of the Meyer's

Branch litter has arelatively dow uniform decay rate over arange of temperatures (Hauer et d. 1986).

Extremey high amounts of rainfal occurred during the winter months of 1997 and spring
months of 1998. Water levels rose on the Savannah River subsequently backing up Fourmile Branch
causing extensve flooding. The Fourmile Branch riparian forest remained inundated gpproximately
from February through March potentidly affecting decomposition rates. In Fourmile Branch, litter
types generdly had higher decomposition rates due to leaching or abrasion when the flood water
receded. Wachendorf et a. (1997) attributed 30% loss due to leaching in awet site. Pen Branch and
Meyer's Branch did not receive the same intensive flooding duration, however, flooding depths were
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phenomenda. The depth and duration of winter/spring flooding in the Fourmile Branch riparian forest
possibly influenced the differencein litter decomposition.
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Figure V-3. The mean monthly ground temperatures in four riparian forests during the period
of study (September 1997 to September 1998).

Sediment deposition was very prevaent in Meyer’s Branch which receives fairly frequent, brief
flood events (Fig. V-4). Theriparian forest of Pen Branch (NR) was aso subject to excess sediment
deposition. Pen Branch (AR) and Fourmile Branch riparian forests were aso affected by sediment
depaosition, but not to the extent of the Meyer’s Branch riparian forest and Pen Branch (NR). Sediment
deposition during awinter flood event in Meyer’ s Branch and Fourmile Branch has been documented
to be gpproximately 350 g m 2 and 260 g m 2, respectively (Chapter 1V). The dense vegetation in Pen
Branch (AR) arrested sediment deposition and the flashy hydroperiod in Fourmile Branch may have
prevented or removed sediment. The sediment contributed organic matter to the decomposition bags
dtering thefind vaues. Although an attempt was made to correct for the amount of organic matter in
the sediment, the percent leef litter remaining may be underestimated. Adams and Angradi (1996)
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suggest that an increase after one year may be due to increased microbid/detritivore biomass in the

samples.

. Site
—&—Pen Branch (NR) A
| - ®-Pen Branch (AR) /

——Fourmile Branch 4
—A—Meyer's Branch /

Mean Sediment Deposited on
Decomposition Bags (9)

04 T T T
27-Sep 16-Nov 5-Jan  24-Feb 15-Apr 4-Jun 24-Jul 12-Sep 1-Nov

Collection Date

Figure V-4. Mean sediment deposited on the decomposition bagsin four riparian forestsin the
South Carolina Coagtd Plain.

The percent organic matter was determined with the LOI method with severd of the samples
aso andyzed with the Walkley-Black method. There was high positive correlation between the two
methods, specifically for dates that are associated with sediment deposition (Table V-2). The percent
organic matter in the decomposition samples was approximately 2.7 times greater with the LOI method
than the Walkley-Black method. The difference may be atributable to the chemical reagent’ s ability to
digest the organic matter. The organic matter incorporated with the sediment deposited from the
stream during flood events may be of different qudity than the organic matter was from the origind litter

and influence the procedure.
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TableV-2. Correation between LOI and Walkley-Black for organic matter determination. LOI was
generally 2.7 times grester than Walkley-Black.

Date Correlation Site Correlation
9/5/98 0.981 Pen Branch (AR) 0.934
4/27/98 0.945 Pen Branch (NR) 0.957
2/2/98 0.839 Fourmile Branch 0.887
11/24/97 -0.217 Meyer’s Branch 0.887
9/20/97 -0.619
All Dates 0.917
Conclusion

Woody speciesfoliar litter and inherent qudity (physical and chemica characteritics) were
more important for control of decomposition rates than forest age. However, if species composition is
linked to successond stage, it ensuesthat indirectly forest age affects foliar litter decomposition rates.
The individua, mixed-species litter had smilar decomposition patterns between the four riparian forests,
but within each riparian forest the litter types hed differing decompaosition rates and the indigenous litter
did not necessarily decompose to the greatest extent. The litter from the mature riparian forest
decomposed at arate greater than the litter composites from the younger riparian forests. The different
decomposition rates will influence the quantity of litter movement towards the stream which in turn
affects the aquatic ecosystem.

The greater decomposition rate in Meyer's Branch may accelerate incorporation into the soil
and prevent litter from moving to the stream.  Also the extensive sediment deposition in Meyer's
Branch will blanket the litter and retard movement towards the stream. However, instream litter in
Meyer’ s Branch was moderate compared to the other sites (Chapter 1VV). The magnitude of annua
litterfall associated with a mature riparian forest gppears to over compensate for the rapid
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decompodition rate in supplying organic matter to the stream. To further support the effect of
sedimentation, Fourmile Branch litter and Pen Branch litter both had smilar decomposition rates,
however, Fourmile Branch had the least amount of sediment and greatest quantity of instream litter, and
Pen Branch had sediment amounts comparable to Meyer’s Branch and very little indream litter. The
combination of riparian forest age and sediment deposition (hydrologicaly influenced) affect transport
of litter (partially decomposed or otherwise) to the stream.

This has management implications for restoring disturbed Stes. Planting later successona
species and providing suitable decomposition conditions could accelerate decompostion rates
rendering rapid incorporation of nutrients and soil organic metter formation.  Variation in Site conditions
and climate affect litter qudity, which in turn influences decomposition rates, and this cyclic process
affects nutrient release and forest productivity. The rgpid incorporation of organic maiter and
subsequent nutrient release may affect restoration success. The concept of “synchrony’ isbeing studied
where the rdlease of nutrients from litterfal inputs can be coordinated with plant growth demands
(Myerset al. 1997).

Factors that influence litter decomposition have profound implications for sustained productivity
in forest ecosystems. Plant strategy as it relates to succession may be linked to fundamental
geochemica processes, i.e. decomposition, aswell as changesin the terrestria biosphere (CO, leves
and dimate). Thereisardationship between lesf life-goan, photo-assmilation, and defense chemistry
(Corndissen 1996) and these attributes pertain to plant successona strategy suggesting that
decomposition rates may be an evolutionary/ecologica strategy. Dragtic or gradua shiftsin species
composition may affect decomposition rates.
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Micro-topography

shades of gradient
nuancesin landscape

diversity of habitat
order from chaos
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Chapter VI. Microtopography Influences Riparian
Forest Processes, Functionsand Structure

Abstract

Ridge and swae microtopography, depending on the magnitude of scde and distribution, has
the ability to influence riparian forest processes which subsequently affect forest productivity. Also,
inputs of water, organic matter and associated nutrients during flood events may have agreat impact on
forest productivity closer to the stream than farther inland. To address the effects of microtopography
and a distance gradient, herbaceous biomass, root biomass, species richness, and severa <ol
properties were eva uated dong transects established perpendicular to each riparian forest main stream
channd.

Within three Southeastern Coastd Plain riparian forests, microtopography influenced
herbaceous biomass, root biomass, species richness, and soil properties.  Although the riparian forests
represented different successiona stages, they al reflected the effects of microtopography. Percent
carbon in herbaceous vegetation increased from wet to dry, however, the herbaceous carbon pool
reflected herbaceous biomass patterns within each ste. Root biomass generaly decreased from wet to
dry, except in the mature riparian forest where the reverse was observed. The riparian areas had less
percent carbon in the roots than the uplands and root carbon percentages varied with the riparian
microtopography. Root carbon pools generdly followed a microtopography trend smilar to root
biomass. Species richness was generally greatest on the intermediate areas where the moisture
level g/fluctuations were less extreme. Percent carbon and organic matter in the soils correlated with
herbaceous and root biomass. Soil organic matter, bulk density, and porosity were interrelated and a

fundamental component of microtopography.
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Riparian forests are intimately associated with their hydroperiod. During flood events the
riparian forest receivesinputs of organic matter and sediment, and the amount of deposition may
decrease dong a distance gradient from the main stream channd. The differentid amount of inputs
could affect forest productivity. Trendsin herbaceous biomass were evident dong a moisture gradient.
However, there was no linear relationship between biomass, carbon pools, and soil physica and
chemicd properties dong a distance gradient from the main stream channel. The mature riparian forest
exhibited more of a gradient effect than the younger riparian forests, specificaly in respect to soil
physical properties. Ridge and swale microtopography prevaent in the younger riparian forests
counteracted a distance gradient effect acrossthe riparian forest. Therefore, riparian restoration efforts
in areas with prominent ridge and swale microtopography should address the characteristics unique to
each landscape and plant gppropriate species. Classic modds of riparian restoration (i.e., uniform
planting) do not fit for these smal braided riparian ecosystems.

I ntroduction

The integra eements connected with riparian ecosystem processes, functions and structure are
more complex than terrestrid upland ecosystems. Riparian forests are closely linked with the
hydroperiod of the associated stream, which usudly has created a unique landscape due to shifting of
the stream channd (i.e. ridge and swale microtopography). During flood events a net increase in
organic matter may be deposited into the riparian area. Theoretically, the grestest deposits would be
closer to the stream channd and disspate further inland aswdll as critical water supplies. Hencea
distance gradient effect on riparian forest processes, functions, and structure may be observed.
However, depending on the scale of ridge and swale microtopography, the distance gradient effect, and
effects of segpage from adjacent uplands, may be minimd.

149



Microtopogr aphy

The relaionship between microtopography and its inseparable companion, hydroperiod,
influences plant community dynamics, soil properties and their interrelated biogeochemica cycling.
Riparian forests, especialy those located in the southeast United States adjacent to low- order streams
exhibit dight changesin eevation gradient ranging from centimeters to meters. This type of landscape
(ridge and swal€e) manifests nuances which control ecosystem processes a a smaller scale compared to
agzable bottomland hardwood forest or large river floodplain (Kellison et d. 1998). The
microtopography within these riparian forests often resembles a braided stream system and the lower,
swde areas act as smdl streams during certain hydrologic events and subsequently hold water during
drier periods. Bledsoe & Shear (2000) found that aslittle as 10 cm eevation difference resulted in a
20% difference in surface flooding frequency. Hydroperiods that tend to be wetter do not make a
wetland less functiondly active than another, the functions are merely different (Brinson 1993).

Smadl scae microtopography, in conjunction with the hydroperiod, has the gbility to influence
herbaceous species establishment, frequency and density (Zedler and Zedler 1969). Growing season
flooding frequency influences plant community composition and structure (Bledsoe and Shear 2000).
Titus (1990) found species distribution of tree seedlings to be strongly correlated with gradient in a
Florida hardwood floodplain swamp. Short lived herbaceous species are greetly influenced by changes
in landscape and have adapted to specific substrates and moisture regimes. A more stable hydrologic
regime can result in greater plant biomass, whereas low production can result from the disequilibrium
between plant community composition and hydrologic regime (Burke et d. 1999). Greater biomass
may aso occur because of the addition of nutrients during flood events as organic matter becomes
deposited in topographic lows. Biomass and carbon alocation patterns change in response to a
flooding gradient (Day and Megonigd 1993). The species which become established will affect
aboveground biomass because of their growth form. Herbs generdly have less overal biomass
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compared to shrubs and trees. An energy advantage occurs when species can maintain structure with

less investment in lignin (Robinson 1990).

In forested (riparian) wetlands microtopography influences fine root dynamics (Joneset d.
1996) because of differing biogeochemical properties associated with differing hydrology.
Hydroperiod and soil porosity affect root penetration, distribution, and growth (Bowden and Nambiar
1984; Kimmins 1987; Megonigd and Day 1992; Powell and Day J. 1991), which in turn control root
biomass. Roots have difficulty penetrating compacted soils and root growth is reduced in extensvely
dry or moist (anoxic) soils and high root mortdity can occur under anaerobic conditions (Stevenson and

Day 1996).

Soil properties differ based on topographic position due to the disproportionate deposition of
soil particles. Coarser soil particlesfdl out of solution as water velocity dows when encountering ridge
aress. Asthewater velocity continues to dow the finer soil particles will settle in the swales. Chang
(1995) found a significant correlation between evation (microste) and the amount of organic meatter.
Microsite substrate type closaly correlates with woody species presence (Titus 1990) and substrate
heterogeneity increases species richness (Nilsson et d. 1989).

Carbon pools within a southeastern Coasta Plain riparian forest are affected by species
composition and soil physical and chemica characteritics, both of which are integrated with
microtopography/hydroperiod. The carbon composition within vegetation (roots and shoots) is
connected to plant structure/form.  Subgtrate type affects plant community development, and the
microtopography - hydroperiod relationship affects subgtrate type.
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Distance Gradient

Flood waters contribute organic matter, nutrients, and soil particles to the riparian forest as well
as re-arrange existing (forest floor) organic matter, nutrients, and soil particles. The extent of thisform
of disturbance may vary with increasing distance from the stream channd, (i.e the degree to which
organic matter, etc. will be deposted inland). Riparian forest width, eevation gradient (increasing
elevation) from stream to upland, and microtopography may influence the establishment and growth of
vegetation, root development, and soil chemica and physica properties. Reese and Moorhead (1996)
propose that vegetation patterns or hydrology caused differences in soil parameters.

Microtopography, minor drainages, doughs and depressions may have fluctuating moisture regimes
independent of stream stage, especidly with increasing distance from the main channel (Bledsoe and
Shear 2000).

The greatest velocity of the flood forces generdly occur near the berm or naturd levee next to
the stream channel and the energy generdly disspates as flood waters move further inland. The energy
surge will shock norma operating parameters, and may disrupt and ater vegetation establishment or
growth. It has been hypothesized that organic matter and nutrient inputs (subsidy) from flood events
will enhance plant growth (Odum et a. 1979), especidly closer to the stream. However, the stress
associated with anaerobic soils during flooding may diminish the subsidy effect (Megonigd et d. 1997).
Along an environmental gradient (floodplain to trangtion zone) differencesin biomass and primary
production were found to be the result of individua species responses to flooding and available water
(Johnson and Bell 1976). Ledf litter production is dso affected aong an environmentd gradient
(Conner et d. 1993).

A uniform (level) landscape in ariparian forest may produce smilar biomass (above and

bel owground) because the bictic and abiotic factors influencing growth are rdatively evenly distributed.

A gradud increase in evation gradient from stream to upland may affect soil moisture due to
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differencesin bulk dengty, porosty, water availability and water table fluctuations (Stanturf and
Schoenholtz 1998). Also, flooding depth and duration would be reduced farther from the stream as
water retracts progressively from higher eevations, resulting in less anaerobic conditions thereby

maintaining optimum growing conditions.

Elevation may be associaed with differing hydrologic and edaphic gradients which will influence
the distribution of plant species. Bledsoe and Shear (2000) observed that species richness of the
understory species (<1 m height) was not consistent across an eevation gradient, however, species
richness of the tree and shrub overstory increased with increasing elevation. Elevation can predict
seedling flux and dengity in flooded forests (Jones et d. 1994) and influence differences in vegetation
(Bledsoe and Shear 2000). Small changesin riparian forest elevation may result in distinct vegetation
types. An devation change of 15 swamp centimeters corresponds to 30 mountain meters (Conner and
Day 1976).

Thereisalack of quantitative data on vegetation-environment interactions occurring a the
micro-topographic scale in riparian forests. Few studies exist that examine a gradient effect across
riparian forests, especialy in young, recovering riparian forests. The main objective of this sudy wasto
determineif biomass and/or carbon pools in ariparian ecosystem are affected by microtopography and
change across a distance gradient from stream channd to upland. The objectives of this study were to
quantify and analyze how microtopography influences herbaceous species biomass, carbon, and
richness; root biomass and carbon; and soil properties (organic matter [%)], carbon [%], bulk dengty,
and porosity).

This project was pecificaly designed to address the following null hypotheses:
1) microtopography in riparian forests adjacent to low order streams does not influence herbaceous
biomass, and fine root biomass: 2) microtopography does not dictate species richness and there is no

pattern in the percent carbon of above and belowground components; 3) If microtopography has an
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effect, it is not correlated with the associated carbon pools; 4) thereis no linear relationship correlaing
riparian forest biomass (above and bel owground) with a distance gradient from stream channel to
upland, and 5) greater soil organic matter accumulation does not occur closer to the stream channel due

to overbank flooding.

Methods

Site Description

The study sites are located in riparian forests adjacent to three braided, blackwater streams on
the Savannah River Site (SRS), aNationa Environmental Research Park in South Carolina (latitude 33
°N, longitude 82 ° W). Pen Branch and Fourmile Branch streams are third order tributaries of the
Savannah River and these tributaries recelved thermd, elevated discharge from nuclear production
processes between 1954 to 1989, and 1955 to 1985, respectively. The stream corridors experienced
elevated temperatures (up to 70 °C) and increased discharge (1 to 2 orders of magnitude greater than
base flow). Thethermd discharge killed the bottomland hardwood vegetation and atered sediment
erosion and deposition patterns. The third stream in this study, Meyer’ s Branch, represents aminimally
disturbed, third order reference ste. Only minor disturbances such as selective logging in the 1940's

occurred in Meyer's Branch, but it never received therma effluent.

The age of the riparian forests adjacent to Pen Branch, Fourmile Branch, and Meyer’ s Branch
at the time this study began were 8 years, 12 years, and approximately 60 years, repectively. There
are two trestment areas dong Pen Branch. One area has been alowed to regenerate naturdly. An
adjacent areawas atificidly regenerated with planted bottomland hardwoods following asite
preparation of herbicides and prescribed burning.
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Her baceous Biomass/Species Richness

Along each transect, clip plots (Hall et d. 1993) were spaced a 4.5 m intervals. Herbaceous
vegetation (< 0.5 min height, regardiess of growth form) was clipped from a0.25 n? area. The
number of species observed in each clip plot were recorded to determine species richness (# of species
per 0.25 ). Microtopography was subjectively rated at each clip plot to be either wet, intermediate,
or dry based on position in the landscape (ridge or swal€). Clip plots were dso established in the
adjacent uplands. Sampling was conducted four times; June & August 1997, and June & August 1998
(same generd area and microtopography with no overlap of clip plot areato avoid influence from

previous sampling). All clipped vegetation was dried to a congtant temperature (60 °C) and weighed.

Fine Roots

It isimportant to recognize that belowground biomass associated with larger roots has not been
include in the sampling. Two 5 cm diameter by 20 cm length metal cores were inserted into the soil
near each clip plot and subsequently extracted June 1999 (Hall et d. 1993). The depth of core
insertion was measured. The samples (soil and roots) were refrigerated until the fine roots could be
washed/separated from the soil with ajet of water on a Sieve with pore openings of 2 mm or less.

Only roots < 5 mm were retained. The roots were subjectively rated aslive or dead. Liverootsare
consdered reslient, flexible and fleshy. Roots were classfied dead if they were limp and crumble
eadly. Thefine roots were dried to a constant temperature (60 °C) and weighed.

Sail

Bulk soil samples from the O/A horizons were randomly collected from the different
microtopography areas in each riparian forest. Samples were taken corresponding to fixed distances
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from the main channel (0-15.2 m, 15.2-30.3 m, 30.3-45.4, and 60.6 m). The A-horizon is
gpproximately 7.5-13 cm in depth in the Fourmile Branch riparian forest and 7.5- 15 cm in depth in the
two areas of Pen Branch (Azola1997). The histic O-horizon in the Meyer’ s Branch riparian forest
ranges from 20-76+ cm. Bulk density was determined with the core method (Blake and Hartage
1986) from the O/A horizon. Organic matter was determined by loss onignition (LOI) (Nelson and
Sommers 1982) (380 °C for 24 hrs). The porosity (total/micro) of the O/A horizons was determined
with the amodified water desorption method (Danielson and Sutherland 1986).

Carbon

The carbon content (percent) of herbaceous vegetation, root, and soil samples was determined
with a LECO gas andyzer (LECO 1987) on a subsample of the herbaceous vegetation, roots, and soil.
Three replicates were andyzed for each sample, unless the sample volume was too small. The percent
carbon was multiplied by biomass (g m?) for herbaceous vegetation and roots to obtain g C m? for
each component.

Statistical Analysis Procedures

Data were andyzed by using analysis of variance (ANOVA ) procedures for a completely
randomized design (SAS Indtitute 1996). The Tukey multiple range test was used to test trestment
mean differences. The treatments were microtopography categories within each ste. A dgnificance
leve (*") of 0.05was used for al tests. All four herbaceous vegetation sample dates were pooled and
included in the herbaceous biomass andlysis. The herbaceous vegetation andyzed for percent carbon
was amix of species sampled at the respective clip plot. Percent carbon was aso determined for
severd individud herbaceous species. Only the June & August 1997 samples were used for percent
carbon of herbaceous vegetation. Previous andysis demondtrated that there was no significant
difference in herbaceous vegetation percent carbon between June 1997 and August 1997, therefore the
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samples from both dates were pooled for andysis. It was assumed that athough biomass may change
annually, the percent carbon in herbaceous vegetation will not change and therefore, the 1998 data
were not andlyzed. Means were caculated for the three carbon replicates for herbaceous vegetation,
roots, and soil for usein gatigtica analyses.

Regression was used to determine whether there was a linear relationship between distance
from the main stream channel and the following variables anadyzed individudly: shrub biomass (1997 &
1999), trees (1997 & 1999), total aboveground biomass (1997 tree, shrub & herb), NPP (1997), herb
percent carbon and biomass, herbaceous carbon pool, herbaceous species richness, root biomass, root
carbon pool, soil percent organic matter (OM), soil percent carbon, bulk density, total porosity, and
non-capillary porosity. A liberd sgnificanceleve (** = 0.1) was used for dl tests.

Results and Discussion

Microtopogr aphy

Her baceous Vegetation

When al microtopography positions were grouped, Pen Branch (AR), Pen Branch (NR), and
Meyer's Branch showed no significant difference in biomass of the herbaceous layer between the four
sampling dates (Fig. VI-1). The sgnificantly less vegetation in June 1998 for Fourmile Branch was
likely attributable to an extended spring flooding period. The decreasing amount of herbaceous
biomass with successve samples for dl Stes can be reasonably associated with differences in seasond
precipitation, possibly the result of avery wet spring in 1998. Herbaceous vegetation is more
dramatically affected by hydrologic events than the tree/shrub component because it often becomes
inundated. The excessively wet spring of 1998 undoubtably delayed and hampered growth of
herbaceous vegetation since most sites were inundated for an extended period of time.
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Asdiscussed in Chapter 111, the Site preparatory measures in the artificial regeneration section
of Pen Branch have dowed woody succession by maintaining athick herbaceous cover. Therefore,
Pen Branch (AR) was consdered at ayounger sera stage than Pen Branch (NR). In dl four Stes
microtopography affected species establishment. Although at opposite ends of the succession scae,
both Pen Branch (AR) and Meyer’s Branch exhibited |ess herbaceous biomassin the wet areas
compared to the dry areas (Fig. VI-2). Thisisreflective of species competition by adapting to habitat
type regardless of successiond stage.
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Figure VI-1. Mean herbaceous biomass for the four sampling dates within four South Carolina
Coagtd Plainriparian forests. Within a gte, means with different |etters are sgnificantly
different from one another (alpha= 0.05).
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Figure VI-2. Mean herbaceous biomass for four micro-topographic positions within four South
Carolina Coagd Plain riparian forests. Within asite, means with different |etters are
sgnificantly different from one another (dpha= 0.05).

The uplands generdly had less herbaceous biomass (Fig VI-2). Even though the
microtopography was subtlein Meyer’s Branch, there was sgnificantly greater herbaceous biomassin
the intermediate areas than the wet areas. Although there was no significant differencein the riparian
microtopography positions within Pen Branch (AR), Pen Branch (NR), and Fourmile Branch, trends
were gpparent. Pen Branch (AR) displayed an increasing trend in herbaceous biomass from wet to dry
(Fig. VI-2), smilar to Meyer's Branch. Pen Branch (NR) and Fourmile Branch which were rdatively
close in age/devel opment, displayed decreasing trends in herbaceous biomass from wet to dry (Fig. VI-
2). Inthesetwo stesthe wet areas had greater herbaceous biomass than the dry areas. Fourmile
Branch had high soil organic matter in the wet areas which reflects the strong correation between ol
organic matter and biomass in the herbaceous layer observed by Zedler and Zedler (1969). These

trends may be anomdies and require further investigation or a greater number of samples may reduce
the varidbility.
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Percent carbon of vegetation is generally assumed to be approximately 50 percent. In this
study the percent carbon was consigtently less than 50 percent and ranged from 41 to 48 percent.
Microtopography affected the percent carbon in herbaceous vegetation asit pertains to differing
species that become established in respective microsites. In dl of the Sites the percent carbon in the
herbaceous vegetation increased from wet to dry, and the upland areas had the greatest percent carbon
(Fig VI1-3). Herbaceous species can be genetically different due to locd variation of microtopography
(Zedler and Zedler 1969) and this could affect carbon dlocation or plant Sructure. A significant
difference in percent carbon of several herbaceous species was found in these riparian forests (Fig VI-
4) and depending on species composition and abundance of each within a micro-topographic postion,
differencesin percent carbon could significantly effect the carbon pools. Herbaceous species that
inhabit the wetter microtopography do not have/need the same structural components [generdly lignin
which composes 5-45% of plant dry-weight biomass (Robinson 1990)] asthosein drier aress. Also,
the drier areas tended to have more Rubus which is woodier and therefore composed of more lignin.
In the upland aress, tree seedlings in the herbaceous layer were often included in the clip plots
increasing the lignin content and subsequently increasing the overdl percent carbon.

The herbaceous carbon poal in dl four Stes followed a microtopography pattern smilar to the
herbaceous biomass (Fig VI-5). Upland areas generdly had significantly smdler herbaceous vegetation
carbon pools than the riparian areas (Fig. VI-5). Differences in herbaceous vegetation percent carbon
did not offset herbaceous vegetation biomass. It is therefore possible to determine carbon pool trends
associated with microtopography by examining the herbaceous biomass patterns.
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Figure VI-4. Percent carbon of select herbaceous species found in the riparian forests adjacent to third order
streams in the South Carolina Coastal Plain. The following species were not included in the ANOVA due to
asamples size < 3; Sace, Imca, and Solidago. Different letters signify significant difference between species
percent carbon. The wetland indicator statusis listed under each species; ** - unknown indicator status
since the species was not determined. Species codeisin Appendix Table 1.
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Figure VI-5. Mean carbon pools for the herbaceous vegetation associated with four micro-topographic
positions within four South Carolina Coastal Plain riparian forests. Within a site, means with different

letters are significantly different from one another (alpha = 0.05). N/A denotes that the sample size was
either too small for analysis or was not available.
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Her baceous Species Richness

A breakdown of speciesin the different microtopography positions based on June versus
August, and 1997 versus 1998 occurrence illustrated the richness of herbaceous species observed in
these riparian forests (Table VI-1). Therefore, al four sample dates were included in the andysis of
microtopography influence on herbaceous species richness to further incorporate Ste diversity.

Table VI-1. The percentage of herbaceous species (from riparian forest clip plots) observed either in
June or August of 1997 or observed either in 1997 or 1998 in each of three microtopography aress.
Ratios are in parentheses.

Microtopography

Site June August

Wet Int Dry Wet Int Dry
Pen Branch (AR) 20 (6/30) 32(9/28) 39 (7/18) 17 (5/30) 21 (6/28) 5(1/18)
Pen Branch (NR) 27 (3/11) 17 (4/23) 17 (5/29) 27 (3/11) 13 (3/23) 3 (1/29)
Fourmile Branch 13 (3/123) 18 (4/22) 29 (10/34) 21 (5/23) 4(122) 3(134)
Meyer’s Branch 17 (7/42) 19 (8/42) 50 (2/4) 17 (7/42) 24 (10/42) 0 (0/0)

Microtopography

Site 1997 1998

Wet Int Dry Wet Int Dry
Pen Branch (AR) 23 (7/30) 39 (11/28) 33(6/18) 30 (9/30) 25 (7/28) 39 (7/18)
Pen Branch (NR) 36 (4/11) 9(2/23) 10 (3/29) 36 (4/11) 48 (11/23) 55 (16/29)
Fourmile Branch 22 (5/23) 27 (6/22) 3(U34) 35 (8/23) 27 (6/22) 44 (15/34)
Meyer’sBranch 26 (11/42) 24 (10/42) 0 (0/0) 24 (10/42) 28 (12/42) 25 (1/4)

In both Pen Branch sites and Fourmile Branch, more species were found within each of the
microtopography positionsin June compared to August. This observation correlates with early
successond species and their ability to capture available resources and establishment opportunities.

Hence, there was |ess species change later in the growing season.  The species occurrence in each of
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the microtopography positionsin Meyer’s Branch was smilar for both June and Augugt, possibly was
the result of amore later successiona environment. A breskdown of species by growth form revealed
that more shrub, tree and vine species were present in the dry and upland micro-topographic positions
(TableVI-2). Thedigtinction was greater in the three younger riparian forests wheress the mature
riparian forest had a more uniform distribution of speciesin the different growth forms. Huenneke and
Sharitz (1986) dso found differences in plant growth form based on microsite, aswell as differences
among species within growth form. These findings support the need for establishment of mounds or
beds for enhanced establishment of tree speciesin disturbed or mitigation wetland Sites.

Table VI-2. Number of speciesin each growth form class recorded from the herbaceous clip plots
based on topographic pogtion (wet, intermediate [int], and dry) in four South Carolina Coagtal Plain
riparian forests and adjacent uplands. An expanded version by individua species according to
microtopography may be found in Appendix Table 3.

Pen Branch (AR) Pen Branch (NR)
Form Wet Int Dry Upland Wet Int Dry Upland
Herb 29 26 17 10 11 22 24 8
Shrub 1 1 1 5 1 3 3
Tree 1 4 1 3
Vine 3 1 3
Total 30 28 18 22 11 23 29 17

Fourmile Branch Meyer’s Branch

Form Wet Int Dry Upland Wet Int Dry Upland
Herb 22 19 23 18 29 27 1 13
Shrub 1 2 2 5 5 6 2 7
Tree 4 3 3 5 6
Vine 1 5 4 5 4 1 4
Total 23 22 34 30 42 42 4 30
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Microtopography affected species richness in severa of the sites (Table VI-3). The upland
aress had the highest species richness due to the inclusion of woody seedlings. In theriparian areasthe
intermediate position generaly had the highest pecies richness which can be attributed to intermediate
areas providing enough, but not too much moisture which is smilar to findings by Bledsoe and Shear
(2000) in asmdl Coagtd Plain riparian svamp.

Table VI-3. Herbaceous species richness means for three riparian micro-topographic positions and
adjacent upland in four South Carolina Coastdl Plain riparian foredts.

Species Richness Microtopography
Site Wet Int Dry Upland p-value
Pen Branch (AR) 3.0 (1.6) bc 35(17)b 231 c 5.0(2.5)a 0.0001
Pen Branch (NR) 28(1.0) a 28(1.0)a 35(15)a 34(18)a 0.1292
Fourmile Branch 21(11c 34(16)ab 29(18)b 40(1.8)a 0.0001
Meyer’s Branch 29(1.7b 35(1.8)b 22(15)b 6.8(29) a 0.0001

1) Standard deviations are in parentheses ().
2) Meansin rows with different letters are significantly different from one another (alpha = 0.05).

Fine Roots

Root biomass vaues were for total biomass which included gpproximately 10 percent dead
roots consstently observed for each site. Fine root biomass was generdly greater in the upland of Pen
Branch, but not the other two sites (Fig. VI-6) due to forest development/succession. Pen Branch
(AR) and Fourmile Branch demondtrated decreasing trendsin fine root biomass from wet areas to dry
aress (Fig. VI-6). In micro-topographic areas subject to regular inundation, less fine root biomass was
observed except in the Fourmile Branch and Pen Branch (AR) riparian forests. Joneset d. (1996) also
observed less root biomass in wet areas (hollows) compared to drier areas (hummocks) and Day and
Megonigd (1993) found less belowground biomassin flooded dtes. The sgnificant amount of fine root

biomassin the wet areas of Fourmile Branch was likdly atributable to the aggressive, rhizomatous,
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perennia species that inhabits the wet areas. The fine root biomass in Pen Branch (AR) was associated
with the dengity and composition of herbaceous species. Montague and Day (1980) also attributed

greater shrub and herb presence to increased root biomass.
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Figure V1-6. Mean fine root biomass associated with four micro-topographic postions within
four South Carolina Coastdl Plain riparian forests. Within a ste, means with different letters are
sgnificantly different from one another (dpha= 0.05). N/A denotes that the sample size was
ether too smal for anadlyss or was not available.

Subtle microtopography and predominance of tree roots throughout Meyer’ s Branch would
suggest no influence of the small scale microtopography. However, this was not the case since the
intermediate areas had greater fine root biomass than the wet areas. Possibly the wet areas do not

provide a suitable environment for root growth (Titus 1990; Day and Megoniga 1993).
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The root biomass vadues in the study were much higher than va ues reported by Megonigd and
Day (1992) probably due to the age of their saplings (3-year old) and growth environment (rhizotron).
However, root biomass found by Powell and Day (1991) for severa mature forested wetlands (696 to
1,887 g m1%) was comparable to root biomass vauesin this study.

In the riparian areas fine root percent carbon ranged from 41 to 47 percent (Fig. VI-7). The
percent carbon of fine roots in upland areas was dightly higher and ranged from 44 to 49 percent.
There was no difference in fine root percent carbon based on microtopography because most of the
samples likely included a sgnificant tree root component which could confound the results.
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Figure VI-7. Mean percent carbon of the fine roots associated with four micro-topographic
positions within four South Carolina Coastal Plain riparian forests. Within a Ste, means with
different |etters are significantly different from one another (dpha= 0.05). N/A denotes that the
sample Sze was ether too smal for anayss or was not available.
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Since there was no sgnificant difference in fine root percent carbon, it is therefore possble to
determine the fine root carbon pool trends associated with microtopography by examining the fine root
biomass patterns. The fine root carbon pool ranged from approximately 150 to 440 g 2 inthe
riparian forests and 420 to 590 g mi? in the uplands (Fig V1-8). These vaues fal within the range of
2510 820 g m? yr'! that Nadelhoffer and Raich (1992) found for fine root carbon content in various
forest ecosystemns. Trends in fine root carbon pools (Fig. VI-8) were generdly similar to fine root

biomass trends.
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Figure VI-8. Mean carbon pool for the roots associated with four micro-topographic positions
within four South Carolina Coastd Plain riparian forests. Within a site, means with different
letters are Sgnificantly different from one another (dpha = 0.05). N/A denotes that the sample
sze was ether too smdl for analysis or was not available.
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Soil Properties

Organic Matter

Wetter areas generdly had greater amounts of organic matter compared to drier areas dueto
dower decomposition rates in an anoxic environment. However, this was not definitively observed in
the microtopography of the riparian forestsin this sudy. Overdl, the riparian forests had significantly
greater organic matter than their adjacent upland (Table VI-4), but the elevation difference within the
riparian forests generdly was not significant to allow microtopography to affect organic maiter
accumulation. The percent soil organic matter found in the riparian areas of dl four Steswas
approximately twice that observed dong aflooding gradient in a South Carolina Coastal Plain forest
(Burkeet d. 1999). The difference may be attributable to greater herbaceous biomass, dower
decomposition rates, or different hydroperiodsin this study’s Sites.

Patterns describing changesin organic matter can be correlated with herb and root biomass
trends. The herbaceous component in Pen Branch (AR) increased from wet to dry whereas the root
component decreased from wet to dry, therefore the higher percent organic matter in the dry areas of
Pen Branch (AR) compared to the wet areas may be attributed to the extremely dense herbaceous
biomassin the dry areas. In contrast both herbaceous biomass and root biomass decreased from the
intermediates areas to the dry areas in Pen Branch (NR) and the organic matter increased. Since Pen
Branch (NR) had a greater woody component, litterfal and root inputs may be the dominating factor
for soil organic matter. Herbaceous and root biomass in Fourmile Branch decreased from wet to dry
and there was an associated decrease in organic matter from wet to dry. The reverse occurred in
Meyer's Branch where an increase in herbaceous and root biomass from wet to dry corresponded to
an increase in organic matter from wet to dry. Like that found in Meyer's Branch, Bledsoe and Shear
(2000) found an increase in percent organic matter from awet areato atrangtiond areain aNorth

Carolina Coastd Plain swamp.
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Table VI-4. Soil property means (carbon (%), organic matter (%), bulk density g cm3, total porosity (%), and non-
capillary porosity (%)) for four riparian forests in the Coastal Plain of South Carolina. Standard deviations arein

parentheses (). Meanswith different |etters are significantly different from one another. Means with a small sample
size and therefore no standard deviation were not included in the analysis.

Microtopography
Site Soil Property Wet Int Dry Upland p-value
Pen Carbon (%) 3.0(L6) 45(-) 5.2 (1.7) 4.0(1.8) 0.1056
Branch
(AR) Organic Matter (%) 8.6 b (4.6) 14.8 ab (--) 15.4a(5.0) 8.2b (3.9 0.0325
Bulk Density 0.91 (0.44) 057 (-) 0.60 (0.05) 0.88 (0.09) 0.2094
(gem )
Total Porosity (%) 60.1 (15.8) 72.9 (--) 725 (2.7) 60.6 (4.1) 0.1355
Non-Capillary 19.9(6.9) 17.8 (--) 17.3(4.4) 24.7 (6.0) 0.3374
Porosity (%)
Pen Carbon (%) N/A 3.4ab(--) 48a(1.3) 1.7b(1.2) 0.0079
Branch
(NR) Organic Matter (%) N/A 10.2 &b (--) 13.2a(3.3) 4.6b(2.6) 0.0015
Bulk Density N/A 0.57 a(--) 0.63 a(0.09) 1.05a(0.04) 0.0001
(gem™)
Total Porosity (%) N/A 72.8a(--) 69.5a(4.5) 54.2b (2.6) 0.0010
Non-Capillary N/A 10.8b (--) 15.3b (5.1) 23.0a(5.1) 0.0854
Por osity (%)
Fourmile | Larbon (%) 4.7a(2.7) N/A 29b(0.6) 24Db(1.8) 0.0295
Branch
Organic Matter % 11.9(6.9) N/A 8.8(2.0) 7.4 (5.6) 0.1681
Bulk Density 0.32b(0.18) N/A 0.82a(0.27) 0.83a(0.20) 0.0001
(gem )
Total Porosity (%) 82.4a(6.9) N/A 65.4b (9.7) 60.8 b (7.8) 0.0001
Non-Capillary 20.9b (4.1) N/A 18.7b (4.3) 26.8a(4.6) 0.0035
Porosity (%)
Meyer’'s Carbon (%) 10.1a(4.8) 12.7a(2.9) N/A 3.2b(2.3) 0.0002
Branch
Organic Matter (%) 28.2a(12.0) 32.6a(6.7) N/A 8.6b (5.6) 0.0001
Bulk Density 0.25b (0.05) 0.23b (0.06) | N/A 0.83a(0.33) 0.0001
(gem' 3
Total Porosity (%) 845a(2.2) 84.9a(1.9) N/A 65.3b (11.3) 0.0001
Non-Capillary 14.6 b (3.5) 16.1b (5.2) N/A 24.0a(8.4) 0.0152
Por osity (%)
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The percent organic matter was generdly greater in the riparian forests than the uplands (Table VI-4).
The dry areas of Pen Branch (AR) had significantly greater percent soil organic matter than the wet

areas.

Percent Carbon

The organic matter in the soil is comprised of avariety of decayed materid (leaves, twigs,
roots, macro/micro fauna) and the percent carbon in the soil is a measure of the disproportionate
assortment of these components. Soil type influences chemica interactions between organic matter and
s0il particles, and therefore may affect the percent carbon in the soil. Although not significant, there was
an increase in percent carbon in the soil from the wet areas to the dry areas, except in Fourmile Branch
(TableVI-4). Inthedry areas of Fourmile Branch which had a higher sand component and lower
organic matter, lower percent carbon was observed. In contrast to Pen Branch and Meyer’ s Branch,
but smilar to Fourmile Branch, Reese and Moorhead (1996) found the organic carbon content to
decrease from the center of a Carolina bay to therim. Pen Branch AR & NR had a higher and more
consstently distributed clay component which will retain carbon. In al four sites, the percent carbon

mirrored the increases or decreasesin organic meétter.

Lignin degradation requires O, due to its molecular structure (Robinson 1990) and therefore,
wet areas which have a higher woody species biomass component should exhibit a greater percentage
of organic matter and/or carbon. Both the Fourmile Branch and Meyer’ s Branch riparian forests
exhibited higher organic matter and carbon in the wet areas compared to drier or upland areas possibly

asaresult of the limited oxygen environment in the wet arees.
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Bulk Density/Porosity

Bulk dengty of the soil can influence the distribution and growth of vegetation primarily by
affecting rooting processes and moisture availability. A higher bulk dengity (> 1.4 to 1.6) will redtrict
root growth and reduce water infiltration and internal movement. Since microtopography dictates soil
particle deposition and hydrology, it can aso indirectly affect bulk density.  The incorporation/presence
of organic matter due to higher inputs or dow decomposition rates will aso contribute to alower bulk
density. The lower bulk dendty on the wet areas of Fourmile Branch can be atributed to the greater
organic matter in the wet areas and may be associated with the higher root biomass observed in the wet
aress (Table VI-4). The bulk density in Pen Branch (AR) was associated with the amount of organic
meatter in each area. Lower organic matter in the wet areas had a higher bulk density compared to

higher organic maiter in the dry areas and alower bulk density.

Soil porosity will affect plant growth and stability. Higher macro (non-capillary) porosty will
enhance the movement of roots as well as water and nutrients to the plants. Soil texture will influence
totd porosity, and soil compaction (higher bulk density) will generdly be reflected in lower macro-
porosity. In Pen Branch (AR), the wet areas had fairly low total porosity which was related to the
higher bulk dengity in the wet areas (Table VI-4). Gresater totd porosity and lower bulk density was
found in the intermediate and dry areas of Pen Branch (AR). Totd porosity was smilar for the
intermediate and dry areas of Pen Branch (NR). In Fourmile Branch the connection between total
porosity and bulk density was observed; lower bulk density in the wet areas and higher tota porosity;
bulk dengty increased in the dry areas and the total porosity decreased. The uniform nature of the soils
in the mature riparian forest (Meyer’s Branch) was reflected in the smilar vaues for totd porosity and

non-capillary porosity.
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In dl the adjacent uplands the total porosity was lower than the riparian areas. Non-capillary
porosity comprised gpproximately 40 percent of tota porosity in the uplands compared to
gpproximately 17- 30 percent non-capillary porogity in riparian areas (Table VI-4). Sandier soils,
that are comprised of larger soil particles and less compact packing, in the uplands accounts for the

greater macro porosity.

Distance Gradient / Elevation

The presence of microtopography may confound a relationship between abiotic/biotic factors
affecting productivity in ariparian forest as well as a distance gradient from the stream channd. Since
microtopography is associated with differences in eevation, a connection between eevation and the
same factors may be evident. Very few of the parameters exhibited a linear relationship with distance
from the main stream channd (Table V1-5) because in these Sites, there was a gradud increasein
elevation from the main stream channel, but it was complicated by a complex mosaic of ridge and swae
microtopography comprised of old stream channels, especidly in the younger riparian forests. A low
correlation coefficient was associated with the parameters that had a sgnificant linear modd (Table VI-
6). Thelimited sample Sze may aso have affected the linear relationship. The grester number of
sgnificant linear modeds within the Meyer’' s Branch riparian forest may be reflective of the subtle
microtopography, and fairly uniform soils. The lack of sgnificant linear modelsin Pen Branch (AR)
may be attributed to microtopography, however, the dense herbaceous vegetation in this young riparian
forest absorb flood energies and dter distribution of organic matter and sediment.

The size of shrub and tree plots included the range of microtopography positions dismissng a
microtopography effect. In generd, aboveground biomass did not exhibit alinear relationship with
increasing distance from the main stream channel. Therefore, tree and shrub productivity may not be
subject to a distance gradient when extensive ridge and swale topography confounds a distance
gradient effect. The extendve root system of trees and shrubs adso may buffer differencesin

173



microtopography on stes where ridges and swales coexist within afew feet of one another.

A prominent shrub (Leucothoe axillaris) which was generdly found towards the fringe of the
Meyer's Branch riparian forest was included in the herbaceous sampling and accounts for the grester
amount of herbaceous biomass with increasing distance from the main stream channel. The generd
increase in devation with increasing distance from the main stream channd affects soil moisture and
provides favorable growing conditions for the shrub. Also, in the Meyer’ s Branch riparian forest there
was afairly high correlation between eevation and herbaceous biomass (Table VI-7). Inthe Meyer's
Branch riparian forest herbaceous species richness declined with increasing distance from the main
stream channel due to the predominance of the shrub species which inhibited the growth of other
gpecies. There was little correlation between herbaceous species richness and elevation.
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Table VI-5. P-vaues of the mode for the linear regresson modds (y = mx + b) for four South
Carolina Coastd Plain riparian forests where the independent variable is distance from the main stream
channel. P-values < 0.10 were considered to be significant.

Dependent Variable Pen Branch (AR) Pen Branch (NR) Fourmile Branch Meyer’sBranch
Shrub Biomass (* 97) 0.4332 0.8841 0.1706 0.1173
Tree Biomass (' 97) 0.5875 0.5985 0.7046 0.4873
Total Aboveground 0.9318 0.6395 0.8154 0.4569
Biomass (‘' 97)

NPP (*97) 0.6153 0.9322 0.4962 0.2082
Shrub Biomass (* 99) 0.2537 0.9200 0.1311 0.7533
Tree Biomass (‘' 99) 0.2020 0.9847 0.3938 0.2200
Herb Biomass 0.1370 0.1865 0.3699 < 0.0001 *
Herb %Carbon 0.1837 0.2573 0.1843 0.6639
Herb C Pool 0.1864 0.0248 * 0.0572 * 0.2982
Herbaceous Species 0.8278 0.7012 0.1299 0.0698
Richness

Root Biomass 0.1958 0.0783 * 0.1412 0.0019 *
Root C Pool 0.5977 0.0389 * 0.4323 0.5176
Soil % OM 0.4717 0.4148 0.4842 0.2551
Soil % Carbon 0.3672 0.4530 0.7113 0.1343
Bulk Density 0.4260 0.2601 0.9036 0.0094 *
Total Porosity 0.2771 0.2855 0.7987 0.0139*
Non-capillary 0.1938 0.7971 0.9292 0.0533 *
Porosity

* Significant linear models.
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Table VI-6. Linear equation and correlation coefficient (%) for the variables that had a significant
mode (p <0.10) in Table VI-5.

Dependent Variable Pen Branch (AR) Pen Branch (NR) Fourmile Branch Meyer’s Branch
Herb Biomass - = - r’=0.1939
y =55+ 5.2x
Herb C Pool - r?=0.1323 r’=0.0610
y =35.8+4.2x y =81.2-4.6x
Herbaceous Species -- -- -- r?=0.0168
Richness y =3.5-0.05x
Root Biomass -- I = 0.0449 - r?=0.1086
y =738 - 19x y = 1370 - 50x
Root C Pool - r?=0.1075
y =373 - 14x
Bulk Density - - - r? = 0.2922
y =0.29 - 0.008x
Total Porosity -- -- -- I? = 0.2667
y =82.8 + 0.29x
Non-capillary Porosity - - - r’=0.1742
y =12.1 + 0.52x

A linear increase in the herbaceous carbon poal in the Pen Branch (NR) riparian forest with
distance from the main stream channel may be a combination of species composition, associated
percent carbon, and biomass due to increased stability (lessflood effect) farther from the main stream
channd. The increase or decrease in herbaceous carbon pool visudly mirrored fluctuations in eevation
along the transect. However, correlation between the Pen Branch (NR) herbaceous carbon pool and
elevation waslow (Table VI-7). Thisdemongtrates that the ridge and swale microtopography was
independent of devation. There was alinear decrease in herbaceous carbon pool in the Fourmile
Branch riparian forest. Species composition and percent carbon may till be important factors, but the
influence of flood energy probably does not play asignificant role. Greater herbaceous carbon pools
occurred at dightly higher devations regardless of the distance from the main stream channdl.

However, correlation between the Fourmile Branch herbaceous carbon pool and eevation was aso
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relaively low (Table VI-7). A predominant herb (Commelina virginica) which had ardaively low
percent carbon (Fig. VI-4) was usudly found growing in swaes farther from the main stream channe
and this may account for the relationship.

Table VI-7. Corrdation (r) between eevation and the respective variable for four South Carolina
Coadtd Plain riparian forests.

Variable Pen Branch (AR) Pen Branch (NR) Fourmile Branch Meyer's Branch
Herb Biomass -0.024 0.003 -0.030 0.601
Herb % Carbon 0.362 0.490 0.103 0.050
Herb C Pool -0.230 0.151 -0.288 0.024
Herbaceous Species 0.254 0.051 0.0978 0.107
Richness

Root Biomass -0.452 0.001 -0.410 0.134
Root C Pool -0.262 0.068 -0.084 0.288
Soil % OM 0.331 -0.215 -0.396 -0.562
Soil % Carbon 0.322 -0.256 -0.458 -0.469
Bulk Density -0.451 0.659 0.676 0.146
Total Porosity 0.477 -0.718 -0.674 -0.212
Non-capillary -0.304 0.094 -0.247 -0.212
Porosity

Both the Pen Branch (NR) and Meyer’ s Branch riparian forests exhibited alinear decreasein
root biomass with increasing distance from the main stream channd. The Pen Branch (NR) riparian
forest dso exhibited alinear decrease in the root carbon pool with increasing distance from the main
stream channd. In the Pen Branch (NR) riparian forest most of the root samples were obtained from
relaively dry soils. The drier soils may alow more energy to be directed to the production of shoots
instead of roots resulting in a decrease in root biomass. Soil chemica and physica properties
associated with microtopography or eevation may influence the root carbon pool in the Pen Branch
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(NR) riparian forest. However, there was little correlation between either root biomass or root carbon
pool and devation in the Pen Branch (NR) riparian forest (Table VI-7).  The decrease in root
biomass in the Meyer's Branch riparian forest may be attributed to soil physical propertiesand a
change in vegetation growth form from herbs and shrubsto trees. The genera increase in eevation with
distance from the main stream channe contributes to vegetation change by influencing soil moisture, but
elevation by itsdf haslittle corrdation with root biomass in the Meyer’ s Branch riparian forest (Table
VI1-7). Sgnificant differences in herbaceous and woody vegetation occur with smal differencesin
water table depth (Bledsoe and Shear 2000).

In the Meyer’ s Branch riparian forest bulk density decreased, and total porosity and non-
capillary porosity increased linearly with increasing distance from the main channel. The deposition of
coarser sediments along the stream bank during a flood event may produce a higher bulk density and as
finer particles are deposited farther from the stream the bulk density may become lower. Porosity (tota
and non-capillary) is dso linked to soil particle size and the same explanation would hold true. The
finer particles (clay and silt) would result in greater total porosity and the organic matter component in
the soil would increase non-capillary porosity. Inthe Meyer’s Branch riparian forest a distance
gradient effect was more evident than the dight changes in eevation which were not well corrdated with
soil physicd properties (Table VI-7). In the rlatively mature riparian forest with amore uniform
landscape, flooding events have a greater effect on the distribution of organic matter and sediment,
thereby affecting soil properties.

Conclusion
Wetland scientists can learn more about |landscape scale wetland functions by observing biotic
processes that occur at the micro scae, particularly carbon pools. Topographic heterogeneity within a

riparian forest creates a complex mosaic of microgtes. Microtopography in riparian forestsis closaly
associated with hydroperiod and this microtopography/hydroperiod connection subsequently influences
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herbaceous biomass and species richness, root biomass, soil properties, and ultimately carbon poals.
The magnitude of landscape change (the number of micro-sites, where they are positioned, and the
scae of devation change) will determine herbaceous species digtributions.

Ridge and swae microtopography in riparian forests affected herbaceous and fine root biomass.
Although mogt differences were not significant, there patterns emerged within eech site. The greatest
differences were between herbaceous and fine root biomass in the younger riparian forests versus
upland herbaceous and fine root biomass. There was more herbaceous biomass and less root biomass
in the Pen Branch riparian forests than its adjacent upland forests. In these riparian foreststhere was a
lower percent carbon in the herbaceous component of wet areas compared to intermediate, dry and
upland areas, however, there was no difference in the percent carbon of the fine roots between any of

the areas.

Species richness was influenced by differences in topography. Again the digtinction was more
prominent between the riparian areas and the adjacent upland forests with the upland forests having
greater speciesrichness.

In the young riparian forests which had a sgnificant ridge and swae microtopography, the
impact of flood energy was carried throughout the Site due to the braided nature of current and old
gream channdls resulting in a homogeneous heterogeneity within these Stes which diminated a distance
gradient. Braided stream channels produce an intricate mosaic of ridge and swale topography that will
affect more localized factors and influence forest productivity. In amore mature riparian forest, with
relatively uniform landscape and plant community associations, the effects of a distance gradient was
more pronounced. The only discernible changes observed dong a distant gradient from the main
stream channel were an increase in herbaceous biomass with distance and soil physical propertiesin the

mature riparian forest.
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An accumulation of organic matter closer to the stream was not observed in any of the Stes.
The amount of organic matter deposited during flood events and after waters recede appearsto be
minima. Theinterference of an herb stratum, velocity and magnitude of flood waters, and existing
organic matter pools affect organic matter distribution to and within the riparian forest.

Changesin devation, which generadly correspond to the microtopography, dictate soil moisture
and may influence the ratio of shoot to root growth, and species establishment. However, devation
may not implicitly replace microtopography since it does not necessarily reflect the biotic processes that
occur on aridge or in aswale. As disturbance history plays arole in possibly dtering the hydroperiod
and soil characteridtics, it may result in dissmilar plant community composition and structure. It is
important for wetland managers to redlize that these braided minor stream systems have different

gradients relative to the classc mgor and minor river bottomlands typically discussed.

Redlizing the complexity of riparian forests and the interlocking pieces of the puzzle will provide
abasis for understanding the components and processes governing riparian forests and how they
recover from disturbances. Thiswill dso guide and improve management decisions for restoration
efforts. Specificdly, knowledge that microtopography affects species establishment will enhance
gpecies selection for planting, ensure plant surviva, and contribute to restoration success. The generd
hydrologic and soil properties of the microtopography within a site should be assessed prior to sdecting
the species to be planted to appropriately match species habitat requirements to site conditions. Time
invested up front will decrease the costs of arestoration project. For example recognition of
microtopography and appropriate species could be used to enhance surviva of planted trees on
mitigation Stes, where, unfortunately, linear planting in zones has been therule,
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Summary

The importance of this study was two fold. It provided quantitative data, which is often lacking,
for the complex carbon pools within riparian forests representing different serd stages.  In doing so,
this research also uncovered some of the intricate workings of carbon within these pools. Carbon
pools and fluxes may serve asindicators of riparian restoration, especidly from a vegetation and energy
cycling perspective. This study focused on riparian forests bordering 3 order streams in the Coastal
Main of South Carolina, but the same interactions and connection between terrestrid and aguatic
environments could be extrapolated to riparian areas in other regions and larger stream orders aslong
asthereisastrong hydrologic connection. An underlying assumption in retoration is that if the energy
dynamics and inherent biogeochemical processes are restored everything ese will fal into place.

Succession  Succession, or the continuous change in species compogtion, is different in riparian
areas compared to inland terrestria areas, due to the close association with the aquatic environment
and loca hydroperiod. The repetitive disturbance from flood events may affect the development and
magnitude of carbon pools. Therefore, the more dynamic carbon pools; herbaceous vegetation, litter,

and fine roots, were better indices of serd stage, or recovery from disturbance than the less dynamic

pooals.

Litterfall Litterfal dynamicsin riparian forests are very complex due to the close association with
the sream. Besdes gravity fed inputs of litterfdl, the hydroperiod of an area greeatly influences the
digtribution (redigtribution) of litter components. Despite their fracta nature, the vegetation within
riparian forests adapt to disturbances and proceed in the annud production of litterfall. Litter
production rates of these young riparian forests quickly approached that of the older riparian forest.
The rapid recovery of litterfdl ratesin riparian areas indicates that the establishment and protection of
vegetation within streamside management zone forests could re-establish litter detritus to food webs
more rapidly than expected.
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Decomposition The decomposition process in riparian forests often operates under a different
paradigm. Lessthan ideal conditions due to inundation cause the players of the decomposition process
to be ingenuous, however they function a a dower rate due to the anaerobic conditions. In the young
riparian forests, the decomposition process was not atered by the effects of the therma disturbance
and was independent of serd stage. However, species composition, which isafunction of serd stage,
does affect decomposition rates due to differencesin litter quality. Generaly, litter quality of early
successiona species (i.e., red maple) are designed for rapid incorporation to the energy cycle
promoting forward succession or recovery. However, the early successional speciesin these young

riparian forests (i.e., black willow, ader, and waxmyrtle) exhibited dower decomposition retes.

Microtopography  The hydrologic interaction with the complex ridge and swale microtopography
in the younger riparian forests further demongtrates the ability to use the more dynamic carbon pools for
assessing restoration of vegetation. Vegetation establishment and growth is dictated by the micro
habitats created. During the therma disturbance in these riparian forests, the dtered hydrology may
have criticaly rearranged the flow patterns and changed substrate configuration to the point that the
vegetation recovery pattern may not develop toward afacsmile of its pre-disturbance character. The
prominent ridge and swale microtopography aso confounds any vegetation patterns that would be
based on a distance gradient.

In summeation the most important findings of this research are discussed in the following
paragraphs.

The carbon poolsin these riparian forests indicate thet the riparian forests that were severdly
impected by therma pollution were recovering. Vegetation, which isimportant to riparian functions,
partidly recovers some mgor functions within 10 years. In mature Coagtal Plain riparian forests of the
Southeadt, largest to smallest carbon pools are: trees, soil carbon, and fine roots, followed by smilar
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shrub and litterfal carbon pools and next, the herbaceous carbon pools. Forest floor and woody debris
carbon pools comprised a very small percentage of the total mature riparian forest carbon pool. Also
in the streams of young riparian forests, submerged aguetic vegetation condtituted a fairly important
carbon pool.

Carbon pools and carbon dlocation patterns vary as riparian forest stands age/develop,
particularly with regard to above and belowground patterns. At early serd stages the herbaceous
carbon pool was dmost equivaent to the fine root carbon pool. However, asriparian forests develop,
the herbaceous carbon pool declines and the fine root carbon pool increases.

Carbon sequestration by wetlands (riparian forests) is enhanced by alowing stands to mature,
Mature riparian forests store gpproximately 4 times more carbon than younger riparian forests. The
greatest carbon storage was in the soil in the young riparian forests, and associated with treesin the
meature riparian forest. Managing stands for carbon storage will require understanding and maintaining
the processes that furnish the carbon inputs, i.e. litter dynamics and decomposition.

Litterfal amountsin the disturbed, young riparian forests, except the atificid regeneration site,
were comparable to the undisturbed, more mature riparian forest. Once awoody stratum develops,
the amount of litterfall was comparable between the riparian forests. The rapid recovery of litterfall
suggests thet the recycling of nutrients critica for forest growth is occurring. Rapid litterfal recovery
aso impliesthat carbon inputs (an important energy source) to the aquatic ecosystem are restored. Due
to the nature of litterfall in these riparian forests it can successfully be used as an index of
productivity/recovery.

Litter movement within ariparian forest, and to and from the associated stream, is very

complex. Overdl laterd litter supplied less energy to the stream system than vertica inputs. Inthe
riparian forests where laterd litter movement could be anayzed, more litter was deposited into the
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riparian forest from the stream than from the riparian fore to the stream. However, the influx of
organic matter did not accumulate closer to the stream and must therefore become redistributed. This
demondirates that the possibility exists for the influx of organic matter (nutrients) necessary for biotic
processes, and in riparian forests with ditinct ridge and swale microtopography the influx of organic
maiter is uniformly distributed.

The differencesin litter quality (carbon) need to be acknowledged because they will affect
decomposition rates and subsequent nutrient incorporation processes. Crediting litterfall components
(and other vegetation components) with a set carbon amount (usudly 50 percent) will overestimate
globa carbon modds. More accurate globd carbon estimates may be obtained by utilizing the
appropriate carbon percentages based on forest stand type.

Riparian forest species composition affect decomposition rates. Species with less labile leaves
dow the decomposition rate and subsequent incorporation of organic matter to the soil carbon pool as
well asthe ever sought after nutrients. In riparian forests, decomposition rates are aso affected by the
loca hydroperiod which not only provides undesirable anaerobic conditions, but often during flood
events, sediment is deposited blanketing litterfal inputs further dowing the decomposition process.

Sediment accumulation patterns differed in these riparian forests due to differencesin vegetation
strata and hydroperiod. Lack of a herbaceous layer in the mature riparian forest resulted in greater
sediment deposition to the riparian forest which in turn could be returned to the stream during the next
flood event and adversdly affect water quaity. Hydroperiod in conjunction with vegetation and ol
type can dter sediment deposition patterns independent of forest age. Therefore, maintenance of an
herbaceous layer and knowledge of the current hydroperiod can ensure good water quaity by
mitigating early sediment removas.
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There was alack of mgor differencesin woody debrisin these riparian forests and in dl four
riparian forests woody debris comprised arelatively smdl carbon pool. Fine woody debris comprises
the grestest percentage and will undergo decompostion in ardatively short time. However, coarse
woody debris provides essentid habitat conditions and was limiting in al of the riparian forest.

Developing a means to increase coarse woody debris may be an important management objective.

It isimportant for riparian creation/restoration projects to understand that the dynamics
(hydrologic, plant community, soil) of ayoung riparian forest with braided channels and prominent ridge
and swae microtopography will differ more than in a mature riparian forest. However, thisis not to
imply that creation of thistype of riparian forest system is not warranted. Creating microtopography
may improve recruitment of desirable species by providing avariety of Sites favorable for seed
germination and establishment. The objectives for the riparian forest restoration/creation need to be
thoroughly addressed prior to any congtructive activity. Marked differences in microtopography affect
subsurface drainage due to differences in soil physical properties, vegetation and local watershed
influences and subsequently makes design and implementation of riparian restoration chalenging.

“In science we never actualy prove
anything, we merdly fail to disprove,
and hence we accept the hypotheses
that make up scientific knowledge only
tentatively, which isto say, until
something better comes dong.”

Unknown
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Appendix Figure 1. Elevations for each plot and subplot along the riparian transect based on distance
from the main stream channel towards the upland. The letter designation refers to the principle transect

direction; west (W), east (E), north (N), and south (S). The x-axisis not necessarily linear. The
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Appendix Table 1. List of al species found within Pen Branch, Fourmile Branch, and Meyer’s Branch
riparian and upland areas. Form is classified by tree (T), shrub (S), herb (H), and vine (V). The
wetland indicator status obtained from the USDI-FWS “Nationd list of plant species that occur in
Wetlands: Southeast (Region 2).

Species Code Form Wetland Indicator Status
Acer barbatum Michx. ACBA T
Acer rubrum L. ACRU T FAC, OBL
Aesculus pavia L. AEPA S FAC
Agrimonia sp. H FAC, FACU
Alnus serrulata (Ait.) Willd. ALSE S FACW+
Alternanthera philoxeroides Griseb. ALPH H OBL
Ampelopsis arborea (L.) Koehne AMAR H FAC+
Anemone sp. H
Aronia arbutifolia (L.) Elliott ARAR S FACW
Arundo donax L. ARDO H FACW
Asplenium platyneuron (L.) Oakes ASPL H FACU
Adter spp. H
Athyrium Filix-femina (L.) Roth ALFI H NI
Betula nigra L. BENI T FACW
Bidens spp. H
Boehmeria cylindrica (L.) Swartz BOCY H FACW+
Callicarpa americana L. CAAM S FACU-
Campsis radicans (L.) Seem. CARA \% FAC
Carex lurida Wahlenb. CALU H OBL
Carex spp. H
Carpinus caroliniana Walter CACA T FAC
Carya glabra (Mill.) Sweet CAGL T FACU
Carya tomentosa Nuitt. CATO T NI
Celastrus scandens L. CESC \Y NI
Cephalanthus occidentalis L. CEOC S OBL
Chimaphila maculata (L.) Pursh. CHMA H NI
Cicuta maculata L. CIMA H OBL
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Commelina virginica L. COovi FACW
Cornus florida L. COFL FACU
Cornus foemina Mill. COFO FACW-
Cuscuta gronovii Willd. CUGR NI
Cyperus spp.

Daucua carota L. DACA NI
Dioscorea villosa L. DIVI FAC
Diospyros virginiana L. DIVI2 FAC
Dulichium arundinaceum (L.) Britton DUAR OBL
Epigaea repens L. EPRE NI
Euonymus americanus L. EUAM FAC-
Fraxinus pennsylvanica Marshall FRPE FACW
Galium spp.

Gaultheria procumbens L. GAPR FACU
Gelsemium sempervirens (L.) Ait. GESE FAC
Grasses

Hexastylis sp.

Hydrocotyle umbellata L. HYUM OBL
Hypericum densiflorum Pursh HYDE FACW-
Hypericum mutilum L. HYMU FACW
Hypericum virginicum L. HYVI OBL
Ilex decidua Walter ILDE FACW-
llex opaca Soland. in Ait ILOP FAC-
llex verticillata (L.) Gray ILVE FACW
Impatiens capensis Meerb. IMCA FACW
Ipomoea sp.

Itea virginica L. ITVI FACW+
Juncus effusus L. JUEF FACW+
Juncus spp.

Justica ovata (Walter) Lindau Juov OBL
Leersia oryzoides (L.) Swartz LEOR OBL
Leucothoe axillaris (Lam.) D. Don. LEAX FACW
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Lindera benzoin (L.) Blume LIBE S FACW
Liquidambar styraciflua L. LIST T FAC+
Liriodendron tulipifera L. LITU T FAC
Lobelia cardinalis L. LOCA H FACW+
Lonicera japonica Thunberg LOJA \% FAC-
Ludwigia spp. H

Lycopus spp. H

Lyonia spp. S

Magnolia virginiana L. MAVI T FACW+
Mikania scandens (L.) Willd. MISC \% FACW+
Mimulus ringens L. MIRI H OBL
Mitchella repens L. MIRE H FACU+
Myrica cerifera L. MYCE S FAC+
Nyssa sylvatica Marsh. NYSY T FAC, OBL
Orchis sp. H

Onoclea sensibilis L. ONSE H FACW
Orontium aquatica L. ORAQ H OBL
Osmunda cinnamomea L. OSCl H FACW+
Osmunda regalis L. OSRE H OBL
Ostrya virginiana (Mill.) Koch osvI T FACU-
Parthenocissus quinquefolia (L.) Planch. PAQU \% FAC
Peltandra virginica (L.) Kunth PEVI H OBL
Persea borbonia (L.) Spreng. PEBO S FACW
Pilea pumila (L.) Gray PIPU H FACW
Pinus taeda L. PITA T FAC
Platanus occidentalis L. PLOC T FACW-
Polygonum densiflorum Meisn. PODE H OBL
Polygonum pensylvanicum L. POPE H FACW
Polygonum sagittatum L. POSA H,V OBL
Prunus serotina Ehrhart PRSE T FACU
Quercus alba L. QUAL T FACU
Quercus laurifolia Michx. QULA T FACW
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Quercus michauxii Nutt. QUMI FACW-
Quercus nigra L. QUNI FAC
Quercus phellos L. QUPH FACW-
Rhexia spp.

Rhododendrum viscosum (L.) Torr. RHVI FACW+
Rhynchospora corniculata (Lam.) Gray RHCO OBL
Rubus spp.

Sagittaria latifolia Willd. SALA OBL
Salix caroliniana Michx. SACA2 OBL
Salix nigra Marsh. SANI OBL
Sambucus canadensis L. SACA FACW-
Saururus cernuus L. SACE OBL
cirpus cyperinus (L.) Kunth SCCY OBL
Smilax spp.

Solidago spp.

Sparganium americanum Nultt. SPAM OBL
Sphagnum spp.

Taxodium distichum (L.) Rich. OBL
Thelypteris sp.

Toxicodendron radicans (L.)Kuntze TORA FAC
Tradescantia virginiana L. TRVI FAC+
Typha latifolia L. TYLA OBL
Ulmus alata Michx. ULAL FACU+
Ulmus americana L. ULAM FACW
Vaccinium elliotii Chapm. VAEL FAC+
Vaccinium spp.

Viburnum dentatum L. VIDE FAC
Viburnum nudum L. VINU FACW+
Viola spp.

Vitis vulpina L. VIVU FAC+
Vitis spp.

Woodwardia areolata (L.) Moore WOAR OBL
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Appendix-Table 2. Number of species found within each wetland indicator Satus for the herbaceous

clip plots based on topographic postion. Speciesinclude al forms (tree, shrub, herb and vine).

*Unknown - no species was determined, however, the genusis generadly considered a wetland plant.
NI - no indicator status was listed in the USDI-FWS *Nationd list of plant species that occur in
Wetlands: Southeast (Region 2).

Pen Branch (AR)

Pen Branch (NR)

Fourmile Branch

Meyer’s Branch

Indicator Wet Int Dry Upland Wet Int Dry Upland
Status

OBL 12 10 5 1 3 7 4

FACW+ 2 1 2 1 1 2 2

FACW 5 6 3 3 4 5 4 2
FAC+ 1 1 1 2 1 2 1
FAC 1 3 1 3 2
FAC- 2 1
FACU 2 2
NI 1
Unknown* 10 8 8 8 3 6 12 8
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Indicator Wet Int Dry Upland Wet Int Dry Upland
Status

OBL 8 4 3 2 11 7 1
FACW+ 2 3 2 2 5 3 3
FACW 5 6 7 3 6 9 1 3
FACW- 1 1 1 2

FAC+ 1 1 3 1 1 1 3
FAC 5 6 7 5 1 7
FAC- 2 1 1 3
FACU 1 3 1 1 3
NI 3 1 2 1

Unknown* 7 8 10 9 8 11 1 6




Appendix-Table 3. Species recorded from herbaceous clip plotsin June (J) or August (A) of 1997.
Species recorded only in 1997 (1) or 1998 (2); i.e. if no number follows four |etter code, the species
was recorded both years. Four letter code may be found in Appendix Table 1.

Pen Branch Artificial Regeneration (AR)

Pen Branch Natural Regeneration (NR)

Wet Int. Dry Upland Wet Int. Dry Upland
ALPH 2 AMARJ1 AMAR 2 ARDO 2 Carex J1 ALPH 2 AMARA ARDO 2
AMARJL | ARDOA ARDO A Carex J CIMAA | AMARA Aster 2 Carex 2
BOCY JA BOCY JA BOCY J Galium 2 Covl 2 Bidens 2 Bidens 2 CHMA 2
CALU 2 CALU 2 CALU 2 Grass JA Grass J BOCY JA BOCY JA Galium 2
Carex JA1 | CARA JL Carex JAl Hexastylis IMCA 2 Carex A CALU 2 Hexastylis 2

A
CIMA Carex J1 CEOC 2 MIRE JA JUEF A CIMA J Carex J MIRE A
JAl
COVI JA CIMA A1 Galium J1 ONSE A Juncus COVI A DUAR 2 TORA JA
J1
Cyperus COoVI 2 Grass J1 OSCI 2 LEOR 2 DUAR 2 Galium JA Viola2
Al
Galium J1 CyperusJ1l | HYVI2 TORA J1 ONSE 2 GaliumJ Grass JA
Grass JA DUAR 2 IMCA J WOAR J POPE Grass JA HYUM J
JA1
HYMU Galium J1 JUEFJ SALA HYUM 2 IMCA JA
JAl Al
HYVI 2 Grass A Juncus J1 IMCA JA Ipomomea 2
IMCA 2 HYMU JA Ludwigia 2 JUEF 2 JUEF 2
Ipomomea | IMCA JA POPE J1 LEOR 2 Juncus J1
2
JUEF JA LudwigiaJ | POSA JA1l LycopusJl | Lycopus?2
JuncusJl | PIPU 21 Solidago 2 ONSE J ONSE JA
LEOR 2 PODE Al WOAR 2 PIPU 2 PIPU 2
Ludwigia POPE JA PODE 2 POPE JA
JA
Lycopus2 | POSA JA1 POPE JA1 POSA J1
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MIRI A RhexiaAl SACE 2 Solidago 2
ONSE 2 SACE J1 Solidago 2 Thelypteris
2
Pen Branch (AR) Herbs Continued Pen Branch (NR) Herbs Continued
Wet Int. Dry Upland Wet Int. Dry Upland
PODE A SALA Al TORA 2 TORA 2
POPE JA SCCY 2 Viola2
POSA J Solidago 2 WOAR 2
SALAJ SPAM 2
SCCY A TYLA 2
Solidago
JA
TYLA 2
WOAR J1
Shrubs
Rubus JA Rubus JA Rubus JA EUAM 2 Rubus JA CEOC 2 EUAM A
ILOPJ MY CE J1 ILVE 2
MYCE 2 Rubus JA Vaccinium 2
PEBO 2
Vaccinium
JA
Trees
ACRU J ACRU 2 ACRU 2 CAGL 2
Carya 2 Quercus J
LIST 2 QUNI 2
Quercus J
Vines
PAQU 2 PAQU 2 Smilax JA
Smilax J Vitis JA
VitisA VIVU 2
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Appendix Table 3 Continued.

Fourmile Branch Meyer’s Branch
Wet Int. Dry Upland Wet Int. Dry Upland
Herbs
ALPH 2 AMAR 2 ALFIJ AEPA J1 AMAR 2 Agrimony TORA J AMARJ1
2
AMAR 2 Aster 2 AMAR 2 AMAR 2 BOCY A ALFI JA ARDO 2
BOCY JA BOCY JA ARDO 2 ARDO 2 Carex JA AMAR JA CHMA A
Carex 2 Carex J1 Aster 2 ASPL 2 GESE J1 ARAR A1 Galium JA
CIMA JA CIMA JA1 | BOCY J BOCY JA Grass JA BOCY JA GESE 2
COVI JA COVI JA Carex JA Carex J HYUM JA Carex A Grass J
Galium J1 Galium J1 COoVI 2 DUAR 2 HYVI A Galium J1 Hexastylis
JA
Grass JA Grass J1 DACA 2 GaliumJ IMCA JA1 | GrassJA IMCA J1
HYMU 2 HYMU GaliumJ Grass JA Juov 2 HYUM J MIRE J
JA1
HYVI 2 HYVI 2 GESE J HYDE Al LOCA Al IMCA JA OSCI JA
IMCA JA1 | IMCA JA Grass JA HYMU A1 Ludwigia Juncus 2 TORA JA
J1
JUEF A JUEF J HYMU A HYVI 2 LycopusA | JUQV 2 TRVI 2
LEOR A Lycopus HYUM J IMCA J1 MIRE 2 Lycopus WOAR JA
JA Al

Ludwigia ONSE JA IMCA JA Ipomomea2 | ONSEA MIRE J1
Al
Lycopus 2 PIPU 2 JUEF JA JUEF Al ORAQJA ONSE JA1
ONSE JA PODE A1 Lycopus 2 MIRE JA OSCI A1 ORAQA
PODE JA POPE J1 ONSE JA Solidago J1 OSRE JA Orchis 2
POPE 2 Solidago J PIPU 2 TORA A PEVI JAl PEVI Al
POSA Al WOAR JA SACA 2 PIPU JA PIPU 2
SACEA SCCY 2 POPE J1 POPE Al
SALA 2 Solidago JA RHCO 2 SACA 2
Solidago J TORA J SACA A SACE JA
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WOAR JA SACE JA SALA 2
SALA 2 Solidago 2
Fourmile Branch (Herbs Continued) Meyer’s Branch (Herbs Continued)
Wet Intermedia | Dry Upland Wet Intermedia | Dry Upland
te te
Solidago J1 TORA JA
Sphagnum 2 ViolaAl
TORA JA WOARA
Viola2
WOAR JA
Shrubs
Rubus J ALSE 2 MY CE J1 CAAM J ALSE 2 ITVIJA LEAX AEPA 2
JA
Rubus JA Rubus JA DIVI Al ITVI JA LEAX JA Rubus J Azaleal
EUAM 2 LEAX JA LIBE 2 LEAZ JA
Rubus JA Rubus JA Rubus JA MAVI 2
Vaccinium 2 VIDE JA VIDE JA MYCE J
VINU A RHVI 2
VIDE A
Trees
Carya?2 CaryalJl ACRUJ ACRUJ ACRU JA1
LIST 2 ILOPJ1 FRPE A1 BENI J1 CaryaJl
QULA/NI 2 QULAI/NI 2 LIST J1 CACA 2 ILOPJA
Salix 2 QULA J1 LIST J1
QUPH A PRSE J1
QULA/NI JA
Vines
Vitis2 CARAJ CARAJ CARA J1 CESC 2 CESC 2 LOJA 2
CESC 2 PAQU J1 CESC2 LOJA 2 PAQU J
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PAQU J Smilax J LOJA 2 PAQU J Smilax JA
Smilax 2 Vitis JA PAQU JA Smilax JA Vitis JA
VitisJ Vitis 2
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Appendix Table-4 Regresson equations for determining tree and shrub biomass.

Shrub Species Equation DBH Reference
Range/r?
Acer rubrum, A. bacata 380.508 + 31.52 * (DBH?,,* Ht,,) r’=0.9562 | Hauser
Aronia arbutifolia
Alnus serrulata, Callicarpa EXP (3.124 + (2.7354 * Ln (DBH_,))) Mader
americana, Forestiera Myrica cerifera, Sambucus canadensis,
acuminata, lieavirginiana, Vaccinium, Viburnum dentatum
Carpinus Caroliniana 108.511 + 30.207 * (DBH?,* Ht ) r’=0.9554 | Hauser (OXAR)
((3.29895 * (DBH,,, 2 ))*1.19583)* 450 Clark (Carya)
Carya glabra ((3.299 * (DBH,, ?)) " 1.196)* 450 Clark
Cephalanthus occidentalis (10°(-0.712 + 1.744 * log (DBH,,,)) * 1000) Muzika
Cornus foemina 107 (2.54 +(1.928 * log (DBH,))) P& C' (COFL)
Diospyros virginiana ((1.822* (DBH,, %) ~ 1.264)* 450 Clark
Fraxinus pennsylvanica, EXP(4.149 + (2.203*Ln (DBH_,,))) 2-48 mm Mader (FRCA)
Aesculus pavia
Ilex opaca, |. glabra, 337.443 + 42.665 * (DBH?,,* Ht ;) r’=0.9947 | Hauser
|. decidua
Persea borbonia
Liquidambar styraciflua 80.364 + 22.603 * (DBH?,* Ht ) r?0.9868 Hauser
Liriodendron tulipifera 10~ (2.165 + (2.363 * log (DBH,))) P& C
Magnolia Virginiana -122.84 +29* (DBH?,* Ht,) r’=0.8840 | Hauser
Nyssa sylvatica ((0.175* (DBH,, % * Ht,)) ~ 0.91)*450 Hauser (soft Hdwd)
565.7 +26.653 * (DBHZ,,* Ht ) r=0.9510
Ostrya virginiana 755.121 + 42.751 * (DBH?* Ht ;) Hauser
HYDE
Pinus taeda (10~ (-1.029 + 0.988 * r’=0.9056 | Hauser
log((DBH;, % * Ht,,))) * 450
Quercus velutina, Q. 108.511 + 30.207 * (DBH?,* Ht ) Hauser
laurifolia, Q. nigra,Q. lyrata 1280.568 +39.4 (DBH’,* Ht ) r*=0.9376
Sabal minor Rachis EXP (-10.38 + (2.72*Ln(Rachis,))) Ghoetz
Frond -13.31 + (0.85*Frond )
Salix nigra, Betula nigra (10"(-1.017 + 2.07 * log (DBH,,,)) * 1000) Muzika
Taxodium distichum EXP (4.247 + (2.144* Ln (DBH.,,))) Mader
Ulmus americana 10~ (2.22 +(2.391* log (DBH,.))) P& C (ULRU)
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Appendix Table-4 continued.

Tree Species Equation DBH Reference
Range/r?

Acer rubrum, Fraxinus ((0.149* (DBH,,?* Ht,)) * 0.94)*450 r’=0.99 Hauser

pennsylvanica, Platanus 8.299 + 0.3714*DBH, r’=0.3172 Clark et al.

occidentalis, Sambucus 9.76 + 3.9*DBH;,

canadensis

Alnus serrulata, Myrica cerifera EXP (3.124 + (2.7354 * Ln (DBH,)))) Mader

Carpinus caroliniana, Ilex opaca, ((0.2251* (DBH,,2* Ht,)) » 0.924)*450 r’=0.99 Hauser (Hd

Ostrya virginiana Hdwd); Clark et
al.

Carya glabra ((3.299 * (DBH,, )) " 1.196)* 450 Clark

((1.613* (DBH,, ?)) ~ 1.334)* 450 P&C > 11"

Cephalanthus occidentalis (107(-0.712 + 1.744 * log (DBH,,)) * 1000) Muzika

Cornusflorida 10" (2.54 + (1.928 * log (DBH_,,))) P& C

Diospyros virginiana ((1.822* (DBH,, %) " 1.264)* 450 Clark

Liquidambar styraciflua, Tilia ((0.132* (DBH,, > * Ht)) " 0.9416)* 450 r?=0.99 Hauser

americana Clark et al.

Nyssa sylvatica, MAAN ((0.175* (DBH,, 2 * Ht,,)) * 0.91)*450 r’=0.99 Hauser (soft
Hdwd); Clark
etal.

Pinus taeda (10~ (-1.029 + 0.988 * r?=0.99 Hauser;

log((DBH,,?* Ht))) * 450 Clark & Taras

Quercus alba ((0.2* (DBH,, 2 * Ht,)) ~ 0.939)*450 r’=0.99 Hauser;
Clark et al.

Quercus nigra ((0.237* (DBH,,, > * Ht)) " 0.923)*450 r?=0.99 Hauser;
Clark et al.

Salix nigra, Betula nigra (10~ (-1.017 + 2.07 * log (DBH,,,)) * 1000) Muzika

Taxodium distichum ((0.1066 * (DBH,, 2 * Ht,,)) » 0.935)*450 Mader

Ulmus americana, U. alata 10" (2.22 + (2.391 * log (DBH,,))) P& C (ULRU)

1) P& C refersto Peet and Council
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