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ABSTRACT 

A freshwater floodplain swamp ecosystem, Creeping Swamp, on the 1 ower 
Coastal Plain of North Carolina was the site of intensive, coordinated 
studies of system structure and functioning focused on organic carbon 
and phosphorus. The swamp, usually flooded in winter and early spring 
by darkly-colored water low in conductivity, pH, and plant nutrients, 
supports a typical deciduous hardwood bottomland forest. The investiga- 
tions emphasized field measurements of the major compartments and of the 
dominant fluxes between these compartments in the natural swamp for two 
years. In addition the fluxes of carbon and phosphorus into and out of 
the swamp ecosystem were determined and material budgets were constructed. 
The abundances of iron and manganese in several physical and chemical forms 
in water and soils were also measured. 

Most of the organic C in the swamp ecosystem (22 kgem'2) was present 
in living trees and sap1 ings (63%), and almost all of the remainder occurred 
as swamp floor litter, logs, and soil organic matter (to $5 cm depth). 
Annual inputs to the swamp in 1977 amounted to 902 g Gem- ayr-l of which 
21% was organic C in stream flows into the swamp and 77% was net primary 
productivity of trees, saplings, shrubs and herbs. Internal cycling of 
organic carbon, amounting to 352 g cem-?eyr-l, was comprised of litterfall 
(77%), macro1 i tter ( I  7%), and throughfall and sternf low (6%). Organic C 
outputs from the swamp (541 g corn-2ayr-l)were partly provided by stream 
flow (40%) but mostly by litter respiration when the swamp was not flooded 
(45%), by aquatic benthic respiration (8%), water column respiration (5%) ,  
and anaerobic respiration (2%). The swamp exported organic C (about 
20 g ~ . m - ~ a ~ r - l ) ,  mostly as dissolved and colloidal humic material s. 

Most of the phosphorus in the swamp ecosystem (about 39 g pornm2) 
was in the upper 25 cm of soil (86%), with the remainder mostly in above- 
ground vegetation. Annual P input to the ecosystem (1 050-1 2%) mg  em-2.yr-1) 
was carried predominantly by surface waters (94%),  with bulk precipitation 
delivering the rest. Internal P cycling consisted for the most part in 
filterable reactive P uptake from the floodwaters to algae and to the forest 
floor, and sedimentation; a substantial portion of this uptake supported 
the vegetation cycle from tree roots to canopy to litterfall and throughfall 
back to the swamp floor. Much of the particulate P in the floodwaters 
sedimented out on the swamp floor. The swamp floor also returned filterable 
unreactive P back to the water. There was marked retention of phosphorus 
by the swamp resulting in very low P concentrations in the water downstream. 

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

Floodplain swamps are  closely 1 inked to  most Coastal Plain streams. 
These swamp ecosystems include not only the structural elements such as 
the stream, the swamp fo res t ,  the atmosphere, the s o i l ,  and the fauna, 
b u t  a1 so the functional a t t r ibutes  such as primary productivity and nutrient 
cycl ing. One natural floodplain swamp ecosystem, Creeping Swamp, on the 
lower Coastal Plain of North Carolina, was selected for  intensive f i e ld  
studies of phosphorus and organic carbon as they exis t  in the structural 
matrix and as they cycle into,  out o f ,  and within the ecosystem. The 
study area,  about 3.2 km2,  supports a deciduous bottom1 and hardwood forest  
which was l a s t  cut about 40 years ago, Although flooding may occur a f t e r  
heavy rains in any season, continuous flooding of the swamp usually occurs 
in winter and spring. The flood waters are  typically c lear ,  dark-colored, 
acid, and low in conductivity and plant nutrients.  The studies reported 
here show deta i l s  of swamp structure and functioning through the storages 
and processing of organic carbon and of phosphorus. Investigation of the 
physical and chemical forms of carbon, phosphorus, iron, and manganese 
give insight into the many interactions between the water, the s o i l s ,  and 
the swamp vegetation. 

The largest compartments of organic C were the l iving t rees  and saplings 
(13.8 kg C o r n - 2 )  and the l i t t e r ,  logs, and soil  organic materials ( t o  25 cm) 
(8.2 kg c o r n - 2 )  of the swamp f loor .  Shrubs, herbs, and algae amounted to  
less  than 25 g C s m - 2 .  Important processes of organic carbon cycling of 
the swamp ecosystem were measured and an annual organic carbon budget was 
constructed fo r  calendar year 1977. Major inputs included the organic C 
in hydrologic flows from upstream and t r ibutar ies  (192 cj ~ - m - 2 * ~ r - l ) ,  from 
rainfal l  (2.4 g ~ . m - 2 * ~ r - l )  , and from net aboveground primary productivity 
(706 g ~ - m - 2 e ~ r - l ) .  Net aboveground primary pro ucti i t y  was comprised 8. -v  of t r ee  and sapling net productivity (676 g C a  ' yr  ) and shrub and 
herbaceous plant net productivity (1 6.7 g C*m-y-yr-l ) during the warm season, 
and algal net productivity (14.1 g corn-2.yr-1) during winter and early 
spring. Tree and sap1 ing net aboveground ~ r o d u c t i v i t y  was fur ther  frac- 
tioned into net wood increment (324 g C o m e  eyr - I ) ,  l i t t e r f a l l  (272  g 
~ * m - 2 - ~ r - l ) ,  macro-1 i t t e r f a l l  58.9 g C*m-2Wyr-l), and net throughfall and 
stemflow leaching (20.7 g C*m-kyr-1). Major outputs were organic C in 
hydrologic flows of surface water (21 4 g ~ -m-2-y r - l )  and heterotrophic 
respiration (327 g  em-2-yr-1) . Respiration was strongly dependent on 
temperature and on extent of flooding. I t  was partitioned into respiration 
in the water column (25.5 g ~ - m - 2 . ~ r - l )  on the swamp floor when flooded 
(45.9 g ~ * m - ~ e ~ r - l )  and dry (246 g ~ * m - l e y r - l ) ,  and metabolism under 
anaerobic conditions (9.8 g C-m-2eyr-1). Total inputs of organic C t o  the 
ecos stem exceeded total  outputs by 361 g C*m-2eyr-lY with a1 1 b u t  38 g 
C-m-5.yr-I of t h i s  in net wood increment. Creeping Swamp was in approxi- 
mate balance with regard to  de t r i ta l  flows in 1977 and no peat or large- 
scal e de t r i tus  accumulations were observed. 

x i x  



Many swamp ecosystems are  very productive. Those with water flow 
and hydrologic inputs of nutrients from upstream areas, such as small 
swamp-streams and larger riverine swamps, may be among the most productive 
forested ecosystems, particularly in terms of annual plant l i t t e r f a l l .  
Creeping Swamp had intermediate levels of plant biomass and high annual 
net primary productivity, compared to  other swamps. Compared to upland 
fores ts ,  however, Creeping Swamp had high biomass and annual net primary 
productivity. 

Swamps are  often areas of de t r i tus  and peat accumulation due to  
ineff ic ient  decomposition under oxygen s t r e s s  (Given 1975). Oxygen s t r e s s  
in swamp-streams, such as Creeping Swamp, may n o t  be important due to  water 
flow and alternating flooded and dry conditions. Leaching and respiratory 
outputs balanced inputs of de t r i t a l  organic carbon to the swamp f loor .  
There was no apparent accumulation of de t r i t a l  organic carbon in Creeping 
Swamp. 

Swamp waters have higher DOC concentrations than do those in upland 
watersheds. This i s  probably the resu l t  of increased leaching of plant 
de t r i tus  due to  longer contact times between ground l i t t e r  and surface 
water and increased evapotranspiration i n  swamps. There was no c lear  
difference in weighted mean annual DOC concentrations between seven natural 
and channelized streams in eastern North Carolina. The important factor  
controlling mean annual DOC concentration in these streams may be the 
amount of swamp drainage relat ive to  the en t i re  watershed. Streams 
draining watersheds with similar fractions of swampland usually have similar 
mean annual DOC concentrations. 

Watersheds draining swamps export more organic carbon per uni t  of 
runoff than do upland watersheds, apparently due to  increased export from 
the swamp portion of the watershed. Creeping Swamp i t s e l f  exported more 
organic carbon per unit area than did the watershed drained by i t .  Swamps 
with hydrologic regimes involving surface water flow-through are  l ike ly  
s i t e s  of relat ively large organic carbon leaching and export. 

Most of the export of organic carbon from Creeping Swamp was in the 
dissolved form due to  leaching processes and relat ively low water veloci t ies .  
While dissolved organic C ( D O C )  i s  not readily u t i l izable  by consumer 
organisms, transformation t o  the par t iculate  s t a t e  may greatly enhance i t s  
ava i lab i l i ty .  DOC precipitation, while not important i n  most freshwaters 
(Lock and Hynes 1976), has been shown to increase dramatically as fresh- 
water and seawater mix in estuaries (Shol kovitz 1976; Gardner and Menzel 
1974). DOC export from swamps in coastal areas may be extremely important 
in maintaining high estuarine secondary productivity as a resu l t  of DOC 
precipitation and retention in estuaries.  

The two most important compartments with regard to  organic C a lso 
contained most of the phosphorus. Most of the P was in the upper 25 cm 



o f  s o i l  (32-35 g  porn-')* and i n  above-ground vege ta t i on  (5.5 g  
Phos horus was much l e s s  abundant i n  t h e  f o r e s t  l i t t e r  l a y e r  (370-540 mg 
Porn-!) and i n  f l oodwa te rs  (0-10 mg porn-2). 

The g r e a t e s t  source o f  phosphorus t o  t h e  ecosystem was i n  su r f ace  
wate r  i n f l o w  (980-1 200 mg ~ . m - 2 * y r - l )  . P r e c i p i t a t i o n  i n p u t s  were re1  a t i v e l y  
smal l  (60-79 mg ~ * m - 2 - ~ r - l ) .  A hog farm d ra ined  by a  t r i b u t a r y  t o  t h e  
swamp g r e a t l y  increased impor ts  o f  f i  1 t e r a b l e  r e a c t i v e  phosphorus (FRP) 
and a r t i c u l a t e  phosphorus. Dur ing t h e  two years  o f  study, 22-29 mg 
P-m-gmyr-1 was expor ted  by sur face  waters,  g i v i n g  30-57% r e t e n t i o n  o f  
phosphorus i n p u t s  t o  t h e  swamp. FRP was r e t a i n e d  d u r i n g  bo th  years ,  whereas 
smal l  n e t  amounts o f  f i l t e r a b l  e  u n r e a c t i v e  phosphorus (FUP) were expor ted  
f rom t h e  ecosystem. Impor ts  and expor ts  o f  p a r t i c u l a t e  phosphorus were 
n e a r l y  equ i va len t  one year ;  impor ts  increased by 2.5 t imes t h e  n e x t  yea r  
w i t h o u t  s i g n i f i c a n t  change i n  expor ts ,  r e s u l t i n g  i n  a  l a r g e  n e t  r e t e n t i o n .  

T rans fe rs  o f  phosphorus w i t h i n  t h e  ecosystem occur red  p r i m a r i l y  between 
canopy vege ta t i on  and t h e  f o r e s t  f l o o r ,  and f l oodwa te rs  and t h e  f o r e s t  
f l o o r .  Annual r e t u r n  o f  phosphorus f rom t h e  canopy t o  t h e  f o r e s t  f l o o r  
(390-480 mg ~ - m - 2 e y r - l )  , i n  l i t t e r f a l l  (313-329 mg ~ a m - z = y r - l ) ,  branch- 
f a l l  (22 mg ~ - m - 2 * ~ r - l ) ,  and t h r o u g h f a l l  and s temf low (59-131 mg ~ - m - 2 a y r - l ) ,  
was s i m i l a r  t o  average s tand ing  s tocks  o f  phosphorus i n  l i t t e r  on t h e  
f o r e s t  f l o o r ,  i n d i c a t i n g  a t u rnove r  t ime  o f  about one y e a r  f o r  t h i s  compon- 
en t .  On t h e  average, p a r t i c u l a t e  P and FRP moved f rom f l oodwa te rs  t o  t h e  
f o r e s t  f l o o r  (-1 72 and -71 0  t o  -1 100 mg ~ e m - ~ * ~ r - l ,  r e s p e c t i v e l y ) ,  whereas 
FUP was re l eased  f rom t h e  f o r e s t  f l o o r  t o  f l oodwa te rs  (340 mg ~ - m - 2 * y r - l ) .  

Impor ts  and expo r t s  due t o  f e r t i l i z a t i o n  (250 mg ~ - m - ~ * y r - ' )  and 
ha rves t i ng  o f  crops (100 mg ~ . m - 2 . ~ r - l )  i n  t h e  e n t i r e  watershed over -  
whelmed n a t u r a l  impor ts  i n  p r e c i p i t a t i o n  and expo r t s  i n  sur face waters,  
even though c rop  lands  covered o n l y  25-30% o f  t h e  watershed. By i t s  
l o c a t i o n  a t  t h e  base o f  t h e  watershed, t h e  swamp f l o o d p l a i n  ecosystem 
r e g u l a t e d  t h e  amount and fo rm o f  phosphorus l e a v i n g  t h e  watershed i n  
su r f ace  waters.  S ince f l u x e s  o f  phosphorus t o  and f rom t h e  ecosystem were 
p redominan t l y  hyd ro log i c ,  t h e y  were s i g n i f i c a n t l y  g r e a t e r  d u r i n g  s torm 
f l o w  pe r i ods .  Phosphorus c y c l i n g  i n  t h e  swamp f l o o d p l a i n  ecosystem was 
dominated by l a r g e  exchanges between f l oodwa te rs  and t h e  f o r e s t  f l o o r .  
The s tand ing  s tocks  o f  phosphorus i n  f loodwaters  were ex t reme ly  smal l  
compared t o  annual f l u x e s  t o  and f rom t h i s  compartment. Measured exchange 
r a t e s  o f  bo th  FRP and FUP between t h e  f o r e s t  f l o o r  and f l oodwa te rs  were 
much g r e a t e r  than  n e t  f l u x e s  es t imated  f rom budget c a l c u l a t i o n s  f o r  t h e  
whole ecosystem, i m p l y i n g  r a p i d  r e c y c l i n g  between t h e  two components. 
FRP f l u x e s  a t  t h e  f o r e s t  f l o o r - w a t e r  i n t e r f a c e  were under cons ide rab le  
b i o l o g i c a l  i n f l u e n c e ,  e s p e c i a l l y  a  f i l amen tous  a lgae  bloom d u r i n g  t h e  
f looded season. However, t h e  low l e v e l s  o f  FRP i n  t h e  f loodwaters  and 
t h e  s t r o n g  response o f  f l u x  r a t e s  t o  FRP increments suggested t h a t  t h e  
magnitude of  these  exchanges were c o n t r o l l e d  by ambient FRP concen t ra t i ons .  

*Ranges shown i n  parentheses a r e  va lues  f o r  Water Years 1977 and 1978. 



The f o r e s t  f l o o r  thus appeared t o  have a  h i g h  a f f i n i t y  f o r ,  and was n o t  
sa tu ra ted  w i t h  r espec t  t o ,  phosphorus. Of t h e  phosphorus r e t a i n e d  by 
t h e  swamp ecosystem, some was s to red  i n  above-ground p l a n t  biomass. The 
remainder may have accumulated i n  r o o t s  o r  i n  t h e  s o i l .  

Senescence, death, and decomposit ion o f  t h e  a lgae  p robab ly  r e l eased  
t h e  P  which had been accumulated f rom f loodwaters  t o  t h e  f o r e s t  f l o o r  and 
r o o t s  o f  vascu la r  p l a n t s  when t h e i r  n u t r i e n t  demand was g r e a t e s t .  Canopy 
r e t u r n  o f  phosphorus was rough l y  e q u i v a l e n t  t o  t h e  average s tand ing  s t o c k  
o f  phosphorus i n  t h e  ground l i t t e r ,  i m p l y i n g  a  one yea r  t u r n o v e r  t i m e  o f  
phosphorus i n  l i t t e r .  Th i s  s h o r t  t u rnove r  t ime,  t h e  l a c k  o f  a  d i s t i n c t  
f e rmen ta t i on  o r  humus l a y e r  i n  t h e  f o r e s t  f l o o r ,  and observed g rowth  o f  
su r f ace  r o o t s  i n t o  ground l i t t e r  po in ted  t o  t i g h t  r e c y c l i n g  o f  v e g e t a t i o n  
phosphorus. 

Phosphorus c y c l i n g  i n  bo th  t h e  Creeping Swamp watershed and i n  t h e  
f l o o d p l a i n  ecosystem was cha rac te r i zed  by t h e  n e t  r e t e n t i o n  o f  phosphorus 
even under t h e  p ressure  o f  increased i n p u t s  due t o  hog fa rm re leases .  
Movement o f  phosphorus f rom t h e  watershed as a whole and f rom t h e  f l o o d -  
p l a i n  i t s e l f  appeared t o  be h y d r o l o g i c a l l y  c o n t r o l  l e d .  Sur face  water  f l o w  
i n  t h e  watershed and swamp f l o o d p l a i n  v a r i e d  i n  response t o  r a i n  storms, 
seasonal ly ,  and f r om yea r  t o  year .  Phosphorus t r a n s p o r t  d u r i n g  s torm 
f l o w  pe r i ods  was a  s i g n i f i c a n t  component of t o t a l  annual f l u x e s  (Kuenzler ,  
e t  a1 . 1977; Yarbro 1979). The p a r t i c u l a t e  phosphorus f r a c t i o n  inc reased  -- 
i n  c o n c e n t r a t i o n  d u r i n g  s torm f l ow  pe r i ods ,  e s p e c i a l l y  downstream o f  
a g r i c u l t r u a l  areas o r  i n  channe l i zed  t r i b u t a r i e s .  I n  t h e  absence o f  known 
p o l l u t i o n  i npu t s ,  FRP and FUP f r a c t i o n s  showed l i t t l e  change i n  concen t ra -  
t i o n  d u r i n g  s torm f l o w  due t o  b u f f e r i n g  processes i n  t h e  ecosystem. There- 
f o r e ,  expo r t s  o f  these f r a c t i o n s  were c l o s e l y  r e l a t e d  t o  t h e  t o t a l  t r a n s p o r t  
o f  water .  Grea tes t  water  expo r t s  f rom t h e  swamp occur red  d u r i n g  t h e  w i n t e r  
and e a r l y  s p r i n g  when vege ta t i on  was dormant and h e t e r o t r o p h i c  processes 
dominated i n  t h e  ecosystem. Desp i te  t h e  l a r g e  su r f ace  area o f  t h e  swamp 
f o r e s t  f l o o r  and t he  l a r g e  volume o f  wa te r  pass ing  th rough t h e  swamp eco- 
system, expo r t s  were v e r y  low under und i s tu rbed  c o n d i t i o n s .  

Runof f  f rom t h e  Creeping Swamp watershed d i f f e r e d  by a  f a c t o r  o f  t h r e e  
between t h e  two yea rs  s tud ied .  I n  s p i t e  o f  g r e a t e r  r u n o f f  i n  t h e  second 
year ,  expo r t s  o f  p a r t i c u l a t e  P  remained q u i t e  s i m i l a r  t o  t h e  y e a r  be fo re .  
Because o f  i t s  l o c a t i o n  a t  t h e  base of t h e  watershed, t h e  swamp ecosystem 
may have reduced t h e  e f f e c t s  o f  e r o s i o n  (sur face  wate r  sediment t r a n s p o r t )  
o c c u r r i n g  i n  a g r i c u l  t r u a l  areas and i n  channel i z e d  streams. FRP e x p o r t s  
dropped d r a m a t i c a l l y  d u r i n g  t h e  yea r  o f  g r e a t e r  r u n o f f ,  due t o  a  sharp 
d e c l i n e  i n  i n p u t s  f rom t h e  hog farm. However, FUP expo r t s  inc reased  n e a r l y  
t h r e e  t imes  between t h e  two years ,  suggest ing t h a t  FUP o r i g i n a t e d  f r om 
l each ing  processes which were water-vo l  ume dependent. 

Phosphorus i n  t h e  swamp waters  was q u i t e  l ow  i n  c o n c e n t r a t i o n  and 
p redominan t l y  f i l t e r a b l e  i n  s i ze ,  when p o l l u t i o n  sources were absent.  
Large q o r t i o n s  o f  FRP and FUP were c o l l o i d a l  i n  s i z e  r a t h e r  than  t r u l y  
d i sso l ved .  
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Phosphorus cycling i n  Creeping Swamp was s imi lar  t o  t h a t  of o ther  
wetlands i n  two basic respects:  the g rea tes t  s torage of phosphorus was 
i n  the  sediments, and f luxes  and exports were c lose ly  linked with water 
movement. The accumulation of phosphorus by Creeping Swamp floodplain 
ecosystem was s imi lar  t o  values measured in o ther  wetlands with the  excep- 
t ion of brackish and s a l i ne  marshes. Net accumulation of phosphorus by the  
swamp suggests t ha t  the ecosystem i s  accret ing in biomass and thus i s  not 
in steady s t a t e  and the youth of the swamp fo r e s t  (40-50 years)  1 ends 
support t o  t h i s  conclusion. More precise assessment of phosphorus accumula- 
t ion by the ecosystem awaits measurements with l e s s  experimental e r ro r  
and be t t e r  understanding of e f f ec t s  of annual va r ia t ions  in the hydrological 
budget . 

When the  pathways of phosphorus and organic carbon cycling i n  Creeping 
Swamp a r e  compared, several s t r i k ing  di f ferences  a r e  evident. In stream 
waters, organic carbon was primarily i n  dissolved form (85-98% of t o t a l  
organic carbon, TOC)  (Mu1 hol land 1979). Par t i cu la te  phosphorus concentra- 
t ions ,  on the other  hand, tended t o  be the l a rge s t  f rac t ions  in stream 
waters. T0C:TP r a t i o s  (by atoms) in stream waters averaged 7400: 1 and 
1140:l in 1976 and 1977, respect ively ,  with maximum r a t i o s  i n  TB-03 and 
TB-07 waters (1830-3OgO: 1 ) and minimum r a t i o s  in TB-02 waters (41 -52: 1 ) .  
These large  r a t i o s ,  with the exception of those found a t  TB-02, suggest 
t h a t  the  swamp ecosystem i s  severely phosphorus l imi ted,  e spec ia l ly  with 
respect  t o  u t i l i z a t i on  of hydrologic organic carbon. 

Inputs of carbon t o  the swamp were in atmospheric (78%) and hydrologic 
( 2 2 % )  forms, whereas hydrologic inputs were the sole  source of phosphorus 
t o  the ecosystem. When hydrologic inputs and outputs a r e  compared, the  
swamp ecosystem exported net  amounts of organic carbon (Mu1 hol land 1979). 
This was ref lec ted in the increase in annual weighted mean concentrat ions 
of organic carbon from CP-20 t o  CP-10 and in the  change in the  C : P  r a t i o s  
in hydrologic inputs (500: l )  t o  hydrologic outputs (740 : l ) .  When atmos- 
pheric inputs of carbon a r e  included in the  ecosystem carbon budget, the  
uptake of carbon in net  primary productivi ty resulted in a large  net  
increase in carbon i n  the  ecosystem. Within the ecosystem, the r a t i o  
of carbon t o  phosphorus in l i t t e r f a l l  (2240:1), branch-fall (6920:1), 
throughfall and stemflow (881 : 1 ) , r e f l e c t s  the  phosphorus economy of the 
swamp biota .  

Iron and manganese in natural swamp water and s o i l  were separated 
ana ly t i ca l ly  i n to  a number of chemical and physical forms. Not only did 
the  t o t a l  concentrations in the  water change before and during the  annual 
period of flooding b u t  the proportions of the  various forms a l so  changed. 
High leve l s  of Fe and Mn were found in stagnant pools in the  stream channel 
in October p r io r  t o  f a l l  flooding. Par t i cu la te  and col lo idal  Fe and Mn 
were usually dominant in these  pools, with c ry s t a l l i ne  mineral and reduc- 
i b l e  forms being most important. The f i r s t  f lcod in November brought 
s t i l l  higher l eve l s  of pa r t i cu l a t e  Fe and Mn s trongly dominated by the  
c ry s t a l l i ne  mineral forms. During the period of nearly constant swamp 
flooding (December-April) pa r t i cu l a t e  Fe and Mn concentrations were lower 
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and variable, b u t  were predominantly crystal1 ine in form. Colloidal and 
dialyzable f e r r i c  iron were of similar importance, b u t  colloidal unreactive 
ferrous iron and dialyzable Mn were more important than dialyzable ferrous 
iron and colloidal Mn, respectively, during the flood season. 

The colloidal and dialyzable iron i n  swamp water which reacted with 
batho henanthroline was ent i rely f e r r i c  and seldom exceeded 0.10 mg e Fe.1- . Iron in soil  pore water, however, had 2-15 times as much Fez' as 
~ e 3 + ,  reaching concentrations as high as 2.0 m Feel-1. Even the BPN- 
reactive Fe3' was always a t  leas t  0.1 mg Fe.1-7, and thus usually a t  a 
higher concentration than occurred in the overlying water. 

The iron associated with swamp so i l s  was mostly in c rys ta l l ine  mineral 
form; t h i s  form usually increased with depth in the so i l .  Next in impor- 
tance were reduci bl e iron oxides which, however, general ly  decreased i n 
concentration with depth. Highest concentrations of soil  Mn were found 
in exchangeable and reducible forms in the leaf l i t t e r  layer. A t  greater 
depths in the soi l  crystal l ine Mn usually was most important. The presence 
of both oxidized and reduced forms of iron in the soil  i s  probably a 
consequence of non-equi 1 i bri um conditions in the soi 1 whereby redox potential 
varies markedly over short distances. 

Part iculate  P concentrations were posit ively correlated with unreactive 
part iculate  Fezt and ~ e 3 +  concentrations in floodwaters suggesting co- 
precipitation or complexation of P with Fe on particulates.  Other correla- 
t ions between reactive forms of P and Fe, Mn, and organic C were not signi- 
f icant ,  suggesting that experimental studies are necessary to  elucidate 
these interactions.  

Recommendations 

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

The State  of North Carolina should commit i t s e l f  to protection of 
floodplain swamp ecosystems along i t s  r ivers  and streams. The natural 
functioning of these floodplain systems provides real values in terms 
of hydrology, sediment control,  reduction of excessive plant nutr ients ,  
production of par t icular  timber species, nursery areas for  f i s h ,  and 
outdoor recreation. A previous study (Kuenzler, e t  a l .  1977) demon- 
s t rated the controls which swamp ecosystems have s o n w a t e r  qua1 i ty .  
The high level of productivity demonstrated in the present study, and 
in par t icular  the magnitude of organic carbon flux through the leaf- 
l i t t e r - d e t r i t u s  pathway, suggests a very important food base for  swamp 
f ishes and other wildl i fe .  The remarkable a b i l i t y  of the flooded 
swamp ecosystem to t ransfer  phosphate from the water to  the so i l  has 
s ignif icant  implications for  water quality not only in the stream b u t  
also in our estuaries.  Increased loadings of phosphate and n i t r a t e  
into the Chowan River over the past one or two decades has resulted 
in massive algal blooms. Increased inputs from industry, from municipal 
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sewage, and f rom i n t e n s i f i e d  a g r i c u l t u r e  and l i v e s t o c k  ope ra t i ons  
have c o n t r i b u t e d  phosphate and n i t r a t e  a t  t h e  same t ime  t h a t  stream 
channe l i za t i on  and swamp f o r e s t  d e s t r u c t i o n  have markedly weakened 
t h e  a b i l i t y  o f  t h e  watershed t o  remove these p l a n t  n u t r i e n t s .  P r o t e c t i o n  
o f  t h e  f l o o d p l a i n  swamp ecosystem i s  compatable w i t h  numerous non-des- 
t r u c t i v e  uses o f  t h e  resource.  For example, t imbe r  harves t  can con t inue ;  
i n  f ac t ,  s e l e c t i v e  c u t t i n g  would p robab ly  improve t h e  q u a l i t y  o f  t h e  
t imbe r  s tand i n  many p laces .  F i sh ing  and hun t i ng  a r e  a l s o  compatable 
uses o f  t h i s  wet land system. Small f l o o d p l a i n  swamps would serve f o r  
educa t iona l  f i e l d  t r i p s  f o r  p u b l i c  school c h i l d r e n  t o  demonstrate many 
face ts  o f  Coastal  P l a i n  geology, stream hydro logy,  n a t u r a l  h i  s t o r y ,  
water  q u a l i t y ,  and l a n d  use management. 

The r e c e n t  slow-down i n  stream channe l i za t i on  p r o j e c t s  i n  No r th  
Ca ro l i na  i s  c o n s i s t e n t  w i t h  p r o t e c t i o n  o f  f l o o d p l a i n  swamps. However, 
r e d u c t i o n  i n  t h e  r a t e  o f  swamp dra inage does n o t  conserve these va luab le  
wet lands; i t  o n l y  postpones t h e  da te  a t  which a l l  a r e  destroyed. The 
swamps which border  f i r s t - ,  second-, and t h i r d - o r d e r  streams i n  t h e  
headwaters o f  each r i v e r  system a r e  p a r t i c u l a r l y  wor thy o f  p r e s e r v a t i o n  
because they  s e t  t h e  i n i t i a l  water  q u a l i t y  and because they  a r e  so 
ex tens i ve  r e l a t i v e  t o  t h e  volume f l o w .  D e s t r u c t i o n  o f  these swamps 
by dra inage should n o t  be p e r m i t t e d  t o  con t inue .  I n  a d d i t i o n ,  ve ry  
l a r g e  t r a c t s  o f  pocos in  which feed many Lower Coastal  P l a i n  streams 
should be l e f t  i n  t h e i r  n a t u r a l  s t a t e ;  management p r a c t i c e s  should 
be i n s t i t u t e d  f o r  a l l  d ra i ned  pocos ins t h a t  i n s u r e  con t inued  h i g h  
water q u a l i t y .  

A l though t h e  n a t u r a l  swamp system has t h e  a b i l i t y  t o  reduce markedly  
l e v e l s  o f  suspended ma t te r ,  phosphate, and n i t r a t e ,  t h e r e  a r e  l i m i t s  
t o  t h e  l oad ings  which may be accommodated w i t h o u t  i m p a i r i n g  water  
qua1 i t y  o r  damaging t h e  n a t u r a l  system. It would be a p p r o p r i a t e  t o  
determine expe r imen ta l l y  t h e  l oad ings  which t h e  swamp system can 
a s s i m i l a t e .  U n t i l  such a  s tudy i s  performed, however, n u t r i e n t s  and 
suspended m a t t e r  f rom r u n o f f  and f rom p o i n t  sources should be mon i to red  
and, i f  necessary, c o n t r o l l e d .  Such a  s tudy would bear d i r e c t l y  upon 
t h e  f e a s i b i l i t y  o f  us i ng  No r th  Ca ro l i na  swamplands f o r  t e r t i a r y  t r e a t -  
ment o f  sewage o r  o t h e r  wastes. 

Two a d d i t i o n a l  research  programs seem a p p r o p r i a t e  a t  t h i s  t ime.  The . 
f i r s t  would be p r e l i m i n a r y  assessment o f  t h e  f u n c t i o n i n g  o f  n a t u r a l  
pocos in  ecosystems i n  eas te rn  N o r t h  Ca ro l i na .  These pocos ins c o n s t i t u t e d  
t h e  l a r g e s t  t r a c t s  o f  wet lands i n  No r th  Ca ro l i na  i n  1962 (Wi lson 1962) 
and c e r t a i n l y  a r e  s t i l l  an impo r tan t  f a c t o r  i n  wate r  q u a l i t y  and t h e  
d i r e c t i o n  o f  l a n d  development i n  t h a t  p a r t  o f  t h e  s t a t e .  The f u n c t i o n a l  
aspects t o  be s t u d i e d  should i n c l u d e  hydro logy,  p r o d u c t i v i t y ,  and 
n u t r i e n t  c y c l i n g .  Des i rab le  exper imenta l  s t u d i e s  o f  t h e  system i n c l u d e  
man ipu la t i on  o f  dra inage,  o f  f i r e ,  and o f  n u t r i e n t  ( i  .e,, waste) 
load ings .  
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A second research  program would l i n k  l and  use, swamp f u n c t i o n i n g ,  
and e s t u a r i n e  wate r  qua1 i ty. I t  appears t h a t  i n t e n s i v e  a g r i c u l t u r a l  
a c t i v i t y ,  swamp dra inage and conversion, and e u t r o p h i c a t i o n  o f  t i d a l  
r i v e r s  and e s t u a r i e s  i n  r e c e n t  years  a r e  r e l a t e d .  Such an i n v e s t i g a t i o n  
would be o f  ma jo r  va lue  t o  s t a t e  and federa l  resource management agencies. 
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1. INTRODUCTION 

General 

S c i e n t i s t s  and resource  managers recogn ize  t h e  importance o f  f r esh -  
water  wet lands because o f  t h e i r  h i g h  l e v e l s  o f  p r ima ry  p r o d u c t i v i t y ,  t h e i r  
c o n t r i b u t i o n s  t o  water  q u a l i t y ,  t h e i r  r e c r e a t i o n a l  p o t e n t i a l ,  t h e i r  r e f u g e  
va lues f o r  endangered species,  and t h e i r  i n d i s p e n s i b i l i t y  as nu rse ry  
grounds f o r  c e r t a i n  f i s h e s  (e.9. , Wharton 1970; Anonymous 1976; Br inson  
1976). U n f o r t u n a t e l y  t h e  da fa  base on e c o l o g i c a l  f u n c t i o n i n g  o f  swamp 
systems i s  l i m i t e d  and consequent ly understanding i s  o f t e n  i n s u f f i c i e n t  
t o  p e r m i t  accura te  p r e d i c t i o n  o f  t h e  environmental  impacts r e s u l t i n g  f rom 
m o d i f i c a t i o n  o f  e x i s t i n g  swamps. For example, Ru l i son  and M a r t i n  (1972) 
eva lua ted  twe l ve  f l o o d  c o n t r o l  and d ra inage  p r o j e c t s  i n  hardwood bottomlands 
i n  coas ta l  No r th  Ca ro l i na  and South Caro l ina ,  i n c l u d i n g  a n a l y s i s  o f  t h e  
b e n e f i t / c o s t  procedures employed, They found t h a t  t h e  d e l e t e r i o u s  e f f e c t s  
o f  stream c h a n n e l i z a t i o n  upon water  q u a l i t y ,  such as inc reased  concentra-  
t i o n s  of n i t r o g e n ,  phosphorus, p e s t i c i d e s ,  o t h e r  a g r i c u l t u r a l  chemicals,  
and s i l t ,  were n o t  i nc l uded  i n  t h e  p re -channe l i za t i on  b e n e f i t l c o s t  p r o j e c -  
t i o n s .  The S o i l  Conservat ion Serv ice  and t h e  Corps of Engineers have i n  
t h e  p a s t  n o t  s u f f i c i e n t l y  cons idered t h e  va lue  o f  swamps as determiners 
of wa te r  q u a l i t y  because t h e  e c o l o g i c a l  and chemical da ta  base was i n s u f -  
f i c i e n t  f o r  accura te  assessment. 

F l oodp la i n  swamps occur  i n  lowlands t h a t  border  streams o r  r i v e r s  which 
seasona l l y  inundate  them. In  1960 t h e y  covered about 1,860 km2 i n  N o r t h  
Caro l ina ,  mos t l y  w i t h i n  160 km o f  t h e  coas t  (Wi lson 1962). The dominant 
t r e e s  a r e  mos t l y  broadleaved deciduous spec ies such as r e d  maple, r i v e r  
b i r c h ,  tupe lo ,  sycamore, w i l l o w ,  ironwood, sweet gum, b l a c k  gum, oaks, 
and h i c k o r i e s  (We1 1  s  1928; Oost ing 1942) ; cypress may a1 so be found. 
Pocosins a r e  even more ex tens ive ,  cove r i ng  about 9,160 km2 i n  No r th  Ca ro l i na  
i n  1960. A l though o f t e n  cons idered wastelands because o f  t h e i r  t h i n  s tands 
o f  merchantable t imber ,  t h e i r  impenetrab le  brush, and t h e i r  boggy s o i l s ,  
pocos ins comprise t h e  headwater dra inages o f  a  ve ry  l a r g e  p o r t i o n  of 
No r th  C a r o l i n a ' s  Coastal  P l a i n  streams and t h e r e f o r e  a r e  pr ime de te rminan ts  
of t h e  n a t u r a l  f l o w  regime and o f  severa l  impo r tan t  water  q u a l i t y  parameters, 
such as pH, c o l o r ,  and p l a n t  n u t r i e n t  concen t ra t i ons .  F l o o d p l a i n  swamp 
and pocos in  area has decreased markedly  s i n c e  Wi lson (1962) pub l i shed  h i s  
r e p o r t  th rough  m o d i f i c a t i o n ,  damage, and o u t r i g h t  convers ion,  m o s t l y  
because of  t h e i r  t imbe r  and a g r i c u l t u r a l  p o t e n t i a l .  C lear ing ,  dra inage,  
stream channe l i za t i on ,  g raz ing  o f  l i v e s t o c k ,  and i n t r o d u c t i o n  o f  p o l l u t a n t s  
have adverse ly  a f f e c t e d  t h e  f l o r a  and fauna o f  l a r g e  t r a c t s  th roughout  
t h e  Southeast.  

Background 

The research  r e p o r t e d  here  was i n i t i a t e d  because o f  t h e  s c a r c i t y  of 
i n f o r m a t i o n  about  t h e  f u n c t i o n i n g  of  smal l  f l o o d p l a i n  swamp ecosystems. 
It b u i l t  upon s t u d i e s  of water  q u a l i t y  o f  Creeping Swamp, two o t h e r  n a t u r a l  



streams, and f o u r  channel ized streams (Kuenzler, e t  a1 . 1977). That s tudy 
showed s u b s t a n t i a l  d i f f e rences  between n a t u r a l  and--channel i z e d  streams i n  
amount o f  c o l o r ,  t u r b i d i t y ,  c o n d u c t i v i t y ,  and n i t r a t e - n i t r o g e n .  Color  was 
about t h r e e  t imes h igher  i n  n a t u r a l  streams than i n  channel ized streams, 
w i t h  t h e  except ion  o f  Tracey Swamp which rece ived s u b s t a n t i a l  pocosin 
drainage. The h igher  t u r b i d i t i e s  i n  channel ized streams were a t t r i b u t e d  
t o  scour ing of t he  stream bed, and t h e  h ighe r  c o n d u c t i v i t i e s  t o  a l a r g e r  
p r o p o r t i o n  o f  ground water r e l a t i v e  t o  sur face  r u n o f f .  P a r t  o f  t h e  inc rease 
i n  n i t r a t e  and n i t r i t e  may be a t t r i b u t a b l e  t o  r u n o f f  f rom f e r t i l i z e d  
a g r i c u l t u r a l  f i e l d s ,  bu t  p a r t  o f  i t  r e s u l t s  f rom l a c k  o f  swamp f o r e s t  
a long t h e  channel ized streams as a s i n k  f o r  n i t r ogen .  There were very  low 
l e v e l s  o f  d i sso l ved  oxygen and h igh  l e v e l s  o f  c o l o r ,  organic-N, and 
ammonium-N du r i ng  summer i n  n a t u r a l  streams. N i t r a t e  and soluble-P l e v e l s  
d i d  n o t  show marked seasonal changes, a l though p a r t i c u l a t e - P  e x h i b i t e d  
pulses d u r i n g  summer per iods  o f  s tagnat ion.  I r o n  concent ra t ions  sometimes 
exceeded 3 mg-1-1 and manganese exceeded 0.3 mg- 1-1 i n  summer and fa1  1 i n  
Creeping Swamp; l e v e l s  o f  Fe and Mn were about one- tenth as h i g h  i n  w i n t e r .  
P o s i t i v e  c o r r e l a t i o n s  i n d i c a t e  a poss ib le  coup l ing  between i r o n ,  manganese, 
and organ ic  carbon. Even i n  summer, however, i r o n  concent ra t ions  i n  swamp 
water were lower than i n  groundwater o f  t h e  sur face  sediments (unpubl ished 
da ta ) .  Present research focused upon t h e  abundance and c y c l i n g  o f  carbon 
and phosphorus and t o  a l e s s e r  ex ten t  i r o n  and manganese i n  a de f i ned  
segment of Creeping Swamp. The a v a i l a b i l i t y  o f  cont inuous st ream-f low da ta  
f o r  Creeping Swamp from the  U.S. Geological  Survey pe rm i t t ed  c a l c u l a t i o n  
of hyd ro log i c  i n p u t s  t o  and ou tpu ts  f rom t h e  swamp system. 

Wet1 and hydro1 ogy 

The hyd ro log i c  regime o f  wetlands can be separated i n t o  f o u r  components 
(Gossel ink and Turner 1978): 1  ) t h e  amount and source o f  water  i n t roduced  
t o  t he  wet land ecosystem; 2 )  t h e  p e r i o d i c i t y  and t i m i n g  o f  water i npu ts ;  
3 )  t h e  f l u s h i n g  r a t e  o r  r a t e  o f  f low- th rough s f  water i n  t h e  wet land and; 
4) t h e  e f f e c t s  o f  t h e  b i o t a .  Water e n t e r i n g  a wet land may come f rom a 
number o f  sources: p r e c i p i t a t i o n ,  groundwater i n f l u x ,  stream flow,and 
t i d a l  f l u c t u a t i o n s .  Water may leave a wet land as vapor, streamwater, 
groundwater, o r  on ebbing t i d e s .  

Wetlands w i t h  t h e  most r e s t r i c t e d  hyd ro log i c  regimes a re  ombrotrophic  
(meaning " r a i n - f e d " )  bogs which, by t h e i r  massive peat  accumulat ions 
and/or t h e  presence o f  an impervious l e n s  j n  t h e  unde r l y i ng  sediments, a r e  
i s o l a t e d  f rom groundwaters and which rece i ve  no upland sur face  drainage. 
Typ ica l  examples i nc lude  t h e  Sphagnum bogs o f  t h e  nor thern  l a t i t u d e s  
(Heinselman 1970; Moor and Bellamy l974) ,  t h e  pocosins (meaning "bog on 
a h i 1  1 " )  o f  t h e  southeastern Uni ted Sta tes  and more broad ly  t h e  Okefenokee 
Swamp o f  Georgia (Schles inger  1978). I n  bogs, t h e  t i m i n g  o f  p r e c i p i t a t i o n  
and thus n u t r i e n t  i n p u t s  i s  dependent on seasonal v a r i a t i o n s .  The f l u s h i n g  
r a t e  o f  water i n  these ecosystems i s  very  low, most water movement being 
v e r t i c a l  i n  response t o  p r e c i p i t a t i o n  i n p u t s  and evapo t ransp i ra t i on  
processes. The r e s t r i c t e d  dra inage o f  these systems main ta ins  anaerobic  
c o n d i t i o n s  i n  t h e  sediments which slows decomposit ion processes. Low 



rates  of decomposition coupled with restr ic ted nutrient inputs r e su l t  
in greater peat accumulation which further isolates  the ecosystem from 
groundwaters (He inselman 1970). 

Some bogs maintain contact with mineral-bearing groundwaters; these 
ecosystems are  called fens and are  characterized by a more diverse biota 
which have significantly higher concentrations of nitrogen and phosphorus 
i n  t he i r  t issues (Richardson, -- e t  a1. 1978). The re la t ive  inputs of water 
and minerals in precipitation and groundwater~ are variable b u t  groundwater 
inputs are  s ignif icant  with respect to  nutrient fluxes. The periodicity 
and t i m i n g  of aqueous fluxes and hydrologic residence times are similar to  
those of bogs (Heinselman 1978). 

Swamps and marshes adjacent t o  and drained by surface waters such as  
streams, r ivers ,  and estuaries a re  next in the ser ies  of wetland types 
having more open hydrologic regimes. These two ecosystem types are  easi ly  
differentiated by vegetation: swamps are  wooded ecosystems while marshes 
are  covered w i t h  non-woody vegetation such as grasses, sedges or other 
aquatic vascular plants. In these systems, precipitation and groundwater 
inputs of water and nutrients may s t i l l  be s ignif icant ;  however, these 
ecosystems are  periodical ly  flooded and then drained by surface waters. 
The flux of nutrients as a resul t  of inundation plays a significant role 
in nutrient cycling in swamps and marshes. The timing of inundation in 
relation to  the growing season, the energy associated w i t h  flood and t ida l  
waters ( i .  e .  , the erosion potential ),  the duration of inundation and the 
r a t e  of flow through swamps and marshes a f fec t  the input, retention and 
export of nutrients.  In addition, the sediments may be an important 
nutrient reservoir for  these ecosystems. 

Swamps adjacent to  large sediment-bearing r ivers  are  often separated 
from these r ivers  by levees and are subjected to  sporadic.flooding by 
riverwaters and to  long periods of stagnation (Butler 1975; Day, -- e t  a l .  
1976; Brinson 1977; Holmes 1977; Mitsch, -- e t  a l .  1977; Kemp 1978). Swamps 
adjacent to  r ivers  and streams draining the Atlantic Coastal Plain are 
bounded by small levees, or none a t  a1 1 ,  and are  typical ly  flowing-water 
systems when inundated (Kitchens, e t  a1 . 1975; Boyt 1976; Boyt, e t  a1 . 
1977; Kuenzler, e t  a l .  1977). ~ r e e p i G  Swamp i s  typical of this-Tind of 
swamp and has an annual cycle of cool season inundation followed by draw- . . 
down i n  the growing season which i s  due to  enhanced evapotranspiration. 

Finally, there i s  a group of Southeastern swamp ecosystems which have 
certain character is t ics  of northern wooded bogs. These are  the cypress 
domes of Florida (Odum and Ewe1 1976, l978), the Okefenokee Swamp of 
Georgia (Rykiel 1977; Schlesinger 1976, 1978) and the Great Dismal Swamp 
in North Carolina and Virginia (Whitehead 1972; Day 1978). These are  
chiefly rain-fed ecosystems having l i t t l e  contact with mineral substrata 
and with e i ther  restr ic ted drainage (cypress domes) or slow-flowing streams 
draining the edges of the swamp (Okefenokee and Great Dismal Swamps). The 
flushing r a t e  of these systems i s  low with relat ively long residence times 
for  surface waters. 



Organic carbon f l u x e s  

Carbon f l o w  through an ecosystem i s  bas ic  t o  i t s  f u n c t i o n i n g ,  and 
measurements o f  t h i s  f 1 ow a re  fundamental t o  understanding t h e  ecosystem. 
To da te  t h e r e  have been few complete energy o r  o rgan i c  m a t e r i a l  budgets 
f o r  whole ecosystems. Budgets o f  o rgan i c  carbon and energy have been 
cons t ruc ted  f o r  a  smal l  l a k e  (R ich  and Wetzel 1972; Wetzel and Otsuk i  
l 974 ) ,  a woodland stream ( F i s h e r  and L ikens  l 973 ) ,  s a l t  marshes (Teal  1962; 
Day, -- e t  a l .  1973; Nixon and O v i a t t  1973), and a mangrove f o r e s t  (Go l l ey ,  
e t  a l .  1962), b u t  u n t i l  now no budget of o rgan i c  carbon o r  energy has -- 
been made f o r  a  f reshwater  swamp ecosystem. The r o l e  o f  a l loch thonous  
o rgan i c  m a t e r i a l  as a major  energy i n p u t  t o  woodland streams has been 
conf i rmed (Nelson and S c o t t  1962; M insha l l  1967; F i she r  and L i kens  1973). 
Because o f  shading by t r e e s  and t h e  amount o f  o rgan i c  m a t t e r  i n t r oduced  
by t h e  f o r e s t ,  f o r e s t  streams tend t o  be he te ro t roph i c ,  as found by 
Hoskin (1959) and H a l l  (1971 ) .  Recent papers have demonstrated t h e  impor- 
tance  o f  decomposing l e a f  l i t t e r  i n  t h e  energy budgets o f  temperate streams 
(Gosz, et a. 1972, 1973; Cummins, -- e t  a l .  1973; F i she r  and L i kens  1973) and 
i n  t r o p i c a l  mangrove swamps (Heald 1969; Odum 1970). I n v e s t i a a t i o n s  
concern ing t h e  b i o l o g i c a l  p rocess ing  of t h i s  o rgan i c  i n p u t  have been 
undertaken (Kaushik and Hynes 1971; Cummins, e t  a l .  1973; Suberkropp, e t  a l .  -- -- - 
1976; T r i s k a  and Sede l l  1976). 

Swamps a r e  among t h e  most p r o d u c t i v e  o f  ecosystems (Rodin, e t  a1. 
1975) ; t h i s  p r o d u c t i v i t y  has been a t t r i b u t e d  t o  abundant wa te r  a a  n u t r i e n t s  
and r e l a t i v e l y  warm temperatures. The abundance o f  water  and t h e  warm 
temperatures o f  t h e  Southeast a r e  ev iden t .  That n u t r i e n t s  a r e  p l e n t i f u l  
has n o t  been demonstrated; t h e  mechanisms by which t hey  a r e  accumulated and 
conserved a r e  n o t  understood. I n  v iew of t h e  l a r g e  s o i l  su r f ace  i n  c o n t a c t  
w i t h  t h e  water  when Creeping Swamp i s  f looded,  and t h e  many p o s s i b l e  
chemical and b i o l o g i c a l  t r ans fo rma t i ons  which n u t r i e n t s  may undergo, t h i s  
s tudy  emphasizes t h e  i n t e r a c t i o n s  between t h e  water  and t h e  b e n t h i c  systems. 

Bottomland hardwood f o r e s t s  ad jacen t  t o  smal l  streams i n  t h e  Southeast  
a r e  seasona l l y  f l ooded  by d a r k l y  co lo red ,  c l e a r  waters.  Grea tes t  s t ream 
f l o w  and consequent i nunda t i on  o f  t h e  f l o o d p l a i n  occur  d u r i n g  t h e  c o o l  
season when f o r e s t  t r e e s  a r e  dormant and when low water  temperatures may 
r e s t r i c t  m e t a b o l i c  a c t i v i t i e s  o f  microorganisms l i v i n g  on t h e  f o r e s t  f l o o r  
( ~ u e n z l e r ,  e t  a1 . 1977).  I nunda t i on  o f  t h e  f l o o d p l a i n  g r e a t l y  enhances 
t h e  r a t i o  o f  su r f ace  area t o  water  volume i n  t h e  swamp; t h e  presence o f  a  
l e a f - l i t t e r  l a y e r  on t h e  f l o o d p l a i n  p robab l y  inc reases  c o n t a c t  between wate r  
and p o t e n t i a l l y  r e a c t i v e  s i t e s .  The above c o n d i t i o n s  suggest t h a t  m a t e r i a l s  
may be leached o r  expor ted  f rom t h e  swamp d u r i n g  t h i s  p e r i o d  when stream 
d ischarge  i s  g rea tes t .  However, an e a r l i e r  s tudy  demonstrated t h a t  Creeping 
Swamp was r e t a i n i n g  r e l a t i v e l y  l a r g e  p r o p o r t i o n s  o f  t o t a l  n i t r o g e n  and 
phosphorus i n t r oduced  by atmospheric p r e c i p i t a t i o n  and su r f ace  r u n o f f  
(Kuenzler,  -- e t  a1 . 1977).  Moreover, d e s p i t e  ex tens i ve  a g r i c u l t u r a l  and 
t i m b e r i n g  a c t i v i t i e s  on l a n d  bo rde r i ng  t h e  swamp, o n l y  low l e v e l s  o f  
m i n e r a l s  were b rought  i n t o  t h e  swamp by s t reamf low.  These f i n d i n g s  sug- 
gested t h a t  t h e  swamp had an e f f e c t i v e  conse rva t i on  mechanism f o r  n u t r i e n t s  
v i t a l  t o  p l a n t  and animal growth. Cons ider ing  t h e  l a r g e  su r f ace  area o f  



the swamp floodplain which i s  exposed t o  floodwaters during the cool 
season, exchange processes a t  the swamp forest  floor-water interface may 
be responsible for  the removal and retention of phosphorus from incoming 
f 1 oodwa t e r s  . 
Phosphorus 

Studies on phosphorus cycling in upland forested watersheds have been 
many and varied. The most comprehensive include studies on the Hubbard 
Brook Experimental Forest (Hobbie and Likens 1973; G O S Z ,  -- e t  a l .  1976) 
and on a temperate fores t  in Be1 gium (Duvi gneaud and Denaeyer-de-Smet 
1970). Fewer reports on phosphorus cycling in freshwater swamps are 
available (Odum and Ewel 1 1976, 1978; Brinson 1977). Phosphorus dynamics 
were studied in and around the fores t  f loor  of two temperate forests  
(Reiners and Reiners 1970; Gosz, -- e t  a1 . 1976). 

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

With respect t o  phosphorus cycling, freshwater swamps can be divided 
into three types : 1 ) bog-1 i ke, primari ly rainfed ecosystems; 2 )  ecosystems 
flooded and drained by c lear ,  often darkly-colored stream waters and; 
3 )  swamps exposed to  turbid,  sediment-carrying floodwaters of r ivers .  
Bog-like ecosystems include the Okefenokee Swamp, the Great Dismal Swanip 
and the Florida cypress domes. L i t t l e  quantitative work has been done 
on phosphorus fluxes in the Okefenokee and Great Dismal Swamps although 
some intrasystem processes have been quantified in both systems (Schl esinger 
1976, 1978; Day 1978). These ecosystems are relat ively mature and probably 
function in a manner similar t o  ombrotrophic bogs with respect to phosphorus 
cycling. Odum and Ewel (1  976, 1978) are  conducting a long term study on 
potential use of cypress domes for  water and nutrient management. Pre- 
liminary resul ts  indicate tha t ,  of the phosphorus added to these ecosystems 
in sewage eff luent ,  60% was los t  from the ecosystem by overflow or ground 
water in f i l t r a t ion .  I n i t i a l l y ,  most of the phosphorus was taken u p  by 
duckweed; th i s  was particularly t rue during l a t e  summer. In a natural 
cypress dome, the ecosystem appeared t o  be in steady s t a t e  with respect 
to  phosphorus fluxes. The long term phosphorus assimilative capacity of 
these ecosystems has not yet been assessed. 

Swamps adjacent t o  c lear  or darkly-colored stream waters have received 
l i t t l e  attention until recently. Kitchens, -- e t  a l .  (1975) found a consider- 
able reduction of phosphorus concentrations in r iver  water flowing through 
the Santee River swamp over a three month period in the winter. Observations 
over an annual cycle were not made; the data,  therefore,  were not conclusive. 
Kuenzler, e t  a:. ( 1  977) found that  natural swamp stream ecosystems, including 
Creeping swamp, in the North Carolina Coastal Plain, retained relat ively 



l a r g e  amounts of  phosphorus even when enhanced i n p u t s  o c c u r r e d .  Nessei  
(1978) found  t h a t  t h e  Waldo cyp ress  s t r a n d  i n  F l o r i d a  r e t a i n e d  up t o  76% 
o f  t h e  phosphorus b rough t  i n  by p o l l u t e d  s t ream waters .  C o n t r i b u t i o n s  
by sediments were n o t  assessed. L i k e  o t h e r  F l o r i d a  w e t l a n d  ecosystems, 
c o n c e n t r a t i o n s  o f  phosphorus remained h i g h  i n  s u r f a c e  waters .  B o y t  (1  976) 
found t h a t  a  hardwood swamp i n  F l o r i d a  exposed t o  sewage e f f l u e n t  reduced 
s t ream w a t e r  phosphorus l e v e l s  t o  l ower  v a l u e s  (0.13 m g * l - l )  t h a n  concen- 
t r a t i o n s  found  i n  s t ream wate rs  (0.27 mgel -1)  l e a v i n g  a  nearby u n p o l l u t e d  
swamp. The f a t e  o f  t h e  a s s i m i l a t e d  phosphorus was n o t  known; t h e r e  was 
no ev idence  o f  a  g r e a t e r  b u i l d u p  o f  phosphorus i n  t h e  sed iments  o f  t h e  
p o l l u t e d  swamp (Boy t ,  -- e t  a l .  1977) .  A swamp i n  t h e  Nor thwes t  T e r r i t o r i e s  
of  Canad reduced phosphorus c o n c e n t r a t i o n s  i n  sewage e f f l u e n t  f r o m  
11 m g * l - P  t o  0.25 m g  1-1  , a  97% decrease (Hart land-Rowe and W r i g h t  1975) .  
I t  was suggested t h a t  most o f  t h e  phosphorus removed by t h i s  ecosystem 
o c c u r r e d  as a  r e s u l t  o f  i n c r e a s e d  p r i m a r y  p r o d u c t i o n ,  

These f l o o d p l a i n  swamps a r e  t y p i c a l l y  n o t  separa ted  f r o m  s t ream 
channels  by l e v e e s  and a r e  l o t i c  systems when inunda ted ,  The r i v e r s  
t h a t  f e e d  these  swamps c a r r y  l i t t l e  o r  no sediment and have v e r y  l o w  con- 
c e n t r a t i o n s  o f  d i s s o l v e d  phosphorus under  n a t u r a l  c o n d i t i o n s .  T h e r e f o r e ,  
f l u x e s  o f  phosphorus i n  and o u t  o f  these  ecosystems a r e  t y p i c a l l y  l ow .  
The s i g n i f i c a n c e  o f  ground w a t e r  i n p u t s  t o  t h e s e  ecosystems has n o t  been 
eva lua ted .  These p r e l  i m i n a r y  s t u d i e s  sugges t  t h a t  l o t i c ,  f l o o d p l a i n  
swanlps may have r e l a t i v e l y  l a r g e  a s s i m i l a t i v e  c a p a c i t i e s  f o r  phosphorus.  
The l o t i c  c h a r a c t e r  o f  these  ecosystems when i n u n d a t e d  and seasonal  d r y i n g  
of  t h e  f l o o d p l a i n  may c o n t r i b u t e  t o  phosphorus r e t e n t i o n .  

A l t h o u g h  c l i m a t i c  e f f e c t s  on ecosystem b iogeochemis t ry  canno t  be 
separa ted  f r o m  h y d r o l o g i c  o r  b i o l o g i c  c o n t r o l s ,  a  d i s t i n c t i o n  i s  made 
here  so t h a t  t h e  r e l a t i o n s h i p  among these  f a c t o r s  can be d i scussed .  I n  
tempera te  t o  s u b t r o p i c a l  marshes and swamps, such as  Creep ing Swamp, 
p r i m a r y  p r o d u c t i o n  occurs  p r e d o m i n a t e l y  d u r i n g  t h e  warm season, b u t  
h e t e r o t r o p h i c  a c t i v i t i e s  c o n t i n u e  y e a r - r o u n d  and a r e  p r o b a b l y  s t r o n g l y  
r e l a t e d  t o  tempera tu re  f l u c t u a t i o n s .  These ecosystems t y p i c a l l y  remove 
phosphorus f r o m  incoming w a t e r s  d u r i n g  w i n t e r  and e a r l y  s p r i n g  and may 
r e l e a s e  phosphorus i n  t h e  g row ing  season i f  h y d r o l o g i c  e x p o r t s  o c c u r  
(2.9. , Bender and C o r r e l l  1934; K i t c h e n s ,  - e t  -- a l  . 1975; Axe l  r a d ,  -- e t  - a1 . 
1976).  

I n  a d d i t i o n  t o  seasonal  changes i n  p r i m a r y  p r o d u c t i v i t y  and h e t e r o -  
t r o p h y ,  t h e  m a t u r i t y  o f  t h e  b i o t i c  community o f  a  swamp may a l s o  i n f l u e n c e  
t h e  biogeochemi s t r y  o f  t h e  ecosystem. V i  t ousek  ( 1  977) and V i  t o u s e k  and 
Re ine rs  ( 1  975) have shown t h a t  communi t ies  wh ich  a r e  i n c r e a s i n g  i n  biomass 
t e n d  t o  r e t a i n  n u t r i e n t s  w i t h i n  t h e  ecosystem whereas matu re  communi t ies  
wh ich  a r e  a t  s t e a d y - s t a t e  w i t h  r e s p e c t  t o  biomass a l s o  t e n d  t o  be a t  
e q u i l i b r i u m  w i t h  r e s p e c t  t o  n u t r i e n t  i n p u t s  and o u t p u t s .  Creep ing Swamp 
was c u t - o v e r  40-50 y e a r s  ago and t h e  f o r e s t  p r o b a b l y  remains i n  a  suc- 
c e s s i o n a l  s t a t e .  The swamp f o r e s t ,  t hen ,  may be c o n t r i b u t i n g  t o  t h e  
phosphorus economy o f  t h e  ecosystem by s t o r i n g  phosphorus i n  i n c r e m e n t i  ng 
biomass. 



In summary, swamp phosphorus biogeochemistry i s  the manifestation 
of complex interactions among the biota, climate, levels and sources of 
inputs and storages of phosphorus, the hydrology and, more recently, the 
influence of humankind. Few wetlands ex is t  today whose nutrient and 
hydrologic regimes have not been drast ical ly  modified by human ac t iv i t i e s .  
For the most par t ,  these changes were made with no understanding of the 
processes affected. To preserve or u t i l i z e  wetlands most wisely, we must 
understand how they function. 

Mortimer (1941, 1942) found that  redox potential of the sediment- 
water interface of l  akes determined the phosphorus re1 ease from sediments. 
Under anaerobic conditions phosphorus i s  generally released from sediments 
to  the water. The actual mechanism i s  not understood b u t  hydrodynamics, 
molecular diffusion, the oxidation s t a t e  of iron, adsorption t o  clays,  
and complexation reactions a r& believed to  be important (Lee 1970; Stumm 
and Morgan 1970; Syers, -- e t  a l .  1973). The relationship between iron a n d  
phosphorus mobility, in conjunction with components of sediments, suggests 
that  a  complex, consisting of hydrated iron oxides, organic compounds, 
aluminum, and s i l i c a t e s ,  may be the phosphate adsorbent (Mortimer 1977; 
Shukla, -- e t  a l .  1971; Williams, -- e t  a l .  1 9 7 7 ) .  The adsorbing character of 
t h i s  complex i s  postulated to  change under anaerobic conditions because 
of changes in the iron oxidation s t a t e ,  thus reducing the effectiveness of 
the complex in holding phosphorus in the sediments. Brinson (1976) has 
shown that  freshly-fallen leaves in an alluvial  swamp accumulate P and Fe 
during the f i r s t  winter b u t  begin to release i t  a f te r  24 weeks. Under 
stagnant, low dissolved-oxygen conditions phosphorus concentrations increase 
in isolated pools on the swamp floodplain (Kuenzler, -- e t  a l .  1977). 

Plants take part  in the phosphorus dynamics of the land-water interface 
in several ways. Shallow roots and adventitious roots growing from lent ice ls  
on the trunks of certain t rees  (Hook, -- e t  a l .  1970, 1977 ) take u p  phosphorus 
from the soil  surface, including the l i t t e r  layer,  and from the water. 
Bryophytes and algae, particularly the early spring bloom of filamentous 
desmids and green algae, also contribute to  phosphorus uptake from the 
water and  soil  surface. 

Organic carbon, phosphorus and iron interactions 

Muck of the dissolved organic matter in natural waters consists of 
complex, heterogenous, brown or yellow acidic polymers formed, a t  leas t  
in par t ,  during the decomposition of lignin and simpler organ" molecules 
and collectively known as humic matter (Christman and Ghassemi 1966; 
Jackson 1975). Dissolved humic matter has traditional 1 y been divided into 
fulvic  acid and humic acid fractions.  Fulvic acid,  the humic fraction 
remaining in solution a t  a  pH of about 2 . 2 ,  consists of smaller, less  
complex molecules and may represent younger, lesr-aged humic matter. Most 
of the humic matter in flowing waters i s  fulvic  acid (Reuter and Perdue 
1972; Jackson 1975). 



Humic matter plays an important role in determining the concentrations 
of various elements in rivers and streams. Dissolved and colloidal humic 
matter has been shown t o  form complexes with a number of elements, par t i -  
cularly the divalent and t r iva lent  metals, in so i l s  and sediments (Hodgson, 
e t  a l .  1966; Schnitzer 1969) and in surface waters (Shapiro 1964; Ghassemi -- 
and Christman 1968; Reuter and Perdue 1972 ;  Ramamoorthy and Kushner 1975; 
Koenings 1976; Benes, -- e t  a l .  1976; Wilson and Kinney 1977; Giesy and Briese 
1978). Interactions between humics and iron have been part icular ly we1 1 
documented. Schni tzer  (1 969) reported ~ e " 3  and ~ 1 + 3  were more strongly 
complexed by soil  humics than nine divalent metals studied, and Ghassemi 
and Christman (1  968) found humic-iron interactions to  be pH dependent 
with minimum association in the pH range 7-8. Theis and Singer (1974) 
have shown that  appreciable quantit ies of ferrous iron could be maintained 
in aerobic aquatic systems due t o  complexation by organic matter. 

Interactions between organic matter, iron , a1 uminum, and phosphorus 
have been reported in organic so i l s  a n d  sediments. A l t h o u g h  an early inves- 
t igation (Bradley and Siel ing 1953) indicated that  organic matter inhibited 
phosphate adsorption and precipitation by iron and aluminum compounds in 
s o i l s ,  more recent investigators have attributed to  organic matter a posi- 
t ive  e f fec t  on phosphorus adsorption. Levesque and Schni tzer  (1  967) 
reported a close relationship between aluminum, iron, phosphorus and 
organic matter in s o i l s ,  with phosphorus complexed to soil  fulvic  acid 
via the metal. Jackson and Schindler (1975) demonstrated a similar associa- 
tion for  lake sediment systems. Humic-metal-phosphorus associations have 
been proposed for  surface waters as well (Jackson 1975). However, Koenings 
and Hooper (1976) found that  colloidal organic matter (0.0048 - 0.45 
par t ia l ly  inhibited phosphate adsorption to  colloidal f e r r i c  oxyhydroxides 
in a humic-rich acid bog lake. They attributed t h i s  to  reduced formation 
of col 1 oidal f e r r i c  oxyhydroxides, the principal phosphate adsorbing 
compound, due to  increased scavenging of f e r r i c  ions by colloidal organic 
matter. I t  i s  yet unclear whether organic matter in most s o i l ,  sediment, 
and surface water systems inhibi ts  phosphorus adsorption by inhibiting forma- 
tion of amorphous iron and aluminum compounds or whether i t  enhances metal- 
phosphorus association by increasing metal ava i lab i l i ty  through formation of 
humic-metal complexes. 

Humic-metal interactions may be particularly important in controlling 
the chemistry of Coastal Plain rivers and streams in the southeastern 
United States.  Surface waters here are  typically rich in dissolved humic 
matter and poor in the inorganic i  ns dominating the chemistry of most S other waters (Nat, cat?, C 1 - ,  SQ4' ) .  Relatively high concentrations of 
iron and aluminum measured in some r ivers  and streams in Georgia have been 
at t r ibuted to  complexation by fulvic acids (Beck, -- e t  a l .  1974). The high 
organic/inorganic ra t ios ,  low ionic strength,  and the low pH of these 
waters appear to be character is t ics  which may fundamentally d i f fe rent ia te  
water chemistry of the world's poorly drained lowland r ivers  and streams 
from those of the upland. 



D e s c r i p t i o n  o f  t he  s tudy area 

i s  f l o o d p l a i n  swamp. E leva t i ons  i n  t h e  watershed 
above sea l e v e l  and s lopes a r e  s l i g h t  (Winner and 
t h e  s tudy area (see below) e l e v a t i o n s  ranged f rom 
o f  t h e  stream channel averaqed 0.06% o r  0.6 m pe r  

The Creeping Swamp watershed i s  l o c a t e d  i n  t h e  Coastal  
o f  No r th  Ca ro l i na  i n  P i t t ,  Beau fo r t ,  and Craven Count ies ( F  
main stream channel of the  swamp separates P i t t  County f rom 
Craven Count ies.  The watershed covers 80 km2, o f  which app 

va ry  f rom 

P l a i n  p rov ince  
i g .  1 ) .  The 

Beau fo r t  and 
r o x i m a t e l y  10% 

6-18 meters 
Simmons 1977). W i t h i n  
6-1 0 meters  and t h e  s lope  
km (Kuenzler ,  -- e t  a1 . 

1977). The e l  imate i s  sub tFop ica l  and m o i s t  w i t h  coo l  w in te r s ,  warm 
summers and moderate p r e c i p i t a t i o n  which i s  r e l a t i v e l y  cons tan t  th roughout  
t he  yea r  (Sumsion 1970). R a i n f a l l  averages 122 ~ m - ~ r - l  w i t h  a  s l i g h t  
seasonal maximum du r i ng  summer. The annual mean temperature i s  17 C w i t h  
a  summer maximum o f  39 C and w i n t e r  minimum o f  -9 C. The average range i s  
4.5 t o  24 C (Sumsion 1970). R e l a t i v e  h u m i d i t i e s  a r e  h igh,  seldom dropping 
be1 ow 50%. 

The watershed i s  d ra i ned  by a smal l  stream, Creeping Swamp, which runs  
th rough a f o r e s t e d  f l o o d p l a i n  o f  t h e  same name. A p o r t i o n  o f  t h e  wet land-  
stream system about 8.2 km l ong  and 3.2 km2 i n  area between S t a t e  Highways 
102 and 43 was se lec ted  as t he  i n t e n s i v e  s tudy area (F ig .  2 ) .  F l o o d p l a i n  
w i d t h  v a r i e d  f rom about 100 t o  500 m. 

The dra inage o f  Creeping Swamp begins i n  perched upland pocosins,  
some o f  which have been c leared .  W i t h i n  t he  s tudy area, t h e  main stream 
i s  a t  l e a s t  t h i r d  o r d e r  w i t h  severa l  f i r s t  o r  second o rde r  t r i b u t a r i e s ;  
i t  i s  seasona l l y  i n t e r m i t t e n t  as w e l l .  H ighes t  f l o w s  i n  t h e  stream and 
maximal i nunda t i on  o f  t h e  f l o o d p l a i n  occur  du r i ng  w i n t e r  andlearly sp r i ng ;  
depths reach  1 m and v e l o c i t i e s  a r e  u s u a l l y  0.05-0.15 mesec' . Discharge 
f rom the  swamp v a r i e s  w ide l y  depending on r a i n f a l l  d u r i n g  t he  f l ooded  
season and i s  dominated by storm f l o w  pe r i ods  (Kuenzler ,  e t  a l .  1977); even 
then, however, v e l o c i t i e s  seldom exceed 0.25 m-sec'l. I n  t h e  sp r i ng ,  water  
l e v e l s  i n  t he  swamp g r a d u a l l y  decrease due t o  inc reased  p l a n t  t r a n s p i r a t i o n  
i n  t h e  watershed and w i t h i n  t h e  swamp i t s e l f ,  By mid-May t o  June, water  
u s u a l l y  remains o n l y  i n  t he  stream channel and t h e  f l o o d p l a i n  i s  d r y .  
As summer progresses, t h e  stream u s u a l l y  becomes i n t e r m i t t e n t  and o f t e n  
by mid-October t h e  o n l y  sur face  water  i n  t h e  swamp i s  i n  w i d e l y  spaced 
poo l s  i n  t h e  stream channel.  Wi th  l e a f - f a l l  and cessa t i on  o f  t r a n s p i r a -  
t i o n ,  r a i n s  r e p l e n i s h  t h e  groundwater u n t i l  stream f l o w  resumes ( l a t e  
November - e a r l y  December) and i nunda t i on  o f  t h e  f l o o d p l a i n  occurs (mid 
t o  l a t e  December). A t  any t ime  d u r i n g  t h e  growing season, ve ry  heavy o r  
pro longed r a i n s  may r e s u l t  i n  sho r t - t e rm  i nunda t i on  o f  t h e  f l o o d p l a i n .  
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Figure 1 .  Map of the study region showing location of the streams and 
sampling s tat ions.  
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Figure 2 .  Map of the Creeping Swamp study area showing the main stream, 
t r ibutar ies  and sampling s tat ions.  Land use as of January, 
1978. 



Winner and Simmons (1 977) cons t ruc ted  a  hyd ro log i c  budget f o r  Creeping 
Swamp watershed. The s o l e  source o f  wa te r  i s  p r e c i p i t a t i o n ;  deep ground- 
water  i n p u t  i s  p robab ly  ve ry  smal l  because a q u i f e r  boundaries c o i n c i d e  
w i t h  watershed dra inage boundaries.  O f  t h e  incoming p r e c i p i t a t i o n ,  37% 
leaves  t h e  watershed as stream r u n o f f  and an es t imated  2% as deep ground- 
wate r  l o s s .  The remain ing 61%, es t imated  by d i f f e r e n c e ,  i s  a t t r i b u t a b l e  
t o  l o s s  as evapo t ransp i ra t i on  f rom the  watershed. I n  v iew o f  t h e  r e l a t i v e l y  
u n i f o r m  p r e c i p i t a t i o n  throughout  t he  year ,  t h e  i n f l u e n c e  o f  evapotrans- 
p i r a t i o n  on watershed hydro logy and thus on water-borne t r a n s p o r t  o f  
m a t e r i a l s  i s  o f  ma jo r  p r o p o r t i o n s  and may be a  c o n t r o l l i n g  v a r i a b l e  o f  
t h e  f l u x  o f  m a t e r i a l s  o u t  o f  the  watershed. 

Creeping Swamp watershed i s  u n d e r l a i n  by unconso l ida ted  c l ays ,  sands 
and ca lcareous sediments of t h e  Quaternary,  T e r t i a r y  and Cretaceous Systems 
(Sumsion 1970). Four geo log i ca l  u n i t s  make up t he  uppermost sediments: 
1 )  Quate rnary  depos i t s ;  2 )  t he  Yorktown format ion; 3 )  t h e  Pungo R i v e r  
fo rmat ion ;  and 4 )  Cas t l e  Hayne l imes tone  (Winner and Simmons 1977). 
Quate rnary  depos i t s  occur  a t  e l e v a t i o n s  g r e a t e r  than 12 m above sea l e v e l  
and thus  do n o t  occur  i n  t h e  swamp f l o o d p l a i n .  These depos i t s  c o n s i s t  o f  
sandy s i l t s  and c l a y s  l a i d  down by streams. The Yorktown fo rma t i on  under- 
l i e s  t h e  Qua te rna ry  depos i t s  a t  h i g h  e l e v a t i o n s  and i s  exposed a t  l owe r  
e l eva t i ons ,  s p e c i f i c a l l y  w i t h i n  t h e  swamp f l o o d p l a i n .  I t  i s  composed o f  
mar ine-deposi ted c l a y s ,  s i l t s ,  and sands, i s  about 12 m t h i c k ,  and i s  t h e  
medium f o r  exchange between ground and stream waters  (Winner and Simmons 
1977). The Pungo R i ve r  f o rma t i on  i s  composed o f  phosphat ic  sands mixed 
w i t h  c l a y s  and s i l t s  and i s  about  3 m  t h i c k .  Below t h e  Yorktown and t h e  
Pungo R i v e r  f o rma t i on  i s  Cas t l e  Hayne l imes tone ,  an impo r tan t  a q u i f e r  
i n  t h e  No r th  Ca ro l i an  Coastal  F l a i n ;  wa te r  f rom t h i s  a q u i f e r  moves up 
i n t o  t h e  swamp f l o o d p l a i n  because o f  a  h y d r o s t a t i c  head (Winner and Simmons 
1977). 

S o i l s  i n  t h e  Creeping Swamp f l o o d p l a i n  a r e  i no rgan i c ,  h i g h l y  weathered, 
poo r l y -d ra ined  c l a y s  and s i l t s  formed e i t h e r  on Coastal  P l a i n  sediments 
(Byars loam), on r e c e n t  o r  l o c a l  a1 l uv i um (B ibb  complex) o r  on a1 l u v i a l  
sediment (Roanoke s i l t  loam) ( S o i l  Survey, P i t t  County 1974).  These s o i l s  
a r e  c l a s s i f i e d  as U l t i s o l s  i n  t h e  most r e c e n t  s o i l  c l a s s i f i c a t i o n  system. 

The t r e e  canopy o f  t h e  swamp f l o o d p l a i n  i s  composed o f  hardwoods 
dominated by Nyssa s y l v a t i c a  var .  b i f l o r a ,  Acer rubrum, Frax inus  c a r o l i n i a n a ,  
Nyssa aquatic= - Liquidamber s t y r a c i f l u a  m n z l e r ,  -- e t  a1 . 1977). Along 
t h e  stream channel,  F. c a r o l i n i a n a  and N. aqua t i ca  a r e  most abundant. The 
f o r e s t  was p a r t i a l  ly-1 ogged about  40 yea rs  ago. Sap1 i ngs  a r e  dominated 



by A .  rubrum and - F. caroliniana. Herbaceous growth i s  sparse b u t  includes 
~ a u h r u s  cernuus, Carex spp. and Hypericum virginica; vines (Smilax spp. ; 
Berchemia scandens, Rhus radicans, Mi tchel la  repens, Decumaria barbara) 
and s h r u b s ' ( L e u c o t h o e i  11 a r i  s ,  Vaccinium c o r y m b o s u m ) ) ' e w h a t r e  
abundant. A t  low elevations in the floodplain, several bryophytes occur - .  - 
extensively: the aquatic moss, ~ o n t i n a ~ i s  sppi and the l iverworts, Pore1 l a  
pinnata and Pallavacinia l y e l l i  m e t  a l .  unpubl. ) .  In the l a t e  
winter and early sprinq, a bloom of filamentous alqae develops in the swamp " ,  
floodwaters; typical siiecies include the filamentois desmids. Hyalotheca 
d iss i l iens  and Desmidium aptogonum and others, filamentous diatoms such 
Eunotia pec t ina l i s ,  so l i ta ry  diatoms, and filamentous greens such as 

spp. , Oedogoni um spp. and Bul bochaete spp. (verified by P. 

The Creeping Swamp watershed remains about 65% wooded (Kuenzler, e t  
a l .  1977). Of the cleared areas,  some are  pine plantations and some a= - 
croplands. Associated with agricultural  f i e lds  are drainage ditches; in 
addition, some o f  the t r ibutar ies  to  the main stream have been channelized. 
Lumbering operations occur sporadically and have included, during the 
period of th i s  study, floodplain as well as upland areas. Several animal 
husbandry operations are  located in the watershed; two of them are  near 
the floodplain study area. These operations markedly influence stream- 
water nutrient concentrations i f  adequate treatment measures are  not taken. 

Structure of the report 

The research reported here was conducted mostly by Dr. Patrick J .  
Mulholland and Dr. Laura Anne Yarbro and prepared as disser tat ions in 
partial  fulfi l lment of the requirements for  Doctor of Philosophy degrees. 
The two major chapters of th i s  report are  comprised of these disser tat ions,  
somewhat modified and condensed. The reader may wish to  re fer  to  these 
disser tat ions for  more de ta i l s .  The final chapter represents research 
conducted by Dr. Leonard Smock during the final year of the grant. 





2.  ORGANIC CARBON C Y C L I N G  AND EXPORT 

by Patrick J .  Mulholland 

INTRODUCTION 

The processing of materials and energy are among the principal func- 
tions of ecosystems. Energy flow through ecosystems drives material cycles . 
The cycl ing of most materials in ecosystems involves transfers from less  
concentrated, inorganic forms to more concentrated organic forms, and back 
to the inorganic s t a t e .  Energy i s  temporarily stored a t  re lat ively high 
density when materials are  concentrated in organic form. I t  i s  released 
and dispersed as organic materials decompose. Energy quality i s  deter- 
mined in large part by the density a t  which i t  i s  stored. Ecosystem biota 
functions both as a temporary storage of relat ively high quality energy 
(concentrated mater ials) ,  and as a medium for  energy degradation and 
materials dispersion; the l a t t e r  i s  the cost of maintaining the storage. 

Natural ecosystems have important maintenance and support functions 
fo r  human systems (Odum, E . P .  1969; Odum, H. T. 1971 ) .  Natural ecosystems 
modify climate, buffer against catastrophic meteroloyical events, assimi- 
l a t e  and dissipate waste products of human a c t i v i t i e s ,  contribute to 
agricultrual productivity, and direct ly  or indirectly provide man with 
important food and f iber  products. As human ac t iv i t i e s  demand modifica- 
tion or destruction of increasingly larger t rac ts  of natural ecosystems, 
i t  i s  important to determine precisely the i r  values in the natural condi- 
t ion,  and those los t  i f  modified. Understanding the natural flows of 
energy and materials in ecosystems i s  c r i t i ca l  to th i s  evaluation. Impor- 
tant  material flows include those of c r i t i ca l  plant nutrients,  such as 
nitrogen and phosphorus, and of carbon, central in organic material pro- 
cessing and closely related t o  ecosystem energy flow. 

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

Past ecosystem 1 eve1 studies of wetlands have primarily focused on 
s a l t  marshes, b u t  freshwater wetlands have recently received attention 
by ecologists.  While Howard-Mil 1 iams (1  972) found relat ively high concen- 
t ra t ions of major ions in a marsh bordering an African lake and Crisp 
(1966) found relat ively large exports of nutrients from an eroding 
English peat bog, nutrient concentrations are  usual ly relat ively low in 
freshwater wet1 ands . Mi tsch, - e t  -- a1 . (1  977) found general ly  1 ower concen- 
t ra t ions for  most ions in swamp waters than in the bordering r iver  
waters in a southern I1 1 inois riverine swamp. Brinson (personal communi - 
cation) has similar findings for  an eastern North Carolina riverine 
swamp. Schlesinger (1  978) reported extremely low outputs of calcium, 



magnesium, sodium, and potassium from the  Okefenokee Swamp in  Georgia and 
Verry (1975) found low n u t r i e n t  y i e l d s  from a Minnesota bog. Evidence 
ind ica t ing  freshwater  wetlands may funct ion as  n u t r i e n t  s i n k s ,  e s p e c i a l l y  
f o r  ni t rogen and phosphorus, has come from a v a r i e t y  of widely s c a t t e r e d  
a reas ,  incl  uding an African papyrus swamp (Gaudet l976) ,  a Michigan marsh 
(Richardson, e t  a l .  1976),  a Wisconsin marsh (Lee, e t  a l .  1975),  a l a r g e  
South Carol ina r i v e r i n e  swamp (Kitchens, et a1 . 1 9 7 g , a n d  small North 
Carol ina swamp-streams (Kuenzler, -- e t  a1 . 1 9 7 7 .  Kuenzler, -- e t  a1 . (1977) 
found t h a t  n u t r i e n t  concentrat ions and exports  were genera l ly  lower in 
natural  swamp-streams than in channel ized streams in eas t e rn  North 
Carol i na . 

Forested wet1 ands support  l a r g e  amounts of 1 iving biomass (Schlesinger  
1978; Smith, e t  a l .  1975), but do not necessa r i ly  e x h i b i t  high primary 
productivi  t y  s c m e s i  nger 1978). The 1 eve1 of primary product iv i ty  may 
be a funct ion  of hydrologic de l ive ry  of n u t r i e n t  suppl i e s  (Gossel ink and 
Turner 1978). Re1 a t i v e l y  high productivi  t i e s  have been reported f o r  
swamps with subs tan t i a l  hydrologic inputs  in North Carol ina (Bri nson 
l977) ,  Louisiana (Conner and Day l976) ,  and Florida (Burns 1978). How- 
ever ,  an I l l i n o i s  r i v e r i n e  swamp was not  highly productive (Mitsch, e t  a1. 
1977). Swamp hydro1 ogic c h a r a c t e r i s t i c s  may a1 so enhance the  expor t  of 
ne t  primary production. Although Brinson (1976) reported exports  of 
organic carbon of from 0.3 t o  5.2 g ~ * m - ~ - ~ r - l  from several  upland water- 
sheds, mostly f o r e s t e d ,  Day, e t  a l .  (1977) reported exports  of 10 .4  g 
~ * m - z * ~ r - l  from a Louisiana swamp watershed. 

Wetlands have been reputed t o  have very i n e f f i c i e n t  recycl ing  of 
carbon due t o  lack  of abundant oxygen f o r  r e s p i r a t i o n  (Given 1975).  Large 
accumulations of s o i l  organic mat ter  have been reported f o r  a Minnesota 
bog (Reiners  1972), some North and South Carolina pocosins (Woodwell 
l 958) ,  and t h e  Okefenokee Swamp in Georgia (Schles inger  1978). However, 
a Louisiana swamp-forest, which dr ied  pe r iod ica l ly ,  d i d  not  possess l a r g e  
amounts of s o i l  organic mat ter .  

T h i s  r e p o r t  concerns the  cycl ing of organic carbon in a fo res t ed  
wetland l i t t l e  s tudied  by eco log i s t s  -- a small swamp-stream ( o r  f lood- 
p la in  swamp) ecosystem. A conceptual model of organic carbon flow in one 
swamp-stream, def in ing  major inputs ,  outputs ,  and in t e rna l  -ecosystem 
t r a n s f e r s , i s  shown in  F i g .  3 .  The ecosystem here was defined t o  inc lude  
1 iving vegetat ion and d e t r i t a l  s torages  both i n  the  water column and 
within t h e  top 25 cm of s o i l .  Major inputs  included ne t  primary produc- 
t i v i t y  and hydrologic inputs .  Major outputs  were r e s p i r a t i o n  and hydro- 
log ic  output .  Transfer  r a t e s  were pr imar i ly  con t ro l l ed  by r a i n f a l l ,  tem- 
pe ra tu re ,  season,  and the  sun. This model was the  bas is  f o r  development 
of the  organic  carbon budget f o r  Creeping Swamp. An input-output ,  mass 
balance approach was used s i m i l a r  t o  t h a t  of Fisher  (1977) in  h i s  For t  
River s tudy.  Inputs ,  outputs  and important in t e rna l  t ransformations of 
organic carbon were measured. Inputs and outputs  were grouped i n t o  
hydrologic and b io logic  flows according t o  the  process involved. 





METHODS 

Study area 

Organic carbon concen t ra t i on  was moni tored i n  t h r e e  smal l  n a t u r a l  
swamp-streams and f o u r  channel ized streams i n  eas te rn  Nor th  Ca ro l i na  be- 
g i n n i n g  i n  1975 ( F i g .  1  ) .  Two o r  t h r e e  sampl ing s t a t i o n s  were es tab l  i shed  
on each stream. The n a t u r a l  swamp-streams were Creeping Swamp, Palmet to  
Swamp, and Chicod Creek. The channel ized streams were Tracey Swamp, 
C l a y r o o t  Swamp, G r i n d l e  Creek, and Conetoe Creek. Sampling o f  G r i n d l e  and 
Conetoe Creeks was d i scon t i nued  a f t e r  1975, and sampl ing o f  C lay roo t  
Swamp d i d  n o t  beg in  u n t i l  1976. Streamflow was measured and wate r  samples 
f o r  o rgan i c  carbon measurement were c o l  1 ec ted  p e r i o d i c a l  l y  , genera l  l y  a t  
i n t e r v a l s  of from two t o  f o u r  weeks. D a i l y  samples were c o l  l e c t e d  a t  
C l a y r o o t  Swamp d u r i n g  a  few h i g h  streamflow pe r i ods  i n  1976. 

One o f  t h e  n a t u r a l  swamp-streams, Creeping Swamp, was s e l e c t e d  f o r  t he  
i n t e n s i v e  s tudy.  Stream sampl ing s t a t i o n s  were s e t  up a t  t h e  upstream 
(CP-20) and downstream (CP-10) boundaries o f  the  swamp, d r a i n i n g  32 and 
80 km2, r e s p e c t i v e l y .  An i n t e r n a l  s t ream sampl i n g  s t a t i o n  (CP-14) was 
s e t  up approx imate ly  3  km downstream from CP-20. Sampling s t a t i o n s  were 
a1 so es tab l  i shed  on the  f i v e  p r i n c i p l e  t r i b u t a r y  streams e n t e r i n g  t h e  
swamp between CP-20 and CP-10. They were s e t  up a t  b r i dges  o r  c u l v e r t s  
w i t h i n  2  km o f  t he  p o i n t  a t  which they  e n t e r  t he  swamp and were numbered 
TB-01 , TB-02, TB-03, TB-04, and TB-87 ( F i g .  2 ) .  

One area o f  the  swamp was chosen as a  l o c a t i o n  f o r  much o f  t h e  
exper imenta l  and data c o l l e c t i o n  a c t i v i t i e s .  Th is  area was chosen so as 
t o  be r e p r e s e n t a t i v e  of t he  e n t i r e  swamp and away f rom ma jo r  roads o r  
o t h e r  human i n f l uences .  The area se lec ted  was a  500 m l e n g t h  o f  swamp 
about  3 km downstream from CP-20 and encompassing CP-14. Th i s  area w i l l  
h e r e a f t e r  be r e f e r r e d  t o  as t h e  s tudy  s i t e .  

Inundat ion  p a t t e r n s  

I n  o r d e r  t o  p a r t i t i o n  t he  swamp i n t o  t e r r e s t r i a l  (un f looded)  and 
aqua t i c  h a b i t a t s ,  i nunda t i on  p a t t e r n s  were s tud ied .  F i v e  t r a n s e c t s  
(Nos. 1, 2, 3, 4, 5 )  were e s t a b l i s h e d  across t he  swamp a t  i n t e r v a l s  a long  
i t s  l e n g t h  ( F i g .  2 ) .  L i n e a r  r e l a t i o n s h i p s  between wate r  l e v e l  a t  CP-10 
and f r a c t i o n  of  the  t r a n s e c t  inundated were developed i n  one o f  two ways. 
F i r s t ,  t h r e e  of t he  t r ansec t s  (1, 4, 5 )  were paced p e r i o d i c a l l y  and t h e  
number of  d r y  and f looded paces determined a t  va r i ous  wate r  l e v e l s .  
Second, t h e  rema in ing  two t r ansec t s  (2,  3 )  were paced d u r i n g  one p e r i o d  
o f  h i g h  wate r  and t he  wate r  depths a t  each pace were recorded. Us ing these 
depths, f r a c t i o n s  o f  t he  t r ansec t s  inundated were computed f o r  v a r i o u s  
wate r  l e v e l s  below t h a t  on t h a t  date.  I nunda t i on  da ta  from each t r a n s e c t  
were weighted by t r a n s e c t  l e n g t h  and combined t o  develop whole-swamp 
i n u n d a t i o n  f r a c t i o n s  a t  va r i ous  wate r  1  eve1 s  a t  CP-10. D a i l y  i n u n d a t i o n  
f r a c t i o n s  were then computed f rom the  CP-10 d a i l y  wa te r  l e v e l  r eco rd .  



Biomass 

L i v i n g :  

The t r e e s  and sap l i ngs  o f  Creeping Swamp were s t u d i e d  i n  August 1974 
u s i n g  a  p o i n t - q u a r t e r  a n a l y s i s  (Cox 1967) a long  t h r e e  t r ansec t s  ( t r a n -  
sec ts  1, 4, and 5; F i g .  2 ) .  Trees were de f i ned  as >10 cm d iameter  a t  
b r e a s t  h e i g h t  (DBH) and sap l i ngs  were 2.5 t o  10 cm DBH. The s h r  b  and Y herbaceous p l a n t  s t ra tum was sampled by h a r v e s t i n g  15 p l o t s  ( 1  m ) across 
each o f  two t r ansec t s  i n  September 1976 and June and September 1977. 
Aboveground p a r t s  o f  non-woody p l a n t s  and Smilax spp. v ines  were harvested 
compl e t e l y .  Woody p l  an ts  were harvested and separated i n  t o  wood and 1  e a f  
f r a c t i o n s .  A1 1  c o l  1 ec ted  m a t e r i a l  was separated by spec ies o r  general  
p l a n t  group, d r i e d  a t  85 C, weighed, and subsamples combusted a t  550 C 
+50 C) f o r  4  h  t o  determine ash- f ree  d r y  we igh t  (AFDW). (- 

Soi  1 d e t r i t u s  : 

Swamp f l o o r  l i t t e r  was measured seven t imes between J u l y  1976 and 
December 1977 by sampl i n g  30 p l o t s  (0.02 m2) a long  a  t r a n s e c t  across t h e  
swamp i n  t he  mid-swamp s tudy  s i t e  accord ing  t o  a  s t r a t i f i e d  random samp- 
l i n g  procedure. L i t t e r  was p laced  i n  p l a s t i c  bags and r e t u r n e d  t o  t he  
l a b o r a t o r y  where i t  was separated i n t o  wood and non-wood f r a c t i o n s ,  d r i e d ,  
subsampled, and combusted t o  determine AFDW. 

S o i l  o rgan i c  carbon (below the  l i t t e r  l a y e r )  was measured t o  a  depth 
o f  0.25 m i n  A p r i l  1977 and May 1978 by L. A. Yarbro. L i t t e r  was removed 
and 5  cores were taken a t  each o f  15 s i t e s  a long  a  t r a n s e c t  across t h e  
swamp i n  t he  mid-swamp study s i t e .  Each co re  (7  cm2) was d i v i d e d  i n t o  
two sec t i ons  accord ing  t o  depth ( 0  t o  5  cm and 5  t o  25 cm) and cores 
f rom each s i t e  were combined. Core sec t i ons  were d r i e d ,  subsampled, and 
combus t e d  t o  o b t a i n  o rgan i c  ma t te r  con ten t  (AFDW) . 
P r e c i p i t a t i o n  and s t reamf 1 ow - 

P r e c i p i t a t i o n  was measured and recorded d a i l y  a t  a  s i t e  approx imate ly  
5  km southeast  o f  Creeping Swamp. P r e c i p i t a t i o n  was c o l l e c t e d  f o r  chemi- 
c a l  a n a l y s i s  u s i n g  p a l y e t h y l  ene funne l  c o l  1 e c t o r s  (0.02 m2) emptying 
i n t o  p l a s t i c  b o t t l e s  mounted 1  t o  1.5 m above t h e  ground. Nylon mesh 
(0.25 mm) was p laced  over  t h e  f unne l s  t o  exc lude deb r i s .  No app rec iab le  
1  eaching o f  o rgan i c  carbon f rom t h e  c o l  1  e c t i o n  b o t t l e s  was de tec ted  
d u r i n g  a  2-week i n c u b a t i o n  o f  d i s t i l l e d  water .  Two c o l l e c t o r s  were p laced  
i n  a  f i e l d  near  t h e  s tudy  s i t e  and a  t h i r d  c o l l e c t o r  was p laced  i n  a  
c l e a r i n g  near CP-10. C o l l  e c t i o n s  f o r  o rgan i c  carbon a n a l y s i s  were made 
f o r  2-week pe r i ods  month ly  f rom February t o  August 1978. 

Streamflow was con t i nuous l y  mon i to red  and recorded by t h e  Un i t ed  
S ta tes  Geolog ica l  Survey (U.S.G.S.) a t  bo th  CP-20 and CP-10. D a i l y  
wa te r  l e v e l s ,  d a i l y  s t reamf low,  and annual r u n o f f  were p rov ided .  I n  
August 1977 t he  U.S.G.S. d i scon t i nued  m o n i t o r i n g  CP-20 s t reamf low.  Stream- 



flow was the rea f te r  estimated from stage-discharge re la t ionships  provided 
and stages on sampling dates .  Streamflows were computed per iodical ly  f o r  
the f i v e  major t r ibu ta ry  streams by measuring ve loc i t i e s  (Gurl ey Model 
622-E current  meter) and depth p ro f i l e s .  Water levels  were read from 
s ta f f - type  indicators o r  were measured from bridge r a i l  ings. Stage- 
streamflow re la t ionships  were constructed t o  determine streamflow on 
sampl ing dates when i t  was not measured d i r ec t l y .  

Water samples were collected a t  CP-14 and CP-20 approximately once 
every three  weeks when there was streamflow during 1975. In 1976 and 
1977 samples were collected biweekly during the flow period and da i ly  
during a number of spates .  Samples were collected sporadically in 1978. 
Tributary streams were sampled biweekly when streamflow was appreciable 
during 1976 and 1977. Samples were a l so  collected da i ly  during a number 
of spates .  A few samples were col lec ted a t  low streamflows. 

Organic carbon analys is  

Total organic carbon (TOC) in water was par t i t ioned in to  th ree  s i z e  
f r a c t i ons ,  coarse pa r t i cu la te  organic carbon ( C P O C )  , grea te r  than 0.25 mm,  
f i n e  pa r t i cu l a t e  organic carbon ( F P O C ) ,  between 0.45 vm and 0.25 m m ,  and 
dissolved organic carbon ( D O C ) ,  l e s s  than 0.45 vm, FPOC was not  measured 
d i r ec t l y .  Fine to ta l  organic carbon (FTOC) ,  l e s s  than 0.25 m m ,  was 
measured and FPOC was computed as the di f ference between FTOC and DOC. 
Coarse pa r t i cu l a t e  organic matter (CPOM) transported in stream and t r i -  
butary waters was measured per iodical ly ,  pa r t i cu la r ly  a t  high stream- 
flows, using a large  (0.75 by 0.30 m a t  mouth), flow-metered net  (0.25 mm 
mesh). Material coll  ected was returned to  the laboratory,  d r i ed ,  sub- 
sampled, and combusted t o  determine AFDW as described e a r l i e r .  CPOC 
was assumed t o  be 50% of AFDW (Jordan and Likens 1975). Samples passed 
through 0.25 mm nylon mesh f o r  FTOC measurement and f i l t e r e d  samples 
(pre-washed, Gelman type GA-6) f o r  DOC measurement were placed i n  acid- 
washed glass  bo t t l e s  and immediately frozen o r  p u t  on ice  to  be frozen 
upon a r r iva l  a t  the laboratory ( l e s s  than 24 h ) .  Samples remained frozen 
un t i l  measurement ( < I  y r ) .  Prior  t o  1976, DOC and FTOC were measured 
with a Beckman Model 915 Total Carbon Analyzer, and a f t e r  1 January 1976, 
by persu l fa te  oxidation and infrared analys is  (Beckman Model 215A) ac- 
cording to  the method of Menzel and Vaccaro (1964). Recovery of standard 
addit ions of potassium biphthalate to  water col lec ted from CP-14 on one 
occasion in 1978 was complete. 

Other analyses performed on most water samples included measurement 
of various forms of nitrogen and phosphorus, various metals ,  temperature, 
spec i f i c  conductance, pH, color ,  and t rub id i ty .  These data have been 
presented i n  Kuenzl e r ,  -- e t  a1 . (1 977). 

Biologic inputs 

Biologic inputs include annual aboveground ne t  productivi ty of t r e e s  
and sap1 ings,  shrubs and herbaceous plants  ( < I  . 5  m i n  he igh t ) ,  and algae.  



Annual aboveground net primary productivity of trees and saplings was 
partitioned into annual net wood increment, l i t t e r f a l l  (<0.3 m in length),  
macro-li t terfall  (>0.3 m in length),  and net leaching by throughfall and 
s temf 1 ow. 

Annual t ree and sapling net wood increment: 

In order t o  estimate annual aboveground net wood increment of l iving 
trees and saplings, spring-connected metal bands were placed around 65 
trees of various sizes ( D B H )  and species a t  about 1.5 m above the ground 
in March 1975. The trees were located across the swamp in the study s i t e  
and were chosen to represent a sequence of sizes of seven of the most 
important species in Creeping Swamp. Increases in t ree circumference were 
measured annually by determining band expansion. Increases in DBH were 
computed and translated into annual net stem and branch wood increments 
using allometric equations of Dabel and Day (1977) constructed for hard- 
woods in The Great Dismal Swamp, Virginia. Regressions relating net 
annual wood increment in 1977 and t ree DBH were computed for  each of the 
seven species banded and a combined wood increment-DBH re1 a tionshi p was 
computed to allow computation of net annual wood increment of non-banded 
species of trees.  Total swamp wood increment for  1977 was computed using 
the point-quarter data and the various wood increment-DBH re1 ationships. 

Li t t e r f a l l  and macro-1 i t t e r f a l  1 : 

Li t te r fa l l  of plant debris ~ 0 . 3  m in length from sources more than 
1 .5  m in height was measured a t  3- to 4-week intervals from March 1975 
to March 1978. During peak 1 i t t e r f a l l  in l a t e  October and early Novenlber 
the collection interv 1 was shortened to 1 - 2  weeks. In 1975 and 1976 I ten collectors (0.2 n~ suspended muslin bags) were placed in a s t r a t i f i e d  
random fashion across transects 1 and 4 ,  and 9 collectors across transect 
5.  After March 1977 only transect 4 was used and 5 additional collectors 
were added bringing the number of collectors to 15. L i t t e r  was returned 
to the laboratory, dried, weighed, and subsamples ashed to determine both 
total  dry weight and AFDW. 

Fall of branches and other plant parts greater than 0.3 m in length 
were measured by sampling s ix i n i t i a l l y  cleared quadrats (25 m 2 ) ,  three 
near CP-20 and three in the mid-swamp study s i t e ,  a t  approximately 6 to  
8-week intervals from September 1976 through October 1977. Data from 
1 November 1976 t o  31 October 1977 was taken to be 1977 input. Material 
coll ected was brought back to the laboratory, weighed fresh, subsampled, 
dried, reweighed, further subsampled, and combusted to determine both 
total  dry weight and AFDW. 

Throughfall and s temf 1 ow: 

Fifteen throughfall coll ectorS, similar to those used for  collecting 
precipitation, were placed along a transect near the mid-swamp study s i t e  
in a s t r a t i f i e d  random design. Collections were made biweekly for  
volume between September 1976 and August 1978. Samples for  organic carbon 



a n a l y s i s  were c o l l e c t e d  every o t h e r  c o l l e c t i o n  per iod ,  
2-week p e r i o d  every 4  weeks. Samples were preserved i n  
t h e  c o l l e c t i o n  p e r i o d  by t h e  a d d i t i o n  o f  10 ml o f  0.015 
c o l l e c t i o n  b o t t l e  a t  t h e  beg inn ing  of  t h e  per iod .  Th is  
c e n t r a t i o n  o f  >40 mg-1-1 a f t e r  t h r o u g h f a l l  f o r  most pe r  

i . e . ,  f o r  one 
t h e  f i e l d  d u r i n g  
N HgC12 t o  t h e  - 
gavz a  Hg++ con- 

iods .  

Ten t r e e s  i n  the  mid-swamp s tudy  s i t e  were c o l l a r e d  about 1 .5  m 
above t he  swamp f l o o r  w i t h  a  po lyure thane  sea le r  and t h e  stemflow d i r e c t e d  
i n t o  po l ye thy lene  funnels emptying i n t o  covered l a r g e  p l a s t i c  garbage 
cans. Stemflow samples were preserved i n  the  f i e l d  w i t h  an i n i t i a l  ad- 
d i t i o n  o f  50 t o  100 m l  o f  0.1 N H C12 i n  each c o l l e c t o r  can, r e s u l t i n g  i n  
a  HgC+ concen t ra t i on  o f  4 0  m g ~ l - q  a f t e r  stemflow f o r  most pe r i ods .  
C o l l e c t i o n s  were made a t  approx imate ly  b imonth ly  i n t e r v a l s  d u r i n g  1977 
and t h e  f i r s t  h a l f  o f  1978. Samples f o r  t h r o u g h f a l l  and s temf low o rgan i c  
carbon a n a l y s i s  were p laced  i n  acid-washed g lass  b o t t l e s  and f r ozen  u n t i l  
a n a l y s i s .  

Shrub and herbaceous p l a n t  n e t  p r o d u c t i v i t y :  

Annual n e t  p r o d u c t i v i t y  o f  t he  shrub and herbaceous 1  ayer  ( < I  .5  m 
i n  h e i g h t )  was measured u s i n g  t h e  ha rves t  da ta  c o l l e c t e d  f o r  t h e  compu- 
t a t i o n  o f  s t and ing  biomass. A1 1  aboveground p a r t s  o f  non-woody p l a n t s ,  
Smilax spp. v ines,  and leaves o f  woody p l a n t s  were measured as annual 
p roduc t ion .  Annual n e t  p r o d u c t i v i t y  was taken t o  be t he  maximum biomass 
f o r  each spec ies o r  group each yea r .  

A1 ga l  d i s t r i b u t i o n  and p r o d u c t i v i t y :  

A lga l  biomass d i s t r i b u t i o n  was measured month ly  d u r i n g  March, A p r i l ,  
and May i n  1979. Ben th ic  a lgae  were sampled by t a k i n g  cores (0.0016 m2) 
o f  t h e  swamp f l o o r  where f l ooded  a t  s t a t i o n s  spaced u n i f o r m l y  across one 
o r  two t r ansec t s  approx imate ly  100-200 m downstream f rom CP-14. M a t e r i a l  
c o l l e c t e d  f rom the  swamp f l o o r  su r f ace  was p laced  i n  p l a s t i c  bags, p u t  on 
i c e ,  and r e t u r n e d  t o  t h e  l a b o r a t o r y .  Algae were c a r e f u l l y  washed f rom 
1  i t t e r  su r faces  on to  g l ass  f i b e r  f il t e r s  and ch l  orophy l  1  -a and phaeophyt in  
measured accord ing  t o  t he  method o f  Lorenmen (1967).  

A lga l  p r o d u c t i v i t y  was measured u s i n g  a  m o d i f i c a t i o n  o f  t h e  one- 
s t a t i o n  d i e1  procedure (Odum 1956; Odum and Hoskins 1958).  D i sso l ved  
oxygen was measured (Amer. Pub1 . Hea l t h  Assoc. 1975) a t  CP-10 i n  t he  
evening, e a r l y  morning, and two o r  t h r e e  t imes throughout  t h e  day. Gross 
p r imary  p r o d u c t i v i t y  (GPP) was computed f rom d i sso l ved  oxygen inc reases  
d u r i n g  t h e  day p l us  t h e  oxygen consumed i n  r e s p i r a t i o n  a t  n i g h t .  Pro- 
duc t i on  and r e s p i r a t i o n  r a t e s  were c o r r e c t e d  f o r  d i f f u s i o n  o f  oxygen i n t o  
the  wate r  f rom t h e  atmosphere. A  su r f ace  d i f f u s i o n  c o e f f i c i e n t  was 
measured u s i n g  t h e  n i t r o g e n - f i l l e d  p l a s t i c  dome method o f  Copeland and 
D u f f e r  (1965).  A  second computat ion was made us ing  phys i ca l  and hydrau- 
1  i c  p r o p e r t i e s  o f  the  stream (Ts i vog lou  and Wal lace 1972). A l g a l  produc- 
t i v i t y  measurements were made p e r i o d i c a l l y  d u r i n g  t he  months o f  January 
through June i n  1976, 1977, and 1978. Rates were conver ted f rom oxygen 



to carbon units assuming a productivity quotient of 1 . 2 .  Net primary 
productivity ( N P P )  was assumed t o  be 60% of GPP (see also Likens 1973). 
Values were averaged monthly and whole-swamp monthly algal NPP was com- 
puted by multiplying mean monthly NPP ra tes  by mean monthly inundation 
fractions.  

Biologic outputs 

Biologic outputs include (1  ) respiration in the swamp floor when 
inundated, both a )  aerobic, referred to as aquatic benthic respiration 
( R a ) ,  and b) anaerobic; ( 2 )  respiration within the water column ( R w c ) ;  
and ( 3 )  respiration in the 1 i t t e r  layer when dry, referred to as terres-  
t r i a l  l i t t e r  respiration (R t l ) .  Total soil  respiration ( R t s )  was also 
measured under t e r r e s t r i a l  conditions; however, i t  could not be partitioned 
between root and heterotrophic components. 

Aquatic benthic and water column respiration: 

Aquatic benthic respiration was measured by collecting cores of the 
swamp floor in plexiglass cylinders (0.14 m in diameter, >10 cm in depth), 
transporting them to the laboratory, reflooding them with swamp water, 
and measuring changes in dissol ved oxygen (Mi nkl e r  method) during incuba- 
tions a t  three temperatures (approximately 5, 15, and 25 C ) .  Six cores 
were collected and incubated simultaneously a t  approximately bimonthly 
intervals from March 1978 to January 1979. Cores were i n i t i a l l y  incubated 
a t  a temperature near ambient water temperature, except for  the cores 
collected in August, which were incubated a t  5 C f i r s t .  Cores were per- 
mi tted to accl imate for  a t  leas t  24 h prior to measurement of respiration 
rates a t  a l l  temperatures and a t  l eas t  48 h prior to the i n i t i a l  measure- 
ment. An experiment performed on cores collected 8 August 1978 to deter- 
mine i f  length of equilibration a t  a particular temperature affected 
respiration rates indicated that  a 1 -day equilibration period was suff i -  
c ient .  Rates measured a f t e r  1 day of incubation a t  23 C were within 6% 
of those measured a f t e r  3 days in f ive of the s ix cores and there was 
no pattern as to which incubation gave higher rates .  

Respiration in the water col urnn was measured by incubating rep1 icate  
bottles of swamp water in the swamp for 24 to 48 h and measuring changes 
in dissolved oxygen concentration. Measurements were made one or two 
times monthly from November 1976 to April 1978. 

Terrestrial  1 i t t e r  respiration: 

Respiration in the swamp f loor  l i t t e r  layer when unflooded was 
measured a t  f ive to ten s i t e s  periodically from 3 August 1977 to 19 July 
1978 (Mu1 hol 1 and 1979). Respiration rates were measured by is01 ating 
l i t t e r  and measuring carbon dioxide (C02) evolution using an alkal i  ab- 
sorption technique (Lieth and Ouel l e t t e  1962; Wi tkamp 1966). Li t te r  
collected from e i ther  a 0.02 m 2  or 0.008 m 2  area was placed into a metal 
cyl inder (0.02 m2) and the ends sealed by covering with Saran (R, p last ic  



wrap h e l d  w i t h  rubber  bands. A  cup c o n t a i n i n g  15 t o  25 ml o f  1  N  KOH 
was added t o  t he  chamber a t  t he  beg inn ing  o f  t he  i ncuba t i on  t o  ab-sorb 
evolved C02. An empty chamber c o n t a i n i n g  o n l y  t he  KOH absorbent  was 
incubated s imu l taneous ly  as a  b lank.  Chambers were incubated i n  t h e  f i e l d  
f o r  6 t o  15 h. Labora to ry  s tud ies  w i t h  f i e l d  apparatus p e r m i t t e d  
computat ion of a  C02 abso rp t i on  c o e f f i c i e n t  (kabs. ) (by  t h e  KOH) o f  2.3. 
Co r rec t i on  f ac to r s  were computed t o  account f o r  incomplete C02 abso rp t i on  
du r i ng  f i e l d  i ncuba t i on  (Mu1 h o l l a n d  1979).  For i ncuba t i ons  >6 h  and 
kabs. >1.0, t h e  c o r r e c t i o n  f a c t o r  was r e l a t i v e l y  independent o f  C02 
p roduc t i on  r a t e  and kabs.. Fo l l ow ing  f i e l d  i n c u b a t i o n  t h e  KOH was t r a n s -  
f e r red  t o  g l ass  b o t t l e s  and t i t r a t e d  w i t h i n  24 h  t o  determine C02 con ten t .  
A  few ml of 2  N BaCl2 was added t o  p r e c i p i t a t e  t h e  absorbed carbon and the  
sample t i t r a t e x  w i t h  1  N HC1, f i r s t  t o  t he  pheno lph tha le in ,  and f i n a l l y  
t o  t he  brom-cresol  g r e e n  endpo in t  (Macio l  ek 1962). For  measurements 
made 4 November 1977 and t h e r e a f t e r  t he  incubated l i t t e r  was r e t u r n e d  t o  
t he  l a b o r a t o r y ,  weighed, d r i e d ,  reweighed, subsampled, and combusted t o  
determine bo th  mo i s tu re  con ten t  and AFDW. 

To ta l  s o i  1  r e s p i r a t i o n :  

To ta l  C02 e v o l u t i o n  f rom the  swamp f l o o r  when unf looded,  r e f e r r e d  t o  
as t o t a l  s o i l  r e s p i r a t i o n  ( R t s ) ,  was measured a t  two t o  seven s i t e s  on 
17 dates f rom 8 December 1976 t o  19 J u l y  1978. R e s p i r a t i o n  was measured 
by i n s e r t i n g  a  metal  c y l i n d e r  (0.02 m2) i n t o  t he  swamp f l o o r ,  add ing  a 
cup o f  1  N KOH (20 t o  25 m l  ) , cove r i ng  w i t h  Saran wrap, and i n c u b a t i n g  
f o r  6  t o  % h. Hand1 i n g  and a n a l y s i s  o f  t h e  KOH a f t e r  i n c u b a t i o n  t o  
determine t h e  amount o f  C02 absorbed was i d e n t i c a l  t o  t h a t  desc r i bed  f o r  
l i t t e r  r e s p i r a t i o n .  Both s o i l  and a i r  temperatures were taken u s i n g  a  
mercury thermometer. 

Anaerobic r e s p i r a t i o n :  

D isso lved  methane e v o l u t i o n  f rom inundated areas was measured pe r i od -  
i c a l l y  f rom March 1978 t o  February 1979. P o l y v i n y l  c h l o r i d e  c y l i n d e r s  
(0.021 m2) were d r i v e n  i n t o  t he  swamp f l o o r ,  l e a v i n g  a  2  t o  5  cm l i p  
exposed, and a l lowed t o  e q u i l i b r a t e  f o r  a t  l e a s t  1  week. C y l i n d r i c a l  
p l a s t i c  sheaths, ex tend ing  above t h e  wate r  sur face,  were s l i p p e d  ove r  t h e  
imbedded c y l i n d e r  l i p s  and f i x e d  w i t h  rubber  bands. The wate r  column 
was i s o l a t e d  f rom t h e  atmosphere by f l o a t i n g  a  p i ece  o f  s ty ro foam f i t  
snug ly  i n t o  t he  p l a s t i c  sheath.  S t i r r i n g  rods were mounted i n  t he  
s ty ro foam tops t o  enable m i x i n g  o f  t h e  wate r  column b e f o r e  t he  f i n a l  
sample was drawn. Water samples were c o l l e c t e d  i n  60 m l  p l a s t i c  sy r i nges  
f i t t e d  w i t h  3-way va lves  b e f o r e  and a f t e r  the  i n c u b a t i o n  p e r i o d  ( 3  t o  
6 h) ,  p laced  i n  i c e  water ,  and analyzed f o r  d i sso l ved  methane concentra-  
t i o n  w i t h i n  24 h. D isso lved  methane was measured by gas chromatography 
(Perk in-Elmer  Model 900) a f t e r  n i t r o g e n  s t r i p p i n g  and subsampl i n g  of the  
ni t rogen-methane m ix tu re .  



P a r t i c u l a t e  o rgan i c  carbon f o rma t i on  

POC fo rma t i on  due t o  p r e c i p i t a t i o n  o f  DOC as w e l l  as b a c t e r i a l  growth 
was measured p e r i o d i c a l l y  f rom November 1977 t o  May 1978. Swamp water  
was c o l l e c t e d  and a  p o r t i o n  incubated i n  g lass  b o t t l e s ,  wrapped i n  opaque 
p l a s t i c ,  and p laced  i n  t h e  swamp f o r  30 t o  80 days. Another p o r t i o n  was 
r e t u r n e d  t o  t he  1 abo ra to r y  , f i 1 t e r e d  through pre-combus t e d  Gel man Type 
A/E g lass  f i b e r  f i l t e r s ,  d r i e d  a t  85 C, weighed, recombusted, and r e -  
weighed t o  determine p a r t i c u l a t e  AFDW i n i t i a l  l y  i n  t h e  water .  A f t e r  
i ncuba t i on  t h e  f i r s t  p o r t i o n  o f  wa te r  was r e t u r n e d  t o  t he  l a b o r a t o r y  and 
t r e a t e d  i n  t h e  same manner t o  determine t he  concen t ra t i on  o f  p a r t i c u l a t e  
AFDW. Increases i n  AFDW d u r i n g  the  i n c u b a t i o n  were assumed e n t i r e l y  t o  
be p r e c i p i t a t e d  d i sso l ved  o rgan i c  ma t te r ,  h a l f  o f  which was assumed t o  
be DOC. Th is  technique c e r t a i n l y  overes t imates  DOC p r e c i p i t a t i o n  
because i t  does n o t  d i f f e r e n t i a t e  between p r e c i p i t a t i o n  and b a c t e r i a l  
growth. 

D isso lved  o rgan i c  carbon 1  eaching f rom ground l i t t e r  

Rapid l each ing :  

The amount o f  r e a d i l y  leachab le  m a t e r i a l  f rom newly f a l l e n  leaves 
o f  va r i ous  t r e e  spec ies was measured i n  t h e  f a l l  o f  1978. Leaves were 
p i cked  f rom t r e e s  j u s t  p r i o r  t o  absc i ss i on  and grouped accord ing  t o  
spec ies.  A l l  were a i r  d r i e d  and weighed, and subsamples were d r i e d  a t  
85 C 2nd reweighed t o  determine d r y  we igh t .  Leaves were immersed i n  
d i s t i l l e d  water  f o r  1 t o  7  days a t  23 C, d r i e d  aga in  a t  85 C, and 
reweighed t o  determine d r y  we igh t  l o s s .  

The r e a d i l y  l eachab le  m a t e r i a l  i n  newly fa1 l e n  1  eaves may be leached 
by su r f ace  wate r  o r  t h r o u g h f a l l  as i t  pe rco la tes  through t he  ground 
l i t t e r  when t he  swamp i s  unf looded.  I n  t h e  f a l l  o f  1976 and w i n t e r  o f  
1977 s imul  taneous exper iments were performed a t  Creeping Swamp and a t  
Chapel H i l l ,  N.C. t o  determine the  r a t e  o f  t h r o u g h f a l l  l e a c h i n g  o f  newly 
f a l l e n  leaves.  Newly f a1  l e n  r e d  maple leaves were c o l l e c t e d  i n  Creeping 
Swamp j u s t  p r i o r  t o  absc i ss i on  and known amounts p laced  i n  n y l o n  mesh bags 
(1  mm mesh). One group o f  bags was p laced  i n  a  r e l a t i v e l y  h i g h  area o f  
t h e  swamp and a  second s e t  was p laced  i n  a  wooded area near  Chapel H i l l .  
Two o r  t h r e e  bags were c o l l e c t e d  p e r i o d i c a l l y ,  d r i e d  a t  85 C, and r e -  
weighed t o  determine d r y  we igh t  l o s s .  Th rough fa l l  was a l s o  measured d u r i n g  
each c o l l e c t i o n  p e r i o d  a t  t h e  i n c u b a t i o n  s i t e s  w i t h  c o l l e c t o r s  s i m i l a r  
t o  those descr ibed  e a r l  i e r .  

I n  November 1978 an exper iment  was performed t o  es t ima te  t h e  amount 
o f  r e a d i l y  leachab le  m a t e r i a l  t h a t  was b i o l o g i c a l l y  r e a d i l y  u t i l  i z a b l e  
and q u i c k l y  r e s p i r e d .  Three swamp f l o o r  cores were c o l l e c t e d ,  r e f l o o d e d  
w i t h  swamp water ,  and incuba ted  a t  25 C. Measurements o f  d i s s o l v e d  
o rgan i c  carbon concen t ra t i on  were made b e f o r e  and a f t e r  t h e  i ncuba t i ons  
t o  determine background l each ing  r a t e s .  The wate r  was then d ra ined  and 
each co re  was r e f l o o d e d  w i t h  l eacha te  d e r i v e d  f rom newly f a l l e n  r e d  



maple leaves leached by d i s t i l l e d  water f o r  12 and 24 h periods immediately 
preceding the incubatlon. Dissolved organic carbon cancentration of the 
leachate in each core was measured f o r  a period of 7 days under aerobic 
conditions . 

Slow leaching: 

Rates of slow, long-term leaching of DOC from organic material on 
the swamp f l oo r  were measured during May, August, and November 1978, and 
January 1979. Swamp f loor  cores (0.14 m i n  diameter, >10 cm in depth) 
were taken, returned to the laboratory,  reflooded with swamp water, and 
incubated a t  two o r  three temperatures with continuous aerat ion.  DOC 
concentration was measured before and a f t e r  24 to  60 h incubation periods. 
Leaching ra tes  per uni t  of swamp f l oo r  were computed from increases in 
DOC concentration. A to ta l  of s i x  cores were collected and incubated in 
each experiment. 

Additional methods 

AFDW was taken t o  be organic matter and organic carbon was assumed 
t o  be 50% of organic matter by weight (Westlake 1963; Reichle, e t  a l .  
1973). S t a t i s t i c a l  analys is  of data was performed using S t a t i s t i c a l  
Package f o r  the Social Sciences (Nie, e t  a l .  1970). Sample v a r i a b i l i t y  i s  
throughout expressed in terms of one standard e r ro r  (S. E . )  from the  mean 
value ( 2  + S.E.). 

RESULTS 

Inundation pat terns  

Inundation pat terns  in Creeping Swamp were d i r ec t l y  re la ted t o  water 
level f luctuat ions .  Mean monthly inundation f rac t ions  ranged from 0.64 
in January 1976 and March -1 977 t o  0.0 i n  Octdber 1976 (Tab1 e 1 ) . Flooded 
and dry seasons were c l ea r ly  evident. The swamp was, on average, 50% 
flooded during December, January, February, and March in 1976 and 54% 
flooded during these months i n  1977. During June through October t he  
swamp was flooded, on average, 13% i n  1976 and 21% in 1977. A six-year 
mean da i ly  inundation record f o r  Creeping Swamp shows, even more c l ea r ly ,  
the  seasonal var ia t ion in inundation (Fig. 4 ) .  Sa l ien t  features  of 
seasonal inundation include: (1 ) re1 a t i ve ly  sharp increases i n  inundation 
during l a t e  f a l l ,  ( 2 )  r e l a t i ve ly  s t ab l e  and high winter inundation, ( 3 )  
gradual declines i n  inundation during spring,  and (4)  very low summer 
inundation. The dip i n  February, and peak in l a t e  May and ear ly  June 



i n  mean i nunda t i on  e v i d e n t  i n  F ig .  4, a r e  p robab ly  a  r e s u l t  o f  p a r t i c u l a r  
weather p a t t e r n s  d u r i n g  t h e  s i x - yea r  p e r i o d  1973-1978, and do n o t  r e f l e c t  
long- te rm swamp i nunda t i on  pa t t e rns .  P r e c i p i  a t i o n  recorded a t  a  s i t e  
25 km away averaged between 9  and 12.4 cmemo-r d u r i n g  1973-1978, w i t h  t h e  
excep t ion  o f  February (7.95 cm) , October (7.37 cm) , and November (6.40 cm) 
(Na t i ona l  Oceanographic and Atmospheric A d m i n i s t r a t i o n  1973-1 978). Sea- 
sonal v a r i a t i o n  i n  i nunda t i on  was due t o  t he  seasonal changes i n  evapo- 
t r a n s p i r a t i o n  and n o t  p r e c i p i t a t i o n .  

Table 1. Mean month ly  i nunda t i on  f r a c t i o n s  o f  Creeping Swamp i n  1976 
and 1977. 

- - 

Month ! 976 1977 

January 

February 

March 

A p r i  1  

May 
June 

J u l y  

August 

September 

October 

November 

December 

L i v i n g  biomass 

Trees and sap l i ngs :  

Red map1 e  (Acer - rubrum), ash, m o s t l y  wa te r  ash (F rax inus  c a r o l  i n i a n a )  , 
and b l a c k  gum (Nyssa s y l v a t i c a  v a r  b i f l o r a )  were t h e  most abundant t r ees ,  
and r e d  maple and ash t h e  most abundant sap l i ngs  i n  Creeping Swamp (see 
a l s o  Mu lho l l and  1979).  I n  terms of basal  area, b l a c k  gum, swamp ches tnu t  





oak (Quercus michauxii), tupelo gum (Nyssa aquatica),  and red maple qom- 
inated the t ree  stratum. Total swamp stem density was 705 treesoha' and 
1206 sapl ings*ha-1. Average swamp t ree  diameter was 28.1 cm ( D B H )  and 
average sap1 ing diameter was 5.6 cm ( D B H ) .  Using the double logarithmic 
regressions relating t ree  biomass to DBH reported by Dabel and Day (1977) 
for  Great Dismal Swam hardwoods, I computed a total  t ree biomass of 
26.7 kg dry weightem-8 (13.4 k t ern-^) and a total  sapling biomass of 0.9 
kg dry weightem-2 (0.5 kg Gem-j) (Tab1 e 2 ) .  

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

Component Trees Sap1 ings 

Average Biomass: 

Leaves 10.1 kg*tree-' 0.3 kg*sap-' 

Branches 59.0 kg. tree-' 1 .6 kg-  sapm1 

Stem 31 0 kg*  tree-' 5.7 kg.sapm1 

To ta l 379 k g *  tree-' 7.7 kg. sap-' 

Average Swamp Dens i ty 705 trees.  ha- ' 
Average Swamp Biomass 26.7 k g * m - 2  0.9 kg*m-2  

*log (stem dry weight, k g )  = 2.4064 log(DBH, cm) - 1.0665. 
log (branch dry weight, k g )  = 2.1880 log(DBH, cm) - 1.4297. 
log (leaf dry weight, k g )  = 2.1516 log(DBH, cm) - 2.1381. 

Approximately 60% of the swamp was flooded on the date the point- 
quarter analysis was made. This flooded portion roughly corresponds to 
the lower elevations of Creeping Swamp which are inundated much of the 
winter and spring. For the years 1975-1977 th i s  portion was flooded an 
average of 41% of the time during the period December through May. 
Dividing the point-quarter data into low and high swamp portions according 
to  the presence or absence of flooded conditions a t  each point permitted 
analysis of the effects  of inundation pattern on t ree  dis t r ibut ion and 
s ize .  While some t ree  species were not numerous enough in e i ther  area 
to draw conclusions, changes in re la t ive  density and basal area among 
the more abundant species from low to high areas were evident (Table 3 ) .  
Red maple, ash, tupelo gum, and bald cypress (Taxodium distichum) were 



decidedly more dense in the lower area and black gum, ironwood (Carpinus 
carol iniana),  water oak (Quercus nigra) ,  and swamp chestnut oak were a1 1 
re lat ively more dense in the higher area. Total t ree  density was 58% 
greater and average t ree  diameter ( D B H )  was about 9% greater in the lower 
area. Average t ree biomass fo r  the lower are was 33.4 kg dry weightem-2, 
or 93% greater than the 17.3 kg dry weightam-q for  the high area. 

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

Relative Re1 at ive 
Number Dens i t y  Basal Area 

Species low high low high low high 

Acer rubrum L .  - 24 21 .250 .I81 .I14 .I13 

Nyssa s lvat ica var 
biflora "r Wal t e r )  Sargent 

Fraxi nus spp. 

Liquidambar s tyracif lua L .  

Carpinus caroliniana Walter 

Quercus nigra L. 

Quercus m i  chauxi i Nu t t a l  1 
Nyssa aquatica L .  

Taxodium dis tichum (L. ) Richard 
I1 ex opaca Ai ton 

Ulmus americana L. 

Quercus l au r i fo l i a  Michauxii 

Quercus phellos L. 

Liriodendron tul ipifera  L .  

Cra taegus spp. 

Popul us heterophyl 1 a L. 

Total 

*Species from Radford, -- e t  a1 . 1968. 



Shrubs and herbaceous pl ants : 

Creeping Swamp has a shrub and herbaceous plant stratum varying 
widely in density and composed of various species of t ree  seedlings, vines 
 milax ax spp., ~erchemia scandens (Hi l l )  K.  Koch, Rhus radicans L . ,  and 
Decumaria b a r b s f f e r n s o c l  ea sensi bil i s  r a n d  Osmunda regal i s  
var. spectabil i s  (Wil l d .  ) ~ r a y l m e s  (Carex spp. ) ,  virginia willow 
( I t ea  virginica L .  ) , leucothoe (Leucothoe a x i l l a r i s  (Lam. ) D.  Don), cane 
( f i d i  naria i antea (Wal t e r )  M ' m z a r d  ' s t a i  1 (Saururus cernuus 
L.), violets ? Viola spp. ) ,  and other less  common speci-also Kuenzler 
e t  a l .  1977). Total aboveground biomass ranged from 36.9 g A F D W * ~ - ~  on -- 
13 September 1976 to 42.4 g A F D W ~ ~ - ~  on 22 June 7 977, with Smilax spp. and 
Leucothoe axil l a r i s  dominating during a1 1 harvests (Mu1 hol land 1979). 

Swamp f loor  detr i tus  

Ground 1 i t t e r :  

Standing crop of ground l i t t e r  in Creeping Swamp, excluding boles, 
varied seasonally, exhibiting a sharp increase following autumn 1 eaf-fall  , 
and a decline thereafter (Fig. 5 ) .  Leaves and leaf fragments comprised 
from 55 to 80% of total  ground 1 i t t e r ;  th i s  fraction was generally high- 
e s t  in in t e r  and lowest in l a t e  summer. Feak standing crop was 1068 g 
A F D W * ~ - '  of total  l i t t e r  and 856 g AFDWsm- of leaf 1 i t t e r  on 1 7  February 
1977. Minimum levels were 825 and 560 g A F D W ~ ~ ' ~  of total  and leaf 
l i t t e r  on 20 September 1977. The standard errors for  adjacent measurements 
frequently over1 ap; however, the trend was unmistakable. From 1 7  February 
1977 to 20 September 1977 there was a net decomposition of approximately 
250 g A F D W * ~ - 2  (125 g ~ . m - 2 ) ,  most of which was leaf 1 i t t e r .  The 
decomposition r a t e  appeared to be f a s t e r  from 17 February to 28 April 
than thereaf ter .  There was a net i n w t  of 1 i t t e r  durina the ~ e a k  leaf- 
f a l l  period in 1977 (20 September to' 21 November) of 156 g 
A F D W ~ ~ - 2 .  

On 29 July 1979 an estimate of de t r i t a l  boles on the swamp f loor  was 
made by measuring dimensions of a l l  logs within two 0.25 ha quadrats 
and classifying them into one of three categories depending upon the 
degree of decomposition. Three logs in each decompositional c lass i f ica-  
tion were subsampled and wood density was measured. Biomass of dead boles 
on the swamp floor was 240 g e m - 2  and 520 g-m-2 in the two quadrats 
sampl ed. 

Soil : 

The soi l  profi le  in Creeping Swamp below the 1 i t t e r  layer consisted 
of a thin organic layer of about 1-5 cm, underlain by sand and clay. 
Plant roots were shallow and small roots and root hairs penetrated into 
the l i t t e r  layer. There was no evidence of large scale sedimentation or 
humus formation. The top 5 cm of swamp s o i l ,  below the 1 i t t e r  layer,  had 
a mean organic matter content of 17.3(+1.7)% in April 1977 and 16.5(+2.0)% 





i n  May 1978. The s o i l  p r o f i l e  between 5 and 25 cm had a mean o rgan i c  
con ten t  o f  7.4(+1.6)% i n  1977 and 5.5(+0.8)% i n  1978 (Yarbro  1979).  
To ta l  s o i l  o rgan i c  ma t te r  t o  a  depth of  25 cm, exc lud ing  1 i t t e r ,  averaged 
14,580 (+890) g  ~~i3W.m-2 (7,290 g corn-2) i n  A p r i l  1977 and 15,180 (+1000) 
g  A F D W * ~ - 2  (7,690 g corn-2) i n  May 1978. 

Hydro log ic  i n p u t s  and ou tpu t s  

S t reamf 1 ow: 

Mean annual r u n o f f  f o r  t h e  p e r i o d  1972-1976 was 34.1 cm a t  CP-10 
and 32.6 cm a t  CP-20 (as computed from U.S. Geolog ica l  Survey Water Data, 
1972-1977). I n  1976, a  d r i e r  than average year ,  r u n o f f  was 22.3 cm a t  
CP-10 and 17.6 cm a t  CP-20 (U.S.G.S. 1978). I n  1977 r u n o f f  t o t a l l e d  41.1 
cm a t  CP-10 and was es t imated  t o  be 0.96 (average f r a c t i o n  f o r  1972-1976) 
t imes t h a t ,  o r  38.7 cm, a t  CP-2P. Runoff e n t e r i n g  t h e  swamp f rom tri- 
b u t a r i e s ,  d i t ches ,  and non-po in t  sources between CP-20 and CP-10 was 
assumed t o  be the  same as runof f  a t  CP-20 s i n c e  t h e  dra inages were s i m i l a r  
i n  v e g e t a t i o n  t ype  and l a n d  use. 

Streamflow i n  Creeping Swamp e x h i b i t e d  d i s t i n c t  seasonal v a r i a t i o n  
(F ig .  6 ) .  December through A p r i l  normal l y  comprised the  h i g h - f l  ow pe r i od .  
Approx imate ly  1.5 cm o f  r a i n f a l l  produced spates. Th i s  p e r i o d  u s u a l l y  
cons i s ted  o f  a  s e r i e s  o f  sharp increases and gradual dec l i nes  i n  stream- 
f l o w .  Dur ing  t h e  low- f low per iod ,  which g e n e r a l l y  co inc ided  w i t h  t h e  
growing season, t h e  f l o o d p l a i n  was u s u a l l y  un f looded and s t reamf low o f t e n  
ceased f o r  extended pe r i ods .  Approx imate ly  2.5 t o  3.5 cm o f  r a i n f a l l  were 
r e q u i r e d  t o  produce s i g n i f i c a n t  spates. Storms s i m i l a r  i n  s i z e  t o  those 
d u r i n g  t he  h igh- f low p e r i o d  produced much sma l l e r  spates. Spates d u r i n g  
1976-1977 had recur rence  i n t e r v a l s  o f  < two years ,w i th  t h e  excep t ion  o f  t h e  
spa te  i n  e a r l y  November 1977, whicn was about  a  7-year  even t  (U.S.G.S. 
personal  communication). S ince March 1971, when CP-10 was i n i t i a l l y  
gaged, a  10-year spa te  even t  occur red  on 2 October 1971 and an 8-year even t  
occur red  on 2 A p r i l  1973. A l l  o t h e r  spates d u r i n g  t h a t  p e r i o d  have been 
2-year events.  

Organic carbon concen t ra t i on :  

FTOC concen t ra t i ons  a t  CP-20, CP-14, and CP-10 v a r i e d  seasona l l y  
(F i g .  7 ) .  Concentrat ions ranged f rom 5.8 mg* l -1  a t  CP-20 on 19 January 
1977 t o  73.0 mg.1-7 a t  CP-14 on 9 November 1976, under s tagnant  c o n d i t i o n s .  
Lowest concen t ra t i ons  were found December through February.  There were 
s teady inc reases  i n  concen t ra t i ons  f r om March t o  June and they  remained 
h i g h  b u t  f l u c t u a t e d  w i d e l y  J u l y  through November. H ighes t  concen t ra t i ons  
occur red  under s tagnant  c o n d i t i o n s  d u r i n g  t he  summer and autumn months 
and a t  r e l a t i v e l y  h i g h  streamflows i n  November f o l l  owing peak 1 i t t e r f a l l  . 

DOC was by f a r  t he  most abundant o rgan i c  carbon f r a c t i o n  i n  stream- 
f l o w  (Tab le  4 ) .  It comprised g r e a t e r  than  85% o f  t o t a l  o rgan i c  carbon 
(TOC) a t  a l l  s t a t i o n s  d u r i n g  1976 and g r e a t e r  than 93% a t  CP-20 and CP-10 



Figure 6. Annual record of streamflow and floodplain inundation at 
CP-10 during (a) 1976 and (b )  1977. Heavy lines along 
baseline indicate no streamflow. 
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Figure 7. Seasonal patterns of fine total organic carbon (FTOC) 
concentration at three stations in Creeping Swamp and 
streamflow at CP-10 from January 1975 to May 1978. 



d u r i n g  1976 and 1977. Mean nnual DOC concent ra t ions ,  weighted by stream- 
f l ow ,  ranged f rom 10.0 mg*1-8 a t  CP-20 i n  1976 t o  23.9 mg. l - l  a t  TB-07 
i n  1976. Weighted mean annual DOC concent ra t ions  i n  some o f  t h e  t r i b u -  
t a r y  streams i n  1977 1 i k e l y  surpassed 23.9 mg.1-1; however, FPOC and DOC 
were n o t  separated on one h igh - f l ow  sample da te  and computat ions cou ld  
n o t  be made. FPOC was g e n e r a l l y  t he  n e x t  most abundant o rgan i c  carbon 
f r a c t i o n ,  rang ing  f rom 0.1 mg-1-1 a t  CP-20 i n  1977 t o  3.1 mg-1-1 a t  
TB-02 i n  1976 (Tab le  4 ) .  Weighted mean annual FTOC concent ra t ions ,  t h e  sum 
o f  DOC and FPOC, ranged from 10.5 mg* l - 1  a t  CP-20 i n  1976 t o  32.2 mg-1-1 
a t  TB-07 i n  1977. Weighted mean CPOC concent ra t ions  were <1 mgel-1 a t  
a l l  s t a t i o n s  (Table 4 ) .  

Table 4. Weighted mean annual o rgan i c  carbon concen t ra t i ons  i n  Creeping 
Swamp and t r i b u t a r y  streams. Percent  o f  TOC i n  parentheses. 

DOC FPOC CPOC* 

Year S t a t i o n  (mg-1-' ) (rng.1-' ) (mg* l - '  ) 

1976 CP-10 14.8 (96.7%) 0.4 (2.6%) 0.1 (0.7%) 

CP-20 10.0 (93.5%) 0.5 (4.7%) 0.2 (1.8%) 

TB-01 12.8 (93.4%) 0.2 (1 .5%) 0.7 (5 .1%) 

TB-02 18.8 (85.7%) 3.1 (14.0%) 0.2 (0 .9%) 

TB-03 10.3 (91.2%) 0.7 (6.2%) 0.3 (2 .6%) 

TB-04 15.5 (95.2%) 0.6 (3.6%) 0.2 (1.2%) 

TB-07 23.9 (86.9%) 3.0 (10.9%) 0.6 (2.2%) 

1977 CP-10 19.7 (94.7%) 1.0 (4.8%) 0.1 (0.5%) 

CP- 20 17.4 (98.3%) 0.1 (0.6%) 0.2 (1.1%) 

TB-01 23.7 (DOC + FPOC) 0.7 (2.9%) 

TB-02 19.8 II 0.2 (1.0%) 

TB-03 18.9 I I 0.3 (1 .6%) 

TB-04 20.9 I t  0.2 (1  .O%) 

TB-07 32.2 I I 0.6 (1.8%) 

*weighted mean f o r  da ta  c o l l e c t e d  f rom January 1976 t o  January 1978 

DOC and FPOC concen t ra t i ons  a t  CP-20 and CP-10 were s i g n i f i c a n t l y  
c o r r e l a t e d  (P <0.01) w i t h  a number of phys i ca l  parameters and chemical  
species,  among these c o l o r  ( p o s i t i v e )  , pH ( p o s i t i v e )  , temperature ( p o s i  - 



t i v e ) ,  d isso lved  oxygen (negat ive)  and a  number o f  metals ( p o s i t i v e )  
(Mu1 hol  land  1979). Negat ive c o r r e l a t i o n s  between DOC concent ra t ion  and 
loglO (s t reamf low) were s i g n i f i c a n t  b u t  weak a t  bo th  CP-20 and CP-10 
( r  = -0.46 and -0.38, r e s p e c t i v e l y ) .  DOC concent ra t ion  was p o s i t i v e l y  
c o r r e l a t e d  w i t h  l o g l o  (s t reamf low) a t  TB-03, TB-04, and TB-07 ( r  = 0.70, 
0.60, and 0.83, r e s p e c t i v e l y ) .  S i m i l a r  c o r r e l a t i o n s  were n o t  s i g n i f i c a n t  
a t  TB-01 and TB-02. Co r re la t i ons  between FPOC concent ra t ion  and log10 
(streamflow) were s i g n i f i c a n t  a t  CP-10 o n l y  ( r  = 0.33). CPOC concentra- 

. t i o n  was both h i g h l y  and p o s i t i v e l y  c o r r e l a t e d  w i t h  s t reamf low ( r  = 
0.84) and loglO (strearnf low) ( r  = 0.83), b u t  o n l y  a t  CP-10. 

Streamflow and groundwater o rgan ic  carbon f l u x :  

The f l u x  o f  o rgan ic  carbon v i a  s t reamf low a t  CP-20 and CP-10 was 
computed by m u l t i p l y i n g  weighted mean annual DOC, FPOC, and CPOC concen- 
t r a t i o n s  by t o t a l  annual streamflow, and d i v i d i n g  by the  area o f  swamp 
(3.2 km2). The f l u x  o f  organic  carbon i n t o  the  swamp v i a  r u n o f f  e n t e r i n g  
the  swamp between CP-20 and CP-10 ( t r i b u t a r y  i n p u t )  wases t ima ted  from 
weighted mean annual FTOC and CPOC concent ra t ions  computed f o r  each o f  
t h e  f i v e  major t r i b u t a r i e s ,  averaged i n  p ropo r t i on  t o  annual f l o w  i n  each, 
and mu1 t i p 1  i e d  by t o t a l  r u n o f f  e n t e r i n g  the  swamp between CP-20 and CP-10 
( i n  volume u n i t s )  . Overa l l  t r i b u t a r y  weighted mean DOC concen t ra t i on  
was computed t o  be 13.5 mgel- l  i n  197 and 18.9 mgml-1 i n  1977, weighted 
mean FPOC concent ra t ion  was 1 .O mg* l - f  i n  1976 and 1.8 mg.1-1 i n  1977, 
and weighted mean CPOC concent ra t ion  was 0.3 m g * l - l  i n  bo th  years .  

I n  a  s tudy o f  t he  hydrology o f  t h e  Creeping Swamp watershed upstream 
o f  CP-10, Winner and Simmons (1977) repo r ted  t h a t  t he  segment o f  swamp 
between CP-20 and CP-10 rece ived i n p u t s  o f  groundwater from the  uppermost 
major con f ined a q u i f e r ,  t he  Cast le  Hayne Limestone. The Cast le  Hayne 
o r i g i n a t e s  near the western boundary of t he  Creeping Swamp watershed,dips 
toward the east,and rece ives  recharge f rom h igh  e l e v a t i o n  areas w i t h i n  the  
watershed. Upward movement o f  water  from the  Cast le  Hayne t o  the  low- 
l y i n g  Creeping Swamp f l o o d p l a i n  i s  thought  t o  be most ly  de r i ved  from 
groundwater recharge a t  h ighe r  e leva t i ons  i n  the  watershed. DOC concen- 
t r a t i o n  i n  t he  Cast le  Hayne a q u i f e r  measured a t  a  s i t e  approximately 
60 km from Creeping Swamp was 2.5 m g * l - l  (Leenheer, e t  a1 . 1974). -- 

Annual s t reamf low and groundwater f l u x  o f  o rgan ic  carbon i n  Creeping 
Swamp i s  presented f o r  1976 and 1977 (Table 5 ) .  The f l u x  o f  carbon was 
most ly  DOC, and, w h i l e  t o t a l  ou tpu ts  of TOC and DOC exceeded t o t a l  i npu ts  
i n  bo th  years, POC i n p u t  exceeded o u t p u t  i n  1976. Both i npu ts  and ou tpu ts  
of TOC were s u b s t a n t i a l l y  g r e a t e r  i n  1977 than i n  1976, r e f l e c t i n g  
85% more streamflow a t  CP-10 and 120% more streamflow a t  CP-20 i n  1977 
as compared t o  1976. 



Table 5. Flux of organic carbon v ia  streamflow and groundwater in Creeping 
Swamp (g c*m-2eyr-1). P o s i t i v e  n e t  f l u x  ind ica te s  n e t  movement 
i n t o  the  Creeping Swamp study segment and negat ive values n e t  
movement ou t  . 

DOC POC TOC DOC POC TOC 

Inputs  

Main Stream (CP-20) 

Tr ibutary  

Groundwater 

Total Inputs 

Outputs 

Main Stream (CP-10) 

Net Flux 

*Tributary weighted mean annual DOC and FPOC concent ra t ions  assumed t o  be 
the  same f r a c t i o n s  of FTOC a s  in 1976 ( i  , e . ,  DOC = 91 . 3 %  of FTOC and 
FPOC = 8.7% of  FTOC) . 

Rainfal l  organic carbon f l u x :  

I measured organic carbon concentrat ions in  r a i n f a l l  of from 5.0 t o  
15.7 mg*l- l ,  with a mean of 10.3 mg-1-1, from February t o  August 1978. 
True mean annual concentrat ion was 1 i kely much 1 e s s  than 10.3 mg*l-l  . 
Contamination of some form must have occurred. Rainfal l  c o l l  e c t o r  b o t t l e s  
were imbedded in  t h e  s o i l  and groundwater DOC may have d i f fused  through 
the  p l a s t i c .  I have chosen t o  d iscard  this data .  

Jordan and Likens (1975) reported an average r a i n f a l l  organic carbon 
concentrat ion of 2.4 mg*l-l  a t  Hubbard Brook, New Hampshire, and Brinson 
(personal communication)measured values of about 1 .8  mg*l - 1  in  an a rea  
w i t h i n  25 km of  Creeping Swamp. Assuming a mean annual r a i n f a l l  organic  
carbon concent ra t ion  of 1 .8  mg-1 "1 f o r  Creeping Swamp, p r e c i p i t a t i o n  f l u x  
p r i o r  t o  con tac t  with vegetat ion was 1 . 8  g i n  1976 and 2.4 g C-m-2 
in 1977. 



Biologic inputs  
Annual t r e e  and sapl ing  wood increment: 

Annual aboveground ne t  stem and branch wood increment in 1977 ranged 
from 0 t o  100.4 kg dry weightstree-1 f o r  se l ec ted  t r e e s  in Creeping Swamp. 
Annual ne t  wood increment was p o s i t i v e l y  r e l a t e d  t o  t r e e  diameter (DBH) 
f o r  each of seven species  chosen (Fig .  8 ) .  Net wood increment-DBH r e l a t i o n -  
sh ips  f o r  red maple (A. rubrum), sweet gum (I--. s t  r a c i f l u a ) ,  water oak 
(Q. n i g r a ) ,  and swamp ches tnut  oak (Q. michauxii r"- were s t eepe r  and incre-  
ments were higher than f o r  black gum ( N .  s l v a t i c a  va r .  b i f l o r a ) ,  tupelo 
gum (1. a q u a t i c a ) ,  and ash (Fraxinus spp. r"- The r e l a t i v e l y  low productiv- 
i t y  of black gum and tupelo gum i s  s t r i k i n g  s i n c e  both a r e  common swamp 
species  and black gum i s  e spec ia l ly  abundant in Creeping Swamp. The high 
product iv i ty  of sweet gum and swamp ches tnut  oak, and t h e i r  lower dens i ty  
compared t o  red maple, a sh ,  and black gum, may r e f l e c t  very favorable  
condit ions f o r  these  species  a t  the  higher e l eva t ions  in  the  swamp where 
they a r e  commonly found (Table 3 ) .  Perhaps ash ,  black gum, and tupelo 
gum a r e  abundant a t  the  lower e l eva t ions  due t o  exclusion of species  such 
a s  t h e  oaks and sweet gum because of f looding frequency r a t h e r  than t o  
t h e i r  higher p r o d u c t i v i t i e s  the re .  Red maple may be p a r t i c u l a r l y  abundant 
due t o  i t s  r e l a t i v e l y  high p roduc t iv i ty ,  compared t o  a sh ,  black gum, and 
tupelo gum, and to lerance  t o  f looding.  

Annual aboveground n e t  wood increment f o r  1977 was 648 g dry 
~ e i ~ h t e m - ~  (324 g ~ - r n - 2 )  with red maple, ches tnut  oak, and sweet gum 
dominating. Trees comprised 96% of this f i g u r e  s i n c e  small diameter stems 
of a l l  spec ies  grew very slowly. 

Li t t e r f a l  1 : 

L i t t e r f a l l  i n  Creeping Swamp, measured by 0.2 m2 basket-type co l l ec -  
t o r s ,  was d i s t i n c t l y  seasonal (F ig .  9 ) .  Approximately 60% of annual 
1 i t t e r f a l l  i n  1975-1977 occurred i n  October and November, with peak 1 i t -  
t e r f a l l  usual ly  the  l a s t  week of October and f i r s t  week of November. Mean 
1 i t t e r f a l l  was 604(+43) g dry weightam-2 in 1975, 638(+43) g dry weightem-2 
i n  1976, and 572(+24) g dry weight-m-2 in 1977 (Mulholland 1979). In 
terms o f  organic carbon $1 i t t e r f a l l  in Creepin Swamp was 285 g corn-2 in 
1975, 305 g cam-2 in 1976, and 272 g C o r n - ?  in 1977. Leaves comprised 
80.7% of l i t t e r f a l l  in  1976 and 75.1% in 1977, and wood comprised 11.2% 
and 15.9% of 1 i t t e r f a l l  i n  1976 and 1977. F r u i t s  and flower p a r t s  were 
8.1% of 1 i t t e r f a l l  in  1976 and 9.0% i n  1977, and exhib i ted  an April peak 
comprising 70% and 56% of April l i t t e r f a l l  those yea r s .  L i t t e r  f r a c t i o n s  
were pe r iod ica l ly  combusted t o  determine AFDW. Leaves ranged from 92.2% 
t o  95.9% ash- f ree ,  with a mean of 94.7% over an annual period.  Woody 
t i s s u e  ranged from 95.9% t o  98.6% ash-f ree  w i t h  a mean of 97.0%, and f r u i t  
and flower p a r t s  ranged from 95.0% t o  99.1% ash-f ree  w i t h  a mean of 
97.0%. 

Macro-1 i  t t e r f a l l  : 

Macro- l i t t e r f a l l  (material  >0 .3  m in  length which was excluded from 
the  basket-type c o l l e c t o r s )  was most 1 i kely a funct ion  of both season and 
storm frequency. The h ighes t  r a t e s  measured were f o r  l a t e  f a l l - e a r l y  



log Y=3.10 log X-3.38 log Y444 log X- 1.50 

W 
a 
0 
Z - 

log Y=2.10 log X-2.10 log Y =3.05 log X-3.94 

0 10 20 30 40 50 0 10 20 30 40 50 60 

TREE DBH (cm)  

Figure 8, Aboveground net annual wood increment in 1977 as a function 
of diameter a t  breast height ( D B H )  for  seven common species 
in Creeping Swamp. 
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Figure 9. Seasonal patterns o f  average daily litterfall in Creeping 
Swamp for 1976 and 1977. 



winter  and l a t e  winter -ear ly  spr ing  (Fig .  10) .  A l a r g e  s p a t e  occurred in 
l a t e  May 1977 which precluded c o l l e c t i o n  f o r  the  period 13 April 1977 t o  
2 June 1977. Macro - l i t t e r f a l l  during t h i s  period was est imated t o  be 
the average of the  co l l ec t ion  periods immediately preceding and follow- 
ing ,  o r  0.358 g dry weightem-2-day-1. Annual macro-1 i t t e r f a l l  f o r  1977 
(1 November 1976 t o  31 October 1977) was 121 (516) g dry weightem-2 (58.9 
g  em-3). In a Florida cypress swamp Burns (1978) measured macro - l i t t e r -  
f a l l  of 66 g C-m-2. 

Fall  of t r e e  stems i s  not represented by macro - l i t t e r f a l l  here due 
t o  the  r e l a t i v e l y  small s i z e  of the c o l l e c t i o n  p l o t s  (25 m2). A t  Hubbard 
Brook t r e e  stems comprised 14.1% of t o t a l  annual aboveground 1 i t t e r f a l l  , 
about 40 g cam-2 (Gosz, e t  a l .  1976). 

Shrub and herbaceous p l a n t  ne t  product iv i ty :  

A nual shrub and herbaceous p lan t  n e t  product iv i ty  was 14 .7(+5.8)  
g i n  1976 and 16.7(k5.9) g C-m-2 i n  1977. These a r e  probably under- 
es t imates  of t r u e  annual n e t  product iv i ty  due t o  the  omission of l o s s e s  
during the  growing season not measured by the  harves t  technique used here;  
however, i t  i s  doubtful they a r e  low by more than 50%. 

Total aboveground pl a n t  1 i  t t e r f  a1 1 : 

Assuming m a c r o - l i t t e r f a l l  was cons tant  from yea r  t o  yea r ,  t o t a l  
annual aboveground p lan t  l i t t e r f a l l  in Creeping Swamp was about 379 
g in  1976 and 348 g corn-2 i n  1977 (Table 6) .  Leaves made up 
65% of 1976 and 58% of 1977 t o t a l  1 i  t t e r f a l l  , and wood comprised 26% of 
1976 and 30% of 1977 t o t a l s .  Shrub and herbaceous p l a n t  1 i  t t e r f a l l  was 
computed from harves t  data and is  probably low due t o  los ses  during the  
growing season. 

Table 6. Total above round p lan t  l i t t e r f a l l  in  Creeping Swamp i n  
g C.m'2.yr-q ( rS .  E .  ) . 

L i t t e r f a l l  (<0.3 m i n  l eng th )  305 .0 (520.4) 272.2 (211.2) 

Macro-1 i t t e r f a l l  (>0.3  m in  length)"  58.9 (58.2) 58.9 (k8.2) 

Shrub and herbaceous p l a n t  
1 i t t e r f a l l  14.7 (55.8) 16.7 (k5.9)  

To t a  1 378.6 347.8 

*Macro- l i t te r fa l l  assumed t o  be cons tant  from yea r  t o  yea r .  





Throughfall and stemflow n e t  1 eaching: 

A port ion of annual ne t  primary product iv i ty  i s  leached from l i v i n g  
vegetat ion by throughfal l  and stemflow. In 1977 throughfal l  i n  Creeping 
Swamp t o t a l  led 90% of p r e c i p i t a t i o n  recorded a t  a s i t e  about 5 km away. 
Helvey and P a t r i c  ( l 9 6 5 ) ,  i n  t h e i r  review of throughfal l  and stemflow in 
eas t e rn  United S t a t e s  hardwood f o r e s t s ,  reported annual throughfal l  gen- 
e r a l  l y  averaged 80 t o  85% of p r e c i p i t a t i o n .  Organic carbon concent ra t ion ,  
a s  well a s  many o t h e r  cons t i tuen t s  leached from f o l i a g e  by throughfal l  and 
stemflow, has been shown t o  be a funct ion of season,  volume of p rec ip i t a -  
t i o n  in any one event ,  and time s ince  l a s t  r a i n f a l l  (Eaton, e t  a l .  1973). 
In Creeping Swamp throughfal l organic carbon concentrat ion (v was s i g n i -  
f i c a n t l y  co r re l a t ed  (P <0.01) with volume of throughfal l  co l l  ected during 
the  2-week period of measurement ( X )  f o r  the  dormant season (November 
through March) and, with April excluded, f o r  the  growing season (Fig .  11) .  
In April 1977 and 1978 l a r g e  throughfal l  organic carbon concentrat ions 
(51.1 and 61.7 mg-1-1) were measured, due probably t o  the  1 arge amounts 
of pol len and flower debr i s  found in  the  samples a t  t hese  times. In 
1977 throughfal l  was 1.18 m and weighted mean annual organic carbon con- 
cen t ra t ion  was 18.0 mg.l11. Total f l u x  of o r  an ic  carbon i n t o  Creeping 9 Swamp via  throughfal l  i n  1977 was 21.2 g C a m -  . 

Stemfl ow organic carbon concentrat ion varied widely from period t o  
period and from t r e e  t o  t r e e ,  but tended t o  be inverse ly  r e l a t e d  t o  
volume. Concentrations ranged from 7.0 mg.l -1 t o  120 mgel- l ,  with a 
weighted mean annual concentrat ion of 29.2 mg*l-1. Assuming stemflow 
volume t o  be equal t o  5% of  annual p r e c i p i t a t i o n  (Helvey and P a t r i c  l965) ,  
t o t a l  stemflow organic carbon f l u x  in 1977 was 1 .9  g C-m-2 o r  9% of t o t a l  
throughfal l  f l u x .  Eaton, e t  a1 . (1973) reported an organic mat ter  stem- 
flow f l u x  of 11% of t h a t  f o r  throughfa l l  a t  Hubbard Brook in the  summer 
of 1969. 

Net input  of organic carbon via leaching of l i v i n g  vegetat ion by 
throughfal l  and stemflow during 1977 was computee a s  t h e  d i f f e r e n c e  between 
t o t a l  throu h f a l l  and stemflow f l u x  (23.1 g C a m '  ) and r a i n f a l l  f l u x  9 (2 .4  g Gem- ) ,  o r  20.7 g c o r n - 2 .  

Algal product iv i ty :  

Filamentous a lgae  were not iceable  i n  flooded a r e a s  of Creeping Swamp 
from January u n t i l  about June, o r  u n t i l  t h e  swamp d r i ed  f o r  an extended 
period. Generally a lgae  did not  reappear during summer o r  autumn spa tes ,  
due probably t o  l i g h t  l i m i t a t i o n  under the  t r e e  canopy and t o  the  s h o r t  
dura t ion  of f looding.  Algal growth became much l e s s  not iceable  a f t e r  mid- 
April and a lgae  were commonly observed f l o a t i n g  downstream a t  t h i s  t ime. 
Filamentous species  observed i n  Creeping Swamp include Batrachiospermum 
s p . ,  Bul bochaeta s p . ,  Draparnaldia glornerata, Eunotia p z t i n a l  i s ,  Hyalotheca 
d i s s i l  i ens ,  Oedogonium s p . ,  Spirogyra sp'. , Tri bonema s p . ,  and Zygnema sp .  
General l y  t h e  f i  1 imentous diatom, E. pec t ina l  i s  appeared f i r s t  i n  January 
with a more d ive r se  f l o r a  developing in February, March, and e a r l y  Apr i l .  
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By May only the  red a1 ga Batrachiospermum sp .  was observed In 1979 
chlorophyll-a  on the  swamp f l o o r  t o t a l l e d  9.1 ( t l . O  mg.mm2 on 15 March, 1 9.0 ( t 2 . 0 )  mgmm-2 on 16 Apr i l ,  and 4.6 (20.9) mg=m- on 22 May. In a 
1974-75 study Kuenzl e r ,  e t  a1 . (1 977) reported chlorophyll -a 1 eve1 s of 
~ 0 . 4  mg*m-3 i n  the  water column i n  Creeping Swamp, much lower than 1979. 

Oxygen d i f fus ion  c o e f f i c i e n t s  of 0.015 and 0.02 g 0~.m-2.hr-l ( a t  
0% s a t u r a t i o n  and 16 C) were computed from measurements taken in  April 
1976 using the  n i  trogen-f i 1 1 ed dome method of Cope? and and Duffer (1 964). 
Coeff ic ients  of  from 0.03 t o  0.08 g ~ ~ * m - ~ * h r - l  ( a t  0% s a t u r a t i o n )  were 
computed f o r  normal streamflow condit ions using stream physical and 
hydraul i c  p rope r t i e s  (Ts ivoglou and Wal l ace  1972). For computations of 
gross primary product iv i ty  (9PP) in Creeping Swamp I used a d i f fus ion  
c o e f f i c i e n t  of  0.035 g 02.m- ohr-1 ( a t  0% s a t u r a t i o n ) .  Due t o  the  small 
s i z e  of the  c o e f f i c i e n t ,  GPP would be in  e r r o r  by l e s s  than 20% even i f  
the  c o e f f i c i e n t  was i n  e r r o r  by a f a c t o r  of 2. 

GPP r a t e s  of aqua t i c  p l a n t s ,  pr imar i ly  filamentous a lgae ,  but probably 
including benthic diatoms, mosses, l i ve rwor t s ,  and submerged vascular  
p l a n t s ,  varied widely, ranging from 0.1 t o  3.9 g ~ ~ e r n - ~ * d a ~ - l  (F ig .  12 ) .  
Large winter  and spr ing  spa tes  may have dislodged a lga l  f i laments  and re-  
duced product iv i ty  temporari ly.  In addi t ion  a lga l  product iv i ty  in newly 
flooded areas  was probably low u n t i l  biomass could build up. There i s  
l i k e l y  some seasonal e f f e c t  s ince  the  h ighes t  GPP values were recorded 
i n  March, j u s t  p r i o r  t o  canopy c losu re  ( e a r l y  April ),  and no values 
>0.9  g ~ ~ e m - z * d a ~ - l  were measured during Apri l  -June. Mean monthly a lga l  
GPP f o r  January through June ranged from 0.25 t o  2.00 g 02=m-2*day-l and 
mean monthly a lga l  n e t  primary product iv i ty  (NPP) ranged from 0.15 t o  1.20 
g ~ ~ = m - ~ e d a ~ - l  (Mu1 holland 1979). Input of a1 gal NPP was 12.6 g C-m-2 in 
1976 and 14.1 g cam-2 in 1977 when normal i  zed f o r  the  en t i  r e  a rea  of 
swamp. 

Biologic outputs  

Respirat ion r a t e s :  

S i t e s  of r e s p i r a t i o n  measurements in  Creeping Swamp were the  swamp 
f l o o r ,  in  both t h e  flooded and unflsoded condi t ions ,  and t h e  water  column. 
Organic carbon l o s s  from Creeping Swamp by way of  r e s p i r a t i o n  a c t i v i t y  on, 
o r  i n ,  t h e  swamp f l o o r  has t h r e e  components: ( 1 )  aerobic  t e r r e s t r i a l  
r e s p i r a t i o n  and r e l e a s e  of carbon dioxide (C02) when the  swamp i s  unflooded, 
(2 )  aerobic  aqua t i c  r e s p i r a t i o n  and r e l e a s e  of C02, and ( 3 )  anaerobic 
r e s p i r a t i o n  with t h e  r e l e a s e  of C02 and CHq, e i t h e r  in  dissolved form 
o r  in  bubbles. Tdgether these  processes r ep resen t  the  pr inc ipa l  non-hydro- 
l o g i c  los ses  of organic  carbon from Creeping Swamp. 

T e r r e s t r i a l  Respirat ion.  Aerobic t e r r e s t r i a l  r e s p i r a t i o n  was 
measured f o r  the  1 i  t t e r  l a y e r  o i ~ l y  ( t e r r e s t r i a l  1 i t t e r  r e s p i r a t i o n ,  R t l  ) ,  
and f o r  the  t o t a l  s o i l  p r o f i l e  ( t o t a l  s o i l  r e s p i r a t i o n ,  RtS). Rates 





o f  t e r r e s t r i a l  l i t t e r  r e s p i r a t i o n  ranged f r o m  3.6 t o  180 mg ~ - m - ~ . h r - ' ,  
w i t h  tempera tu re  e x p l a i n i n g  abou t  66% o f  t h e  v a r i a t i o n  ( F i g .  1 3 ) .  F o r  
t h e  subse t  o f  d a t a  ga the red  on 4  November 1977 and t h e r e a f t e r ,  i n c l u -  
s i o n  o f  t h e  amount o f  1  i t t e r  i n c u b a t e d  ( i n  AFDW) as an independent  
v a r i a b l e  s i g n i f i c a n t l y  improved (P<.05) t h e  r e g r e s s i o n ,  e x p l a i n i n g  an 
a d d i t i o n a l  10.2% o f  t h e  v a r i a t i o n  i n  r e s p i r a t i o n  r a t e  ( M u l h o l l a n d  1979) .  
L i t t e r  m o i s t u r e  c o n t e n t  was p o o r l y  c o r r e l a t e d  w i t h  r e s p i r a t i o n  r a t e  
( r  = .O4), and i t s  i n c l u s i o n  d i d  n o t  s i g n i f i c a n t l y  improve t h e  s t r e n g t h  
o f  a  m u l t i p l e  r e g r e s s i o n .  A l though  some (Witkamp 1966, 1968) have r e -  
p o r t e d  a  s i g n i f i c a n t  m o i s t u r e  e f f e c t ,  i t  may be l e s s  i m p o r t a n t  i n  un- 
f l o o d e d  areas o f  Creep ing Swamp due t o  t h e  h i g h  w a t e r  t a b l e  and humid 
c o n d i t i o n s .  T o t a l  s o i l  r e s p i r a t i o n  r a t e s  ranged f r o m  27 t o  441 mg 
~ . r n - ~ .  h r - 1  , w i t h  tempera tu re  a l o n e  e x p l a i n i n g  69% o f  t h e  v a r i a t i o n  ( F i g .  
1 4 ) .  Roots a r e  v e r y  abundant i n  t h e  t o p  s o i l  l a y e r s  o f  Creep ing Swamp 
and much o f  t h e  t o t a l  s o i l  r e s p i r a t i o n  i s  l i k e l y  t o  be r o o t  d e r i v e d .  
Roots have been r e p o r t e d  t o  c o n t r i b u t e  f r o m  6 t o  > 50% o f  t o t a l  s o i l  
r e s p i r a t i o n  i n  f o r e s t s  (Col  eman 1973; Edwards and Sol  l i n s  1973; Edwards 
and H a r r i s  1977; Wiant  1967; Witkamp and Frank,  1969) .  

A e r o b i c  A q u a t i c  R e s p i r a t i o n .  R e s p i r a t i o n  r a t e s  w i t h i n  t h e  w a t e r  
column i t s e l f  v a r i e d  s e a s o n a l l y ,  w i t h  v e r y  l o w  w i n t e r  r a t e s ,  s l i g h t l y  
h i g h e r  s p r i n g  r a t e s ,  and t h e  h i g h e s t  r a t e s  measured i n  summer under  l o w  
s t r e a m f l o w  o r  s t a g n a n t  c o n d i t i o n s  ( F i g .  1 5 ) .  An e a r l y  November peak i n  
w a t e r  column r e s p i r a t i o n  r a t e  c o r r e s p o n d i n g  t o  t h e  r e l e a s e  o f  r e a d i l y  
l e a c h a b l e  o r g a n i c  compounds f rom new ly  f a l l e n  l e a v e s  was n o t  e v i d e n t  i n  
1977. The low r a t e s  o f  r e s p i r a t i o n  i n  t h e  w a t e r  column were p r o b a b l y  
due t o  two f a c t o r s :  ( 1 )  t h e  l a c k  o f  p a r t i c u l a t e  s u r f a c e s  f o r  b a c t e r i a l  
c o l o n i z a t i o n  w i t h i n  t h e  w a t e r  column; t u r b i d i t y  and POC were v e r y  l o w  
most o f  t h e  y e a r ,  and ( 2 )  w h i l e  c o n c e n t r a t i o n s  o f  DOC i n  t h e  w a t e r  were 
l a r g e ,  most o f  i t  was 1 i k e l y  r e f r a c t o r y  humic and f u l v i c  compounds. 

A e r o b i c  a q u a t i c  r e s p i r a t i o n  r a t e s  o f  t h e  swamp f l o o r  i n  l a b o r a t o r y  
i n c u b a t e d  co  es ( a q u a t i c  b e n t h i c  r e s p i r a t i o n )  ranged f r o m  n e a r  0  t o  
194 rng 02.m-'.hr-l , w i t h  tempera tu re  e x p l a i n i n g  from 84% t o  96% o f  t h e  
v a r i a t i o n  (Mu1 h o l l  and 1979).  The d a t a  were d i v i d e d  i n t o  seasonal  g roup ings  
w i t h  s i g n i f i c a n t l y  d i f f e r e n t  ( P  < 0.05) t e m p e r a t u r e - r a t e  r e l a t i o n s h i p s  
hetween groups ( F i g .  1 6 ) .  Temperature a l o n e  e x p l a i n e d  93% o f  t h e  c o l d  
season and 88% o f  t h e  warm season v a r i a t i o n  i n  r e s p i r a t i o n  r a t e ,  w i t h  
QlO1s o f  2.5 and 3.2, r e s p e c t i v e l y .  The a q u a t i c  b e n t h i c  r e s  i r a t i o n  r a t e s  
r e p o r t e d  he re  a r e  somewhat h i g h e r  t h a n  t h e  21 t o  83 mg Op.m-5.hr-1 mea- 
s u r e d  i n  a  L o u i s i a n a  cyp ress  swamp bayou, b u t  l e s s  t h a n  t h e  125 t o  417 

measured i n  a  l a k e  w i t h i n  t h e  swamp (Day, e t  a l .  1977) .  They 
f e l l  w i t h i n  t h e  l o w e r  range o f  t h e  29 t o  896 mg 0 ~ . m - 2 . h r q  r e p o r t e d  o v e r  
an annual  p e r i o d  f o r  v a r i o u s  N o r t h  C a r o l i n a  Piedmont and Coasta l  P l a i n  
streams (Hosk in  1959) .  

Anaerob ic  R e s p i r a t i o n .  E v o l u t i o n  r a t e s  o f  d i s s o l v e d  methane f r o m  
Creep ing Swamp ranged f r o m  near  0 t o  9.9 mg ~ ~ ~ . m - ~ - h r - l ,  and e x h i b i t e d  
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Figure 13. Effect of temperature on rates  of t e r r e s t r i a l  l i t t e r  
respiration in Creeping Swamp. Data collected in 1977-1978. 
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Figure  16. E f f e c t  o f  temperature on r a t e s  o f  aqua t i c  benth ic  
r e s p i r a t i o n  i n  Creeping Swamp f o r  t h e  ( a )  c o l d  season 
(November t o  February),  and (b )  warm season (March t o  
October).  



no s imp le  r e l a t i o n s h i p  t o  wate r  temperature (F ig .  l 7 b ) .  Rates were 
g e n e r a l l y  h i ghe r  i n  t he  s p r i n g  months near  Transect  1 (F ig .  17a) ,  
was inundated f o r  l onge r  per iods  and had s l i g h t l y  lower  wate r  v e l o c i t i e s  
due t o  t h e  d i k i n g  e f f e c t s  o f  t h e  s t a t e  highway nearby. Funnel c o l l e c t o r s  
were s e t  o u t  f rom February t o  June 1979 b u t  no methane e b b u l i t i o n  was 
observed. E v i d e n t l y  i f  ebbul i t i o n  occurred,  t he  wate r  column was s u f f i -  
c i e n t l y  undersa tu ra ted  w i t h  methane t h a t  d i s s o l u t i o n  occur red  r a p i d l y .  
Rudd and Hamil t o n  (1978) measured methane e v o l u t i o n  r a t e s  of 0.7 t o  6.7 
mg C ~ ~ - m - 2 * h r - l  i n  a  eu t roph i c  Canadian s h i e l d  l a k e  and found t hey  
v a r i e d  l i t t l e  th roughout  t h e  year .  Baker-Blocher, e t  a l .  (1977) 
measured methane e v o l u t i o n  r a t e s  o f  f rom 4.2 t o  50 CH4.m-2-hr-l 
i n  some Mich igan wet lands and found them t o  inc rease  w i t h  temperature.  

Month ly  and annual r e s p i r a t i o n :  

Month ly  and annual r e s p i r a t i o n  r a t e s  were computed f o r  wa te r  
column r e s p i r a t i o n ,  aerob ic  t e r r e s t r i a l  1  i t t e r  and t o t a l  s o i l  r e s p i r a -  
t i o n ,  and ae rob i c  aqua t i c  b e n t h i c  r e s p i r a t i o n  on a  whole-swamp bas i s .  
Month ly  wa te r  c o l u  n  r e s p i r a t i o n  was low (<1 g  C*rn-2*mo-l) and annual 
t o t a l s  (3.2 g  i n  1976 and 4.5 g  i n  1977) were smal l  compared 
t o  those f o r  t he  swamp f l o o r .  Month ly  r a t e s  of  t e r r e s t r i a l  l i t t e r  and 
a q u a t i c  b e n t h i c  r e s p i r a t i o n  v a r i e d  seasona l l y  (F i g .  
t e r r e s t r i a l  l i t t e r  r e s p i r a t i o n  r a t e s  ( 3  t o  51 g  C-m-  e x h i b i t e d  
a  p a t t e r n  o f  sharp summer peaks and low w i n t e r  va lues,  Th i s  r e f l e c t e d  
seasonal d i f f e r e n c e s  i n  bo th  temperature and inundat ion .  Month ly  
aqua t i c  ben th i c  r e s p i r a t i o n  r a t e s  ( 0  t o  7.4 g  ~ * r n - ~ * r n o - l )  were l owe r  
and more un i f o rm  throughout  t he  year ,  r e f l e c t i n g  t he  c o u n t e r a c t i n g  
e f f e c t s  o f  low water  temperatures and l a r g e  i nunda t i on  f r a c t i o n s  i n  
w i n t e r  and e a r l y  sp r i ng ,  and t he  reve rse  s i t u a t i o n  d u r i n  summer and 
f a l l .  T e r r e s t r i a l  l i t t e r  r e s p i r a t i o n  t o t a l e d  275 g  C * m - g  i n  1976 and 
246 g  ~ * m - 2  i n  1977, and represen ted  24% o f  t o t a l  s o i l  r e s p i r a t i o n  i n  
bo th  years .  Th i s  i s  i n  reasonable agreement w i t h  t h e  30% c o n t r i b u t i o n  
by l i t t e r  t o  t o t a l  s o i l  r e s p i r a t i o n  i n  an Eng l i sh  f o r e s t  ( P h i l l i p s o n ,  
e t  a1 . 1975).  Most o f  t he  rema in ing  t o t a l  s o i l  r e s p i r a t i o n  i n  Creeping -- 
Swamp i s  p robab ly  r oo t -de r i ved .  To ta l  s o i l  r e s p i r a t i o n  was 1145 g  C a m - z  

i n  1976 and 1026 g  i n  1967. Aquat i c  b e n t h i c  r e s p i r a t i o n  was 91 g  
~ ~ * r n - ~  i n  1976 and 122 g  02-m- i n  1977. Assuming an RQ o f  1  0, o r g a n i c  
carbon l o s s  v i a  a q u a t i c  ben th i c  r e s p i r a t i o n  t o t a l e d  34 g  C o r n - *  i n  1976 
and 46 g  c * m T i n  1977. 

P a r t i c u l a t e  o r g a n i c  carbon f o rma t i on  

Conversion o f  d i s s o l v e d  o rgan i c  carbon t o  t h e  p a r t i c u l a t e  form - v i a  
DOC p r e c i p i t a t i o n  and p o s s i b l y  b a c t e r i a l  growth was measured f rom Novem- 
be r  1977 t o  M y 1978. Rates o f  POC fo rma t i on  ranged f rom 0.01 t o  0.15 mg 
AFDW*l-l*day-P, w i t h  a mean o f  0.10 mg A F D W * I - ~ * ~ ~ ~ - ~  ; and were g e n e r a l l y  
h i ghe r  d u r i n g  t h e  s p r i n g  months (Mu1 h o l  and 1979).  Us ing t h e  mean POC 
fo rma t i on  r a t e  o f  0.10 mg AFDW*l-l*day-l (0.05 mg ~ * l - l * d a ~ - l )  and mean 
wate r  r e t e n t i o n  t ime  o f  30 h, computed f rom es t imated  swamp volumes (us ing  
topograph ic  da ta  from t h e  f i v e  t r ansec t s  paced f o r  i nunda t i on  p a t t e r n s )  
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Figure 17. Methane evolution in Creeping Swamp from March 1978 t o  
February 1979: ( a )  seasonal pat terns ,  and (b)  a s  a 
function of water temperature. Closed c i r c l e s  were near 
CP-14 and open c i r c l e s  near CP-10. 
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and streamflow rates a t  correspondin volumes, I computed annual swamp 9 POC formation for  1977 of 0.6 g C a m -  . 
Leaching of DOC from ground l i t t e r  

Leaching of ground l i t t e r  represents a t ransfer  from POC t o  DOC 
and consists of three processes: (1  ) rapid, short-term loss of readily 
leachable material from submerged, newly fa1 1 en 1 i t t e r ,  mostly leaves, 
( 2 )  removal of readily leachable material from newly fal len 1 i t t e r  by 
throughfall when the swamp i s  dry, and ( 3 )  slow, long-term leaching of 
submerged 1 i t t e r .  

The amount of readily leachable material in newly fal len leaves in 
Creeping Swamp, as measured by 7-day leaching experiments, ranged from 
5.5% for  swamp chestnut oak (Q. michauxii) leaves to  32.6% for  tu l ip  
poplar (I. tul ip i fe ra)  1 eaves (T- For four of the seven 1 eaf 
species studied, most of the i n i t i a l  leachinq was complete a f t e r  48 h 
o f  submersion b u t  for  tupelo gum (N. watica), black' gum ( N .  sylvatica 
var. b i f lo ra ) ,  and swamp chestnut oak s ignif icant  leaching Took place 
between 48 and 168 h (Fiq. 19) .  J n  order to compute the readily leachable 
organic matter availabl e; total  annual 1 eaf 1 i t t e r  input was apportioned 
among the seven most abundant t ree species according to the i r  basal areas. 
I n  1976 41.4 g c o r n - 2  and in 1977 32.3 g c a m - 2  of annual leaf 1 i t t e r f a l l  
was readily leachable. Much of the readily l eachable material removed 
from newly fa1 len 1 eaves has been shown to be rapidly ut i l ized by bacteria 
in streams (Curnmins, -- e t  a1 . 1972; Lock and Hynes 1976; McDowell and 
Fisher 1976; Wetzel and Manny 1972). In experiments with swamp f loor  
cores, about half the DOC i n i t i a l l y  leached from red maple leaves was 
ut i l ized (disappeared) within 1 2  h ,  from 55 to 70% within 24 h ,  and from 
79 to 103% within 95 h (Table 8 ) .  

The readily leachable material of newly fal len leaves which f a l l  in 
unflooded areas can be leached and transported into the soi l  by through- 
f a l l .  In concurrent studies of throughfall leaching of newly fa l len  red 
maple (A. rubrum) leaves from Creeping Swamp, incubated in the swamp and 
in a wooded area near Chapel Hi1 1 , North Carolina, approximately 10 to 
1 2  cm of throughfall was required to extract  the readily leachable frac- 
tion (Mu1 hol land 1979). 

Rates of slow leaching of ground 1 i t t e r 3  as measured from DOC 
increases in laboratory incubated swamp f loor  cores, ranged from 0 to  
48 mg ~*m-2*hr- l  (Fig. 20) .  For the November and January experiments 
exponential relationships ( Y  = A ~ B T )  between leaching ra te  ( Y )  and 
temperature ( T )  described the data s l  ightly bet ter  than did 1 inear 
relationships. Exponential equations were similarly used to f i t  the May 
and August data (Mulholland 1979). Temperature alone explained 74% of 
the variation in leaching r a t e  in November, 81% in January, 86% in May, 
and 89% in August ( c f .  Fig. 20). If AFDW of core 1 i t t e r  i s  included, the 
regression i s  s ignif icant ly improved ( P <  .O5) and an additional 15% of the 



Table 7. Dry we igh t  l o s s  as a percentage o f  o r i g i n a l  d r y  we igh t  d u r i n g  
a 7-day l each ing  s tudy  o f  newly f a l l e n  leaves c o l l e c t e d  i n  
autumn f rom severa l  species o f  t r e e s  i n  Creeping Swamp. Leaves 
were leached i n  d i s t i l l e d  wate r  a t  23 C. 

48-hour Dry Weight Loss 7-day Dry Weight Loss 
Species ( %  o f  o r i g i n a l  we igh t )  ( %  o f  o r i g i n a l  we igh t )  

Quercus m ichaux i i  2.5 

Quercus n i g r a  - 
Frax inus  spp. 

Liquidambar s t y r a c i f l  ua 17.9 

Nyssa s y l v a t i c a  va r .  b i f l o r a  14.1 

Nyssa aqua t i ca  16.9 

Acer rubrum 17.1 

Liriodendron- t u l  i p i f e r a  31.3 

Table 8. U t i l i z a t i o n  o f  r e a d i l y  leachab le  m a t e r i a l  f rom newly f a l l e n  
r e d  map1 e 1 eaves i n  swamp f l o o r  cores taken i n  November 1978. 

Leaching 
Time* 

Leachate 
DOC 

Percent  o f  Leachate 
U t i l i z e d  

*Length o f  t ime  leaves were submerged i n  d i s t i l l e d  wate r  t o  l each  r e a d i l y  
1 eachabl e f r a c t i o n .  
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Figure 20. Effect of water temperature on rates of slow leaching of 
ground l i t t e r  d u r i n g  four experiments w i t h  Creeping Swamp 
f 1 oor cores. 



v a r i a t i o n  i s  exp la ined  i n  November, and 4% i n  August. I n  May, t h e  amount of  
l i t t e r  i n  t h e  cores was n o t  measured and i n  January i t  d i d  n o t  s i g n i f i -  
c a n t l y  improve t he  regress ion .  Leaching r a t e s  g e n e r a l l y  decreased from 
November t o  May, p robab ly  r e f l e c t i n g  decreases i n  ground 1  i t t e r .  The 
r e l a t i v e l y  h i g h  l each ing  r a t e s  i n  August a r e  c o n t r a r y  t o  t he  t r e n d  of 
decreas ing r a t e s  w i t h  t ime  a f t e r  autumn li t t e r f a l l .  They may be exp la ined  
by t h e  r e l a t i v e l y  l a r g e  amounts o f  1  i t t e r  i n  the  August cores (1  140 g  
A F D W * ~ - ~ ) .  Mean core  l i t t e r  i n  the  November exper iments was 793 g  
A F D W * ~ - 2  and i n  January 607 g AFDW.~-2. From i n s p e c t i o n  o f  ground l i t t e r  
l e v e l s  d u r i n g  1977 ( F i g .  5), i t  appears t h a t  the  amount o f  l i t t e r  i n  t he  
August cores was h i g h e r  than mean swamp l e v e l s  d u r i n g  August 1977, pro-  
bab l y  due t o  sampl ing b i a s -  

Monthly and annual s low l each ing  r a t e s  were es t imated  u s i n g  t h e  
l each ing  ra te - tempera tu re  re1  a t i o n s h i p s  (F ig .  20),  mean month ly  water  
temperatures, and mean month ly  i nunda t i on  f r a c t i o n s .  The November r e l a -  
t i o n s h i p  was used f o r  November and December, the  January r e l a t i o n s h i p  f o r  
January through March, and t he  May r e l a t i o n s h i p  f o r  A p r i l  through October.  
The August r e l a t i o n s h i p  was n o t  used due t o  t h e  l a r g e  amounts of co re  
l i t t e r .  Slow l each ing  i n  December 1976 and November 1977 was assumed t o  
occur  over  24 and 23 days, r e s p e c t i v e l y ,  because i n i t i a l  l each ing  d u r i n g  
t h e  f i r s t  7 days of i nunda t i on  was a l r eady  accounted f o r .  Most o f  t he  
slow l each ing  occur red  d u r i n g  December through March and May through J u l y  
i n  1976, and i n  March, November, and December i n  1977. To ta l  annual s low 
l each ing  of ground l i t t e r  was 16.6 g  ~ * m - 2  i n  1976 and 24.3 g  corn-2 i n  
1977. 

Na tu ra l  and channel i z e d  streams i n  eas te rn  Nor th  Carol  i n a  

I n  a d d i t i o n  t o  Creeping Swamp, o rgan i c  carbon concen t ra t i on  was moni- 
t o red  i n  s i x  o t h e r  streams i n  eas te rn  Nor th  Caro l ina ,  four  o f  which have 
been channel i z e d  (F ig .  1  ) . Weighted mean annual DOC and FPOC concen t ra t i ons  
a r e  presented f o r  these seven streams (Table 9 ) .  Weighted mean annual 
DOC concen t ra t i ons  ranged f rom 8.5 m g * l - l  i n  1975 a t  G r i n d l e  Creek (GR- 
10)  t o  19.7 mgel-1 i n  1977 a t  Creeping Swamp (CP-70). Weighted mean annual 
FPOC concen t ra t i ons  ranged f rom 0.4 mg-1-1 i n  1976 a t  Creeping Swamp 
(CP-10) t o  3.2 m g * l - l  i n  1975 a t  Tracey Swamp (TR-10). Weighted mean 
annual FTOC concen t ra t i on  i n  Tracey Swamp was about  1 .4  t imes h i g h e r  i n  
1975 than i n  1976. Th is  d i f f e r e n c e  may be due t o  t h e  l a c k  of w i n t e r  h igh-  
s t reamf low samples i n  1976. Streamflow was g r e a t e r  than 1  m3*sec-1 on 
f o u r  o f  seven sampl i n g  dates i n  1975, b u t  o n l y  two of ten  sampl i n g  dates 
i n  1976. I n  Tracey Swamp, a  channel ized stream, t h e  l a c k  o f  high-stream- 
f low da ta  may have b iased  1976 weighted mean annual FTOC concen t ra t i on  
toward l owe r  va lues.  I n  Creeping Swamp weighted mean annual DOC concen- 
t r a t i o n  increased by 40% f rom 1976 t o  1977. Th is  may be exp la i ned  by 
l a r g e  DOC concen t ra t i ons  d u r i n g  a  ve ry  l a r g e  spate j u s t  a f t e r  peak l e a f -  
fa1 1  i n  e a r l y  November 1977. 

Seasonal p a t t e r n s  of  FTOC concen t ra t i on  a r e  presented f o r  f o u r  streams 
(F ig .  21 ) .  FTOC concent ra t ions  d u r i n g  1976 i n  two n a t u r a l  swamp-streams, 



Chicod Creek (CH-20) and Palmetto Swamp (PM-10) , were somewhat h igher ,  
e s p e c i a l l y  i n  the  summer, than in two channelized streams,  Clayroot 
(CY-10) and Tracey Swamps (TR-10). In Chicod Creek and Palme t o  Swamp 
FTOC concentrat ions during 1976 were genera l ly  10 t o  15 mgel-t whereas 1 i n  Clayroot and Tracey Swamps they were normally 5 t o  10 mg.1- . 

Table 9. Weighted mean annual DOC and FPOC concentrat ions in  na tura l  
and channelized streams i n  eas t e rn  North Carolina. 

Number Weighted Mean Annual 

o f Concentrations (mg.1- - ' ) 
Stream Year Sampl e s  DOC FPOC 

Natural : 

Creeping Swamp 
(CP-10) 1975 16 12.6 1 . O  

1976 2 9 14.8 0.4 

1977 2 6 19.7 1 . O  

Pal me t t o  Swamp 
(PM-10) 1975 13 -- (10.1)* - - 

Chicod Creek 
(CH-20) 1975 8 10.4 1 . 6  

1976 9 -- (15.2)* - - 
Channel i zed: 

Cl ayroo t Swamp 
(CY-10) 1976 26 12.0 2 .5  

Tracey Swamp 
(TR-10) 1975 7 14.0 3.2 

Conetoe Creek 
(CO-10) 1975 7 11.1 1 .7  

Grindle Creek 
(GR-1 0 )  1975 7 8 .5  2.3 

*Weighted mean annual FTOC concent ra t ion .  Missing DOC samples from one o r  
more high-streamflow sampling da tes  prevented computation of weighted mean 
DOC o r  FPOC concent ra t ions .  



F i g u r e  21. Seasonal  p a t t e r n s  o f  f i n e  t o t a l  o r g a n i c  carbon (FTOC) con- 
c e n t r a t i o n  ( ) and s t r eamf low ( 0 )  a t  ( a )  Chicod Creek (CH-201, 
( b )  Pa lmet to  Swamp (PM-I 0 ) ,  ( c )  C l a y r o o t  Swamp (CY-lo), and 
( d )  Tracey  Swamp (TR-10) i n  1976. 
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FTOC concentration was significantly correlated ( P <  .05) with log1 0 
(streamflow) in a l l  b u t  Chicod and Grindle Creeks. For Grind1 e Creek 
the correlation was s ignif icant  a t  P<.06. The correlations for  the four 
channelized streams were a l l  posit ive,  whereas those for  Palmetto and 
Creeping Swamps, both natural streams, were negative. Correlations be- 
tween DOC concentration and log1 0 (streamflow) were s ignif icant  and 
positive for  Tracey and Clayroot Swamps, as was a correlation between 
DOC concentration and s treamf 1 ow for  Conetoe Creek. FPOC concentration 
was not s ignif icant ly correlated with streamflow or log1 0 (streamflow) 
in any of the streams. 

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

Concentrations of FTOC and DOC (not shown) increased s l igh t ly  as 
streamflow increased, b u t  were diluted s l ight ly  thereaf ter  during spates 
in Creeping Swamp (CP-10 and CP-20) i n  January, June, and December 1976 
(Fig. 2 2 ) .  Peaks in FTOC concentration a t  CP-10 during the June spate 
( 3  June and 6 June) were due t o  large FPOC concentrations an these dates. 
FPOC concentrations were less  than 3.0 mg*l-l on a l l  other dates during 
the June spate. 

In Clayroot Swamp, a channelized stream within 5 km of Creeping 
Swamp (Fig. 1 ) , FTOC concentration during spates exhibited patterns simi 1 a r  
to ,  b u t  not as dramatic, as streamflow (Fig. 23). DOC concentration 
patterns (not shown) were not as sharply peaked as those for  FTOC. FTOC 
concentration patterns were mostly a r e su l t  of FPOC concentrations, which 
were generally high as streamflow increased, and returned to low levels 
as streamflow decreased. 

DISCUSSION 

Organic carbon concentrations 

DOC concentrations reported here for  three natural swamp-streams in 
eastern North Carolina are  high compared to upland r ivers  and streams, 
with the exception of some Canadian streams reported by Lock, -- e t  a l .  
(1977), b u t  are  similar to those reported for  other swamps (Table 1 0 ) .  
High DOC concentrations found in swamps as compared t o  waters of upland 
forested watersheds are  1 i kely due to two factors.  F i r s t ,  leaching pro- 
cesses a re  enhanced in swamps due to long contact times between water and 
ground 1 i t t e r .  In upland forests  leaching takes place primarily by rain- 
f a l l  as i t  passes through the t ree  canopy and percolates into the s o i l .  
Contact time between water and ground 1 i t t e r  i s  re lat ively short  as 
rai  nfall quickly penetrates ver t ical ly  into the lower soi l  1 ayers. There 
i t  i s  isolated from further contact with de t r i tu s ,  moves l a t e ra l ly ,  and 
eventually emerges in streams. In swamps, leaching takes place primarily 
by surface water. Swamp surface waters a re  shallow and veloci t ies  a re  
low, resulting in relat ively long contact time between water and ground 
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Figure 22. Patterns of fine total organic carbon (FTOC) concentration 
streamflow at two stations in Creeping Swamp (CP-10 
CP-20) during spates in (a) January, (b) June, and 
December 1976. Sol id l ine depicts FTOC concentration 
broken line shows streamflow. 
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Figure 23. Patterns of fine total organic carbon (FTOC) concentration 
and streamflow at two stations in Clayroot Swamp (CY-10 
and CY-20) during spates in (a) January, ( b )  June, and 
(c) December 1976. Sol id 1 ine depicts FTOC concentration 
and broken line shows streamflow. 
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Tab1 e 10. Concentration of organic carbon i n  natural waters. Organic matter concentrations were converted 

t o  organic carbon by mu1 t ip ly ing  by 0.5. 

DOC (mg*1-') FPOC (mg* 1 -' ) CPOC [mg- l -') 
Ecosys tem range mean range mean range mean Reference 

Rivers and streams : 

Fort  R . ,  Mass. 0.9-7.4 3.1 0.4-3.1 1.0 0.004-0.09 0.025 Fisher (1977) 

Bear Br., N . H .  0.4-3.8 1.3 0.0-1.5 0.13 0.0 -0.51 0.011 Fisher and Likens 
(1 973) 

Watersheds 2 and 
6,  Hubbard Brook 
Expt. Forest ,  
N . H .  0.3-4.8 <2.0 0.1-0.4 

Augusta Cr. 
M i  ch. 2.0-11.7 <8.0 0.2-7.0* 

Catahoula Cr., 
Miss. 

Nanaimo R. 
B .C .  6.0-14.0 6.4 

4 Guatamalean R. 1 .O-36 <10.0 0.0-10 4 . 0  

12 New Zealand 
S t r .  0.7-4.6 

5 Canadian S t r .  4.9-24.6 

Hobbie and Likens 
(1973) 

Wetzel and Manny 
(1 977) 

De l a  Cruz and Post 
(1 977) 

Nairnan and S ibe r t  
(1 978) 

Brinson (1976) 

Lock, e t  a1 . (1 977) -- 

Lock, -- e t  a l .  (1977) 

Swamps : 

Eastern N.C. 10.4-19.7 0.4-1.6 this study 

Louisiana bayous 10.2-12.2 1.4-1.9 Day, e t  a1 . (1977) 

Big Cypress Sw. , Fl a. 15.0-26.0 0 Carter ,  e t  a1 . (1 973) -- 
"estimate of POC which most closely approximates FPOC. 



l i t t e r .  I n  Creeping Swamp, w i t h  a  mean depth o f  about 0.3 rn, mean water  
v e l o c i t y  o f  about 0.1 mosec-1, and mean ground l i t t e r  of about 450 g  
C-m-2, approx imate ly  60 g  ~ - m - 2 - y r - l  i s  leached from the  s o i l  sur face .  
High swamp DOC concentrat ions a r e  a l s o  due t o  t he  concent ra t ion  e f f e c t s  
o f  h igh  r a t e s  o f  evapot ransp i ra t ion  i n  swamps as compared t o  upland water-  
sheds. Annual evapot ransp i ra t ion  was computed t o  be 61% o f  annual p r e c i -  
p i t a t i o n  i n  the Creeping Swamp watershed (Winner and Simmons 1977), b u t  
o n l y  38% i n  the  Hubbard Brook watersheds (Likens, -- e t  a l .  1977) and i n  t he  
F o r t  R iver  watershed (F i she r  1977). Evapot ransp i ra t ion  ranged from about  
34 t o  66% o f  p r e c i p i t a t i o n  i n  t h ree  Guatemalan watersheds (Br inson 1976). 
Burns (1 978) repor ted  evapot ransp i ra t ion  o f  71 % o f  p r e c i p i t a t i o n  i n  a  
F l o r i d a  cypress swamp. 

I n  a  s tudy f rom October 1978 t o  A p r i l  1979, L. P. Smock (personal  
communication) found t h a t  on average DOC was 86% d i a l y z a b l e  (<10,000 MW 
o r  <3.2 nm) a t  CP-14 and 75% d i a l y z a b l e  a t  CP-10 when f low ing .  However, 
i n  a  s tagnant  pool i n  t he  f l o o d p l a i n  du r i ng  March, DOC was 32% d ia l yzab le ,  
and a t  CP-14 du r i ng  October when the  stream was i n t e r m i t t a n t ,  DOC was 56% 
d i a l y z a b l e .  Koenings (1976) repo r ted  t h a t  o n l y  about 15% o f  t he  DOC of  
a  no r the rn  a c i d  bog l a k e  was d ia l yzab le .  I t  appears t he  s i z e  d i s t r i b u -  
t i o n  o f  DOC molecules may be r e l a t e d  t o  h y d r a u l i c  p r o p e r t i e s  of t he  
aqua t i c  environment as w e l l  as t he  source o f  the  d i sso l ved  m a t e r i a l .  

Average concent ra t ions  o f  FPOC i n  t h e  eastern Nor th  Caro l ina  n a t u r a l  
swamp-streams a r e  low b u t  w i t h i n  the range o f  those f o r  most o t h e r  
repor ted  r i v e r s ,  streams, and swamps (Table 10) .  Low swamp FPOC concen- 
t r a t i o n s  a r e  reasonable s ince  water v e l o c i t i e s  a re  low and watersheds 
a re  r e l a t i v e l y  f l a t .  

P r o d u c t i v i t y  and biomass 

Tota l  annual aboveg ound n e t  p r imary  p r o d u c t i v i t y  i n  Creeping Swamp 
f o r  1977 (1450 g  AFDW-m-' o r  707 g was computed as the  sum o f  t h a t  
f o r  t r e e s  and sap l ings  (676 g  shrub and herbaceous p l a n t s  (16.7 
g  C-m-2) , and a1 gae (14.1 g  Tree and sap1 i n g  abovegroun n e t  p ro-  
d u c t i v i t y  was comprised o f  n e t  annual wood increment (324 g  C*m-q), 1  i t t e r -  
f a l l  (272 g  ~ * m - 2 ) ,  macr-0-1 i t t e r f a l l  (59 g   em-2), and n e t  t h r o u g h f a l l  
and stemflow l each ing  (20.9 g  corn-2) (Table 6; see a l s o  Mulho l land  1979). 
M a c r o - l i t t e r f a l l  may be a  s l i g h t  overest imate o f  n e t  annual p r o d u c t i v i t y  
s i nce  i t  may have inc luded ma te r i a l  f rom dead t rees;  however, t h i s  i s  
probably  minor .  

Creeping Swamp was about as p roduc t i ve  as some l a r g e r  r i v e r i n e  
swamps i n  Lou is ipna (Lac des A1 lemands Swamp) and North Carol i n a  (Tar  
R i ve r  Swamp), and more p roduc t i ve  than an I l l i n o i s  r i v e r i n e  swamp (Cach 
R iver  Swamp), an ombrotrophic Georgia swamp (Okefenokee Swamp), and most 
temperate-zone upland f o r e s t s  (Table 11 ) .  I n  general the  f low ing-water  
swamps (Creeping and Tar R iver  Swamps, Nor th  Caro l ina,  and Lac des A l l e -  
mands, Lou is iana)  had h igher  t o t a l  and l i t t e r  p r o d u c t i v i t y  than d i d  t he  
bog swamps ( i n  Minnesota and Georgia). R i v e r i n e  and smal l  e r  f l o o d p l a i n  



Table 11. Annual p r o d u c t i v i t y  and standing crop o f  biomass and d e t r i t u s  i n  swamps and upland f o res t s .  Values g iven  
i n  terms of organic mat ter  (organic  carbon taken as 50% o f  organic mat te r ) .  

Annual P r o d u c t i v i t y  Standing Crop 
Tota l  

Aboveground Shrub and Tota l  S o i l  D e t r i t u s  
NPP L i  t t e r f a l l  Herb Layer Biomass L i t t e r  To ta l *  

Loca t ion  Type -2 -1 -2 -1 (g-m-2-yr-1) (gam .y r  ) (g-rn -yr ) 
- 

(kg-rn-') (g-m-2) (kg-m-*) 

Swamps : 

Minnesota cedar bog 1030 488 11 16 -- 100 1 

I 1  1 i n o i s  cypress- tupel o, 
r i v e r i n e  (Cach R . )  2 682 348 4 4 5 - - 15 

Nor th  tupelo, r i v e r i n e  
Carol i na (Tar R.  )3  

mi xed hardwood 
swamp-stream 
(Creeping Sw. ) 4 1450 572 3 3 2 8 1000 16 

Georgia cypress bog 
(Okefeno kee) 

F l o r i d a  cypress 
(B ig  Cypress) 6 

Louisiana cypress-tupel o, 
r i v e r i n e  (Lac des 
A1 1 emands)7 1 3281 620 20 - - 422 - - 

mixed hardwood, 
r i v e r i n e  (Lac des 
A1 1 ernands)7 1 6 5 4 ~  574 200 

Bottom1 and 
Forest  : 

I 1  1 i n o i s  map1 e-ash 
(Sanqarnon R .  ) 8 1250 - - 100 2 9 -- - - 



Table 11 ( con t i nued)  

Aboveground Shrub and T o t a l  S o i l  D e t r i t u s  
L o c a t i o n  Type NPP L i  t t e r f a l l  Herb Layer Biomass L i t t e r  T o t a l  * 

Upland Fo res ts :  

Sweden 

Minnesota 

New Hamp- 
s h i r e  

New York 

Tennessee 

Nor th  
Carol  i n a  

Georgia 

World Averages : 

Temperate 

T rop ica l  

beech 
9  1540 

spruce 9  1370 

oak 1  890 

map1 e-beech-bir  h  
(Hubbard Brook) h,ll 900 

oak-p i  ne (Brookhaven) 12 858 

t u l i p  pop la r  (Oak ~ i d ~ e ) ' ~  1268 

l o b l o l i y  p i n e  
p l a n t a t i o n 1 4  41 12 

oak -h i cko ry  15 600 

Rodin and B a z i l e v i c h  (1967) 350-2000 

Bray and Gorharn (1964) - - 

Wh i t take r  (1965) 600- 3000 

Sch les inge r  (1977) - - 

Bray and Gorham (1964) 2740 1990 - - - - - - - - 
Whi t t a k e r  (1975) 1000-5000 ( i  = 2000) - - 6-80 (x = 45) - - 

* r e p o r t e d  t o  a  depth  o f  25 cm f o r  I l l i n o i s  and Nor th  C a r o l i n a  swamps, 91.5 crn f o r  t h e  Okefenokee Swamp, 45 cm f o r  
t h e  Hubbard Brook f o r e s t ,  65 crn f o r  t he  Swedish f o r e s t s ,  75 cm f o r  t he  Tennessee f o r e s t ,  and 50 crn i n  S c h l e s i n g e r ' s  
es t imate .  

t midd le  of  t h e  r e p o r t e d  range 

References : 
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swamps may suppor t  some o f  t h e  h i g h e s t  n a t u r a l  f o r e s t  p r o d u c t i v i t i e s  i n  
the  temperate zone. However, swamps i n  c o o l e r  c l ima tes  (Cache R i v e r  Swamp, 
I 1  1 i n o i s )  o r  those w i t h o u t  abundant n u t r i e n t  suppl  i e s  (Okefenokee Swamp 
and t he  Minnesota cedar bog) had s i m i l a r  o r  somewhat lower  p r o d u c t i v i t y  
than  up land f o r e s t s .  

Biomass i n  Creeping Swamp was i n te rmed ia te  compared t o  o t h e r  swamps, 
b u t  surpassed those f o r  up land f o r e s t s  r e p o r t e d  here (Tab1 e  11 ) . It was 
i n  t h e  m idd le  o f  t he  range g i ven  by Rodin and B a z i l e v i c h  (1967) f o r  tem- 
pe ra te  f o r e s t s .  A  r e p o r t  on Southeastern f o r e s t  biomass i n  good stands 
by Smith, e t  a l .  (1975) i n d i c a t e d  t h a t  swamps s i m i l a r  t o  Creeping Swamp 
(termed branch bot tom s i t e s )  possessed some o f  t h e  h i g h e s t  biomass o f  any 
o f  t h e  f o res t s  i n  t h i s  r eg ion ,  r ang ing  f rom 24 kgem-2 i n  20-year stands 
t o  51 kg*rn-2 i n  60-year stands. 

Ground l i t t e r  i n  Creeping Swamp was as g r e a t  as t h a t  i n  Okefenokee 
Swamp and g r e a t e r  than t h a t  r e p o r t e d  f o r  o t h e r  swamps, b u t  w i t h i n  t h e  
range o f  up land f o r e s t s  (Table 11 ) .  Th i s  appears t o  be t h e  r e s u l t  o f  
r a t h e r  l a r g e  annual t o t a l  li t t e r f a l l  i n  Creeping Swamp r a t h e r  than s low 
decomposit ion as i n  Okefenokee Swamp. To ta l  s o i l  o rgan i c  m a t t e r  i n  
Creeping Swamp was l e s s  than t he  Minnesota and'Georgia bog swamps and 
w i t h i n  t he  range o f  up land f o res t s  (Tab le  11) .  The fe rmenta t ion  and 
humus l a y e r  was t h i n  and c l a y  and sand l a y e r s  were reached a t  sha l l ow  
depths. Decomposit ion o f  ground l i t t e r  appears t o  keep pace w i t h  t o t a l  
1 i t t e r f a l l  over  an annual pe r i od .  Decsmposi t i o n  i s  p robab ly  enhanced by 
a l t e r n a t i n g  f looded and unflooded cond i t i ons ,  a l l o w i n g  p e r i o d i c  penetra-  
t i o n  o f  gaseous oxygen t o  ground l i t t e r  and upper s o i l  l a y e r s .  

Respiration 

Aquat i c  b e n t h i c  r e s p i r a t i o n :  

Aquat i c  b e n t h i c  r e s p i r a t i o n  was measured i n  l a b o r a t o r y  exper iments 
w i t h  swamp f l o o r  cores (F ig .  16)  and e x t r a p o l a t e d  t o  f i e l d  c o n d i t i o n s  
u s i n g  -- i n  s i t u  mean month ly  temperatures. S ince t h i s  i s  an impo r tan t  
o rgan i c  carbon l o s s  from Creeping Swamp, i t  i s  d e s i r a b l e  t o  compare 
va lues measured i n  t h e  l a b o r a t o r y  w i t h  those measured i n  t h e  f i e l d .  F i e l d  
measurements o f  a q u a t i c  r e s p i r a t i o n  can be computed from d i e 1  oxygen 
c o n c e n t r a t i o n  da ta  gathered t o  compute a1 ga l  p r o d u c t i v i t y .  Comparison 
between those f i e l d  measurements and r a t e s  computed from t h e  1  abo ra to r y  
s t u d i e s  f o r  s i m i l a r  temperature and season i n d i c a t e s  t h e r e  i s  reasonable 
agreement f o r  much of the  da ta  (Tab le  12) .  The f i e l d  measurements ce r -  
t a i n l y  have much g r e a t e r  e r r o r  assoc ia ted  w i t h  them due t o  d i f f i c u l t i e s  
i n  e s t i m a t i n g  average water  depth. The l a r g e  d isc repancy  between labora-  
t o r y  and f ie ld-measured r a t e s  f o r  March 1978 may be t h e  r e s u l t  o f  inc reased  
a l g a l  r e s p i r a t i o n  due t o  a  l a r g e  a l g a l  bloom observed a t  t h a t  t ime. 

Aquat i c  b e n t h i c  r e s p i r a t i o n  was measured i n  terms of oxygen u n i t s .  



A mean RQ of 1.71 (40.10) was measured in  1 aboratory experiments with 
swamp f l o o r  cores ;  however, they were probably overest imations of f i e l d  
values due t o  d i f f i c u l t i e s  in  measuring dissolved C02 accura te ly  and 
poss ib le  a r t i f i c i a l  c rea t ion  of increased anaerobic r e s p i r a t i o n  within 
the  lower p a r t s  of the  core during incubation.  An RQ of 1.0 was used t o  
convert  aqua t i c  benthic r e s p i r a t i o n  data from oxygen t o  carbon u n i t s  
because ( 1 )  most of the  organic s u b s t r a t e  was carbohydrate, and ( 2 )  an- 
aerobic  r e l e a s e  of  C02 was accounted f o r  sepa ra te ly .  

Table 12. Comparison of f i e l d  and labora tory  measurements of aqua t i c  
benthic r e s p i r a t i o n  r a t e s .  F ie ld  measurements cons i s t ed  of  
n ight  r e s p i r a t i o n  r a t e s  computed from die1 s t u d i e s  and labora-  
to ry  measurements were computed from r a t e s  measured i n  swamp 
f l o o r  cores (Fig.  1 6 ) .  

Mean Fie1 d Aquatic Benthic Respirat ion Rates 
Temperature Field Laboratory 

16-17 Feb. 1976 14.5 87 6 5 

02-03 March 1976 17 46 54 

03-04 March 1976 18 6 2 6 1 

12-13 April 1976 11 25 25 

24-25 May 1976 15 33 4 2 

06-07 June 1976 16.5 3 3 5 0 

07-08 June 1976 17 55 54 
16-17 Feb. 1977 2 9 2 2 

30-31 March 1977 17.5 53 5 7 
12-13 April 1977 18.5 32 64 

28-29 Apri 1 1977 17.5 2 9 57 

14-15 Feb. 1978 3.5 3 4 24 

14-15 March 1978 1 3  110 32 

28-29 March 1978 14 7 8 3 7 

Comparison of t e r r e s t r i a l  and aqua t i c  r a t e s :  

The r e s p i r a t i o n  rate- temperature r e l a t i o n s h i p s  f o r  t e r r e s t r i a l  l i t t e r  
( R t l )  (F ig .  13)  and aqua t i c  benthic r e s p i r a t i o n  (Ra) in  November and 
January (Fig .  1 6 a ) ,  converted t o  carbon u n i t s ,  were not  s t a t i s t i c a l l y  
d i f f e r e n t  from one another  ( P C  .O5). The aqua t i c  benthic r e s p i r a t i o n  

7 2 



ra te - tempera tu re  r e l a t i o n s h i p  f o r  t h e  March, May, August, and September 
exper iments ( F i g .  16b),  conver ted  t o  carbon u n i t s ,  was s t a t i s t i c a l l y  
d i f f e r e n t  f rom t h e  t e r r e s t r i a l  l i t t e r  r e l a t i o n s h i p  f o r  bo th  c o e f f i c i e n t s .  
Th is  i m p l i e s  t h a t  r e s p i r a t i o n  was s i m i l a r  a t  a l l  temperatures i n  bo th  
a q u a t i c  ben th i c  and t e r r e s t r i a l  1 i t t e r  h a b i t a t s  i n  t he  c o l d  season (Nov- 
ember-February) , b u t  t h a t  r e s p i r a t i o n  was g r e a t e r  i n  t e r r e s t r i a l  l i t t e r  
than i n  t h e  aqua t i c  b e n t h i c  h a b i t a t  a t  temperatures <35 C d u r i n g  t h e  
warm season (March-October). Th i s  behav io r  may r e f l e c t  t h e  dominance o f  
t e r r e s t r i a l  systems d u r i n g  t h e  warmer per iods  o f  t he  year .  Normal ly  when 
wa te r  temperatures a r e  r e l a t i v e l y  h igh ,  t h e  aqua t i c  system i s  much reduced 
i n  area. Aquat i c  microbes may be more cold-adapted, responding l e s s  
s t r o n g l y  w i t h  i n c r e a s i n g  temperature than those i n  t h e  t e r r e s t r i a l  system. 

R e s p i r a t i o n  o f  r e a d i l y  leachab le  DOC: 

The m i c r o b i a l  u t i l i z a t i o n  s f  DOC leached f r om newly f a l l e n  leaves  
was n o t  accounted f o r  i n  any of my r e s p i r a t i o n  s tud ies .  Th is  r a p i d  
u t i l i z a t i o n  o f  leached DOC represen ted  a  Plush o f  i n t e n s e  me tabo l i c  
a c t i v i t y  immediate ly  f o l l o w i n g  submersion o f  newly f a l l e n  leaves, o r  i n  
unf looded areas, d u r i n g  and immediate ly  f o l l o w i n g  r a i n f a l l  events  as 
t h r o u g h f a l l  leached newly f a l l e n  leaves and p e r c o l a t e d  through t h e  l i t t e r  
and s o i l  l a y e r s .  Us ing approximate swamp f l o o r  topographic  p r o f i l e s  
f rom the  f i v e  t r ansec t s  paced, su r f ace  wate r  res idence  t ime  w i t h i n  t h e  
s tudy  segment was es t imated  t o  be about  25-40 h  when t h e  swamp i s  >70% 
inundated. I f  a l l  o f  t he  r e a d i l y  leachab le  m a t e r i a l  was leached by s u r f a c e  
waters,  about  60-70% o f  i t  would have been r e t a i n e d  and presumably r e s -  
p i r e d  w i t h i n  t h e  swamp (Tab le  8 )  and would n o t  have appeared i n  my e s t i -  
mates f o r  annual r e s p i r a t i o n .  I f  t h r o u g h f a l l  l e a c h i n g  was impor tan t ,  t h e  
percentage t h a t  was n o t  measured would have been s t i l l  h igher .  

A  l a r g e  spate occur red  on 6  November 1977 , jus t  a f t e r  peak l i t t e r f a l l ,  
f l o o d i n g  t he  e n t i r e  swamp ( F i g .  6 ) .  I n  most years  much o f  t h e  r e a d i l y  
leachab le  f r a c t i o n  o f  swamp 1  e a f  1  i t t e r  would have been leached by through-  
f a l l ,  pe rco la ted  through t h e  un f looded swamp l i t t e r  and s o i l ,  and been 
r e t a i n e d  and u t i l i z e d  there .  However, i n  1977 t h e  s i z e  and t i m i n g  o f  t h e  
November s to rm r e s u l t e d  i n  q u i c k  f l o o d i n g  and most o f  t h e  r e a d i l y  l eachab le  
m a t e r i a l  was p robab ly  leached i n t o  sur face waters .  DOC concen t ra t i ons  
measured a t  CP-10 d u r i n g  t h i s  spa te  were ve ry  l a r g e  (weighted mean concen- 
t r a t i o n  o f  21 m g e l - I ) ,  sugges t ing  t h a t  t h i s  was t h e  case. I have e s t i -  
mated t h a t  32.3 g cam-2 was 1 eached from s o i l  l i t t e r  d u r i n g  t h i s  pe r i od ,  
b u t  due t o  i t s  r a p i d  u t i l i z a t i o n ,  o n l y  abou t  35% (11.3 g  was 
accounted f o r  as h y d r o l o g i c  DOC o u t p u t  a t  CP-10, t h e  remainder (21.0 g  
cam-2) was r e t a i n e d  and presumably r e s p i r e d  w i t h i n  t he  swamp segment. 
Due t o  t he  l a c k  o f  a  s i g n i f i c a n t  inc rease  i n  autumn wate r  column r e s p i r a -  
t i o n  r a t e s  ( F i g .  15)  and t h e  p a u c i t y  of p a r t i c l e s  f o r  b a c t e r i a l  c o l o n i z a -  
t i o n  w i t h i n  t h e  wate r  column, i t  i s  probable t h a t  t h e  u t i l i z a t i o n  o f  t h e  
r e a d i l y  leachab le  m a t e r i a l  took  p l ace  on t he  swamp f l o o r  by b a c t e r i a  
c o l o n i z i n g  l e a f  and o t h e r  d e t r i t a l  su r faces .  Never the less,  s i n c e  t h e  DOC 
was i n  t h e  wate r  column f o r  some s h o r t  pe r i od ,  t h e  21 g   em-2 a d d i t i o n a l  
r e s p i r a t i o n  i n  1977 was ass igned t o  t h e  wate r  column system component. 



I n  1976 t h e  s i t u a t i o n  was n o t  q u i t e  as c l e a r  s i nce  the  f i r s t  l a r g e  
spate d i d  n o t  occur  u n t i l  the  midd le  o f  December. P r i o r  t o  t h i s  t ime 
t h r o u g h f a l l  undoubted1 y 1  eached some o f  t he  r e a d i l y  1  eachabl e  m a t e r i a l  , 
which was then r e t a i n e d  and even tua l l y  r e s p i r e d  w i t h i n  the  1  i t t e r  and s o i l .  
Assuming equal p o r t i o n s  of t o t a l  r e a d i l y  l eachabl e  m a t e r i a l  (computed t o  
be 41.6 g  C-m-2 i n  1976) were leached by t h r o u g h f a l l  and surface waters 
each, 20.8 g C-m-2 o f  unaccounted-for r e s p i r a t i o n  took p lace  i n  t he  
t e r r e s t r i a l  l i t t e r - s o i l  system and about 65% o f  20.8, o r  13.5 g  cam-2, 
was r e t a i n e d  and presumably r e s p i r e d  w i t h i n  t he  aquat ic  p o r t i o n  o f  the  
swamp segment. To ta l  annual water column and t e r r e s t r i a l  1  i t t e r  r e s p i r a -  
t i o n  must be increased by 13.5 and 20.8 g  corn-2, respec t i ve l y ,  t o  account 
f o r  t he  r e s p i r a t i o n  o f  r e a d i l y  leachable ma t te r  l o s t  f rom newly f a l l e n  
leaves i n  1976. 

Anaerobic r e s p i r a t i o n :  

Annual anaerobic r e s p i r a t o r y  convers ion of o rgan ic  t o  i no rgan i c  carbon 
i nvo l ves  bo th  C02 and CHq produc t ion .  Martens and Berner (1977) have 
s t a t e d  t h a t  two major  pathways 1  ead t o  methane produc t ion :  (1  ) C02 
reduc t i on  (C02 + 4H2 -I. CHq + 2H20), and ( 2 )  fermentat ion of a c e t i c  a c i d  
(CH3COOH -+ CHq + 2H20). I n  fe rmenta t ion  C02 and CHq a re  produced i n  
equal amounts. Claypool and Kaplan (1974) have repo r ted  t h a t  30 t o  50% 
o f  CHq p roduc t i on  i n  anerobic environments i s  by way o f  C02 reduc t ion .  

Whi le e v o l u t i o n  r a t e s  o f  d i sso l ved  CHq i n  Creeping Swamp showed no 
s t r i k i n g  seasonal o r  temperature e f f e c t s  (F ig .  171, season, temperature, 
and i nunda t i on  together  may e x p l a i n  some o f  the  v a r i a t i o n .  The low 
r a t e s  measured i n  December, January, and February probably  r e f l e c t e d  the  
low s o i l  temperatures d u r i n g  these months. The August values were low 
because the  swamp had been f looded o n l y  a  few days be fo re  the  measurement 
and i n t e r s t i t i a l  d i sso l ved  CHq concent ra t ions  had y e t  t o  b u i l d  up. When 
unf looded f o r  extended per iods,  gaseous oxygen can penet ra te  t he  l i t t e r  
and upper s o i l  l aye rs .  Evo lu t i on  r a t e s  were lower near Transect  4 than 
near Transect  1  probably  due t o  more f requent  d r y i n g  i n  upstream areas 
away f rom the  highway. I t  i s  p l a u s i b l e  t h a t  methane e v o l u t i o n  i n  Creeping 
Swamp i s  o n l y  impor tan t  du r i ng  the  s p r i n g  months when s o i l  temperatures 
increase and f l ooded  o r  water- logged cond i t i ons  e x i s t .  I t  may a l s o  be 
impor tan t  a t  t imes du r i ng  summer and autumn when these c o n d i t i o n s  occur.  
However, t he  swamp i s  u s u a l l y  d r y  most o f  the  summer and autumn a l l o w i n g  
gaseous oxygen pene t ra t i on  and probably  l i t t l e  anaerobic r e s p i r a t i o n .  

Annual methane e v o l u t i o n  i n  Creeping Swamp i s  d f f f i c u l  t t o  es t imate  
from my data. I have o n l y  measured methane e v o l u t i o n  under f l ooded  con- 
d i t i o n s ,  and then p r i m a r i l y  t he  d i sso l ved  form. S t raye r  and T i e d j e  (1978) 
repo r ted  e b u l l i t i o n  t ranspor ted  from about one-ha l f  t o  as much methane o u t  
o f  t he  sediments o f  a  smal l  hypereutrophic  l a k e  as d i d  d i f f u s i o n .  How- 
ever, i n  Creeping Swamp i f  e b u l l i t i o n  from the  s o i l - w a t e r  i n t e r f a c e  occurs, 
r a p i d  d i s s o l u t i o n  appears t o  prec lude s u b s t a n t i a l  l o s s  o f  methane as bubbles 
and my technique f o r  measurfng d i sso l ved  methane e v o l u t i o n  would i n c l u d e  
e b u l l  i t i o n .  Assuming t h a t  fe rmenta t ion  accounted f o r  60% o f  methane 



r e l e a s e ,  t h a t  methane e v o l u t i o n  occur red  o n l y  under f looded  c o n d i t i o n s  from 
March through November, and t h a t  t h e  mean annual methane d i f f u s i o n  r a t e  was 
3.0 mg ~ ~ 4 . m - 2 . h r - 1 ,  annual r e l e a s e  o f  i n o r g a n i c  carbon v i a  a n a e r o b i c  
r e s p i r a t i o n  i n  Creeping Swamp was 2 .8  g C-m-2 a s  CHq and 1 . 7  g C-m-2 a s  
C02 i n  1976 and 6.1 g c - m W 2  a s  CH4 and 3.7 g corn-2 a s  C02 i n  1977. 

Tota l  annual swamp f l o o r  r e s p i r a t i o n :  

To ta l  annual s o i l  r e s p i r a t i o n  i n  Creeping Swamp, t h e  sun o f  a e r o b i c  
(Ra) and a n a e r o b i c  a q u a t i c  b e n t h i c  r e s p i r a t i o n  and t e r r e s t r i a l  s o i l  r e s -  
p i r a t i o n  ( R t s ) ,  was 1184 g corn-2 i n  1976 and 1082 g C-m-2 i n  1977. These 
annual s o i l  r e s p i r a t i o n  v a l u e s  a r e  s i m i l a r  t o  t h o s e  r e p o r t e d  f o r  an upland 
Tennessee f o r e s t  , and g r e a t e r  than t h o s e  r e p o r t e d  f o r  o t h e r  f o r e s t s  and 
swamps, wi th  the e x c e p t i o n  of a Puer to  Rican mangrove swamp ( T a b l e  1 3 ) .  
They a r e  a l s o  a t  t h e  upper end o f  t h e  range  g iven  by S c h l e s i n g e r  (1977) 
f o r  world t empera te  f o r e s t s .  I f  t h e  d i f f e r e n c e  between t o t a l  s o i l  and 
t o t a l  l i t t e r  r e s p i r a t i o n  ( R t s  - R t l )  i s  assumed t o  be e n t i r e l y  r o o t -  
d e r i v e d ,  t h e n  t o t a l  annual r e s p i r a t i o n  due t o  swamp f l o o r  decomposi t ion o f  
d e t r i  tus was 333 g ~ - m ~ ~  i n  1976 and 334 g corn-2 i n  1977. 

. - 

Table  1 3 .  Annual t o t a l  s o i l  r e s p i r a t i o n  i n  v a r i o u s  swamps and upland 
f o r e s t s  . 

Tota l  Annual 
S o i l  R e s p i r a t i o n  

Locat ion F o r e s t  t y p e  ( g  Reference 

Fores ted  Swamps: 

Minnesota c e d a r  bog 739 Re iners  (1  968)  

North mixed hardwood 
Carol i na swamp-s tream 1184, 1082" this s t u d y  

Puer to  Rico mangrove swamp 1350 Lugo and Sneda ker  (1  974)  

Up1 and F o r e s t s  : 

Minnesota oak 

England beech 
7 94 Re iners  (1  968) 

171 Phi l  i p s o n ,  -- e t  a1 . (1975) 
Tennessee mixed deciduous 1036 Edwards and S o l l i n s  (1973)  

North l o b l o l l y  p i n e  
Carol ina  p l a n t a t i o n  757 Kinerson,  -- e t  a1 . (1977) 

World F o r e s t s  ( r a n g e s )  : 

Temperate Zone 

Trop ica l  Zone 

171-1414 Schl e s i n g e r  (1 977)  

405-61 00 Schl e s i n g e r  (1 977) 
* t o t a l  t e r r e s t r i a l  s o i l  r e s p i r a t i o n ,  a n a e r o b i c  and aerobf c a q u a t i c  

r e s p i r a t i o n  f o r  1976 and 1977. 



Production/respiration r a t i o s  f o r  the aquatic ecosystem 

P/R r a t i o s  can be computed f o r  the  aquatic swamp-stream ecosystem 
(excluding higher p lant  production) on an annual basis  and f o r  the  months 
of January through June. On an annual bas is ,  Creeping Swamp i s  qu i t e  
heterotrophic with P/R of 0.2 i n  1977. However, inspection of monthly 
P/R indicates  an increase i n  P/R from January t o  March and a decrease 
t he r ea f t e r ,  with February and March near unity (Tab1 e 14) .  March o f f e r s  
the most favorable combination of sunl ight  and temperature f o r  algal  
growth in Creeping Swamp s ince  a t  t h i s  time leaf-out  has y e t  t o  develop 
and water temperatures a r e  increasing. While algal  productivi ty was not 
measured from July to  December, P/R r a t i o s  a r e  thought t o  be extremely 
small and the ecosystem highly heterotrophic s ince  1 i gh t  i n t ens i t y  
low beneath the canopy and-flooding i s  usually of r e l a t i ve ly  sho r t  

Table 14. Monthly P / R  r a t i o s  f o r  the aquatic ecosystem in 1 77 
All  production and resp i ra t ion  f igures  a r e  g C a m - ?  o f  f 
area only. 

i s  
duration.  

ooded 

Month NPP 

January 

February 

March 

Apri 1 

May 
June 

* sum of water column resp i ra t ion  ( )  aquatic benthic resp i ra t ion  ( R a ) ,  
and anaerobic resp i ra t ion .  

Par t i cu la te  organic carbon formation 

The formation of POC as a r e s u l t  of DOC p rec ip i t a t ion  is  an ins igni-  
f i c a n t  process compared t o  o ther  organic carbon flows i n  Creeping Swamp. 
Lush and Hynes (1973) reported t h a t  DOC p rec ip i t a t ion  i n  streams was 
pos i t ive ly  corre la ted with turbulence, ionic  s t reng th ,  e spec ia l ly  dissolved 
calcium, and pH, a l l  of which a r e  r e l a t i ve ly  low i n  Creeping Swamp. A t  
CP-10 in  1976 mean soluble calcium concentration was 3.8 mg.l-l 
conductivi ty was usually 40 t o  70 ilmho*cm-1, and pH usually les;  than 
5.8 (Kuenzler, e t  a l .  1977). The low DOC p rec ip i t a t ion  r a t e s  measured 
in Creeping Swamp were not s u r p ~ i s i n g .  



Annual organic carbon budget for  Creeping Swamp 

Elemental cycling in ecosystems can be examined by an annual budget. 
The Creeping Swamp ecosystem was f i r s t  treated as a "black box" with 
inputs and outputs quantified (Table 15).  In a more detailed approach i t  
was partitioned into i t s  principal components with internal -system flows 
between components, and flows between components and the external environ- 
ment (Fig. 24). I have partitioned Creeping Swamp into f ive  components: 
three 1 iving components ( t rees  and sap1 ings, shrub and herbaceous plants, 
and algae) and two de t r i t a l  components (water column and swamp f loo r ) .  
Ecosystem inputs and outputs were quantified (Table 15) ,  and a1 1 components 
and flows of organic carbon presented in schematic form (Fig. 24). Through- 
fa1 1 and stemflow inputs were partitioned between the aquatic and terres- 
t r i a l  habitats by examining daily rainfal l  and inundation fraction data. 
Terrestrial  1 i t t e r  respiration was assumed to include a1 l respiration of 
the swamp floor under t e r r e s t r i a l  conditions , except tha t  derived from 
roots . 

Complete budget data were available for  1977 (Table 15) .  Inputs 
exceeded outputs by 361 g c o r n - 2  with a? 1 b u t  38 g C-m-2 of th i s  in annual 
aboveground net wood increment. With the exception of t ree  growth, Creeping 
Swamp i s  nearly in balance with respect to inputs and outputs of organic 
carbon. Further strengthening this  contention i s  the absence of so i l  
humus or peat layers of any s ize.  

Water col umn : 

The components of the model can also be examined separately. Analysis 
of the water column indicates that  i t  functions primarily as a flow- 
through or transport en t i ty .  Allochthonous hydrologic inputs of organic 
carbon totaled 196 g cam-2.yr-1, 76% of the 258 g C-m-2-yr-1 of total  1977 
water column inputs (Fig. 24). Hydrologic outputs totaled 214 g ~ - m - 2 * ~ r ' f ,  
89% of the 240 g ~-m-Z*yr-l  of total  water column outputs,and respiration 
accounted for  the remainder (Fig. 24). The swamp segment ecosystem studied 
here was about 7% e f f i c i en t  in retaining and presumably respiring total  
organic inputs (>95% DOC) to the surface water compartment, and even less  
e f f ic ien t  in i-etaining a1 lochthonous inputs (94% D O C ) .  

Swamp f loor:  

The swamp f 1 oor de t r i  tal  component had inputs of 378 g ~ e m - ~ ~ ~ r - '  , 
of which 92% were inputs of t e r r e s t r i a l  plant 1 i t t e r  (Fig. 24). O u t p u t  
from the swamp f loor  totaled 358 g ~ - m - 2 - ~ r - l ,  of which 84% was as respira- 
tion and 16% as leaching (Fig. 24). While the leaching loss percentage 
was not large,  i t  did represent a s ignif icant  amount of organic carbon 
and i s  1 ikely the primary difference in organic carbon cycling between 
wooded swamps and up1 and forests  , up1 and forests  having 1 ess 1 eachi ng 
exports. The swamp f loor  net input of 20 g ~ - m - ~ * y r - l  (about 5% of total  
input) i s  cer tainly within the l imits  of error  fo r  the estimation of plant 
l i t t e r  inputs and respiration outputs, and i s  not s ignif icant .  Inputs and 
outputs for  the swamp f loor  were in approximate balance with no apparent 
storage or net consumption of de t r i ta l  organic carbon in 1977. 



Table 15. Inputs and outputs  of organic carbon in  Creeping Swamp f o r  
1976 and 1977. A1 1 values i n  g  C-m-2.yr-1. 

IN PUTS 
Hydrol ogic:  

Upstream (TOC) 

Tr ibutary  (TOC) 

Groundwater (DOC) 

Rai n f a l l  

Biologic:  

Tree and sap l ing  aboveground 

net  product iv i ty  - 
wood increment 

1  i  t t e r f a l l  

macro1 i  t t e r  

net  throughfal l  
and stemflow 

Shrub and herbaceous p lan t  
aboveground net  product iv i ty  

A1 gal ne t  product iv i ty  

Total Inputs 

Hydrol ogic :  

Stream (TOC) 

Biologic: 

Respirat ion - water col umn 

OUTPUTS 

aqua t i c  benthic 34.1 45.9 

t e r r e s t r i a l  1  i t t e r  296 246 

anaerobic 4.5 9 .8  

Total Outputs 438 541 





Whole ecosystem: 

To ta l  hyd ro log i c  o u t p u t  o f  o rgan i c  carbon accounted f o r  37% of t h e  
578 g  cam-2 o f  t o t a l  d e t r i t a l  i n p u t s  t o  t h e  8-km swamp-stream segment i n  
1977. The ecosystem was thus 63% e f f i c i e n t  a t  r e t a i n i n g  d e t r i t a l  carbon 
i n p u t ,  c o n v e r t i n g  most, if n o t  a l l  of  i t ,  t o  C02 v i a  metabol i c  processes. 

Organic m a t t e r  r e t e n t i o n  e f f i c i e n c i e s  have been computed f rom budget 
da ta  f o r  1.7- km segments o f  Bear Brook (F i she r  and L ikens  1973) and F o r t  
R i v e r  ( F i s h e r  1977), two up land streams w i t h  much h i g h e r  g rad ien t s  than  
Creeping Swamp. Comparison o f  r e t e n t i o n  e f f i c i e n c i e s  between t h e  up land 
streams and Creeping Swamp i s  n o t  usefu l ,  however, s i nce  segment l eng ths  
were ve ry  d i f f e r e n t .  Organic carbon r e t e n t i o n  i s  a  f u n c t i o n  o f  stream 
process ing  and s to rage  features which, i n  t u rn ,  a r e  r e l a t e d  t o  segment 
l eng th .  I n  a d d i t i o n  r e t e n t i o n  e f f i c i e n c i e s  cannot be norma l i zed  t o  a  
u n i t  stream l e n g t h  s i n c e  much o f  t h e  i n p u t  i s  l a t e r a l  and f l u v i a l  i n p u t s  
d iscon t inuous  and non-uni form a long  stream segments. 

I n  o r d e r  t o  avo id  t he  problems assoc ia ted  w i t h  comparing o r g a n i c  
m a t t e r  r e t e n t i o n  e f f i c i e n c i e s  of  stream segments o f  d i f f e r e n t  l e n g t h s  o r  
o rders ,  F i s h e r  ( 1  977) has proposed bas ing  i n d i c e s  on o rgan i c  m a t t e r  
l oad ing .  F i s h e r ' s  l o a d i n g  c o e f f i c i e n t  ( k )  expresses t h e  r a t e  o f  o rgan i c  
m a t t e r  concen t ra t i on  change based upon an exponent ia l  model: 

where Co and C i  a r e  o u t p u t  and i n p u t  concen t ra t ions  f o r  a  p a r t i c u l a r  stream 
segment. The l o a d i n g  c o e f f i c i e n t  can be normal ized t o  a  u n i t  segment 
l e n g t h  ( z )  y i e l d i n g :  

k ' z  Co=Cioe  . 
I f  o rgan i c  m a t t e r  concen t ra t ions  i n  l a t e r a l  f l u v i a l  i n p u t s  a r e  s i m i l a r  t o  
t h e  upstream concen t ra t i on  then non-hydro log ic  i npu t s ,  p r i m a r i l y  1  i t t e r  
i n p u t s ,  t h r o u g h f a l l  and a l g a l  p r o d u c t i o n  a r e  respons ib l e  f o r  stream 
o rgan i c  m a t t e r  l oad ing .  These i npu t s ,  norma l i zed  t o  a u n i t  s t ream l e n g t h ,  
can be cons idered  as a  l o a d i n g  p o t e n t i a l  (LP) .  F i s h e r ' s  s t ream metabol ism 
index  ( S M I ) ,  computed as t o t a l  ecosystem r e s p i r a t i o n  d i v i d e d  by t h e  amount 
o f  r e s p i r a t i o n  needed t o  p reven t  stream o rgan i c  m a t t e r  c o n c e n t r a t i o n  
inc rease ,  r e f l e c t s  t he  a b i l i t y  of t he  ecosystem t o  p reven t  l oad ing ,  g i v e n  
i t s  o rgan i c  i n p u t s .  Assuming a  steady s t a t e  w i t h  no annual o r g a n i c  m a t t e r  
s torage,  t h e  metabol ism index i s  a1 so a  r e t e n t i o n  index.  

Creeping Swamp, w h i l e  l o a d i n g  a t  a  r a t e  h i g h e r  than bo th  Bear Brook 
and F o r t  R i v e r ,  has a  metabol ism index ( r e t e n t i o n  i ndex )  i n t e r m e d i a t e  
between these  two, b u t  c l o s e r  t o  t h a t  o f  Bear Brook, a stream which ex- 
h i b i  t s  no o rgan i c  m a t t e r  l o a d i n g  (Tab le  16) .  Th i s  r e f 1  e c t s  r e l a t i v e l y  
e f f i c i e n t  o rgan i c  m a t t e r  r e t e n t i o n  i n  Creeping Swamp d e s p i t e  i t s  h i g h  
l o a d i n g  p o t e n t i a l  (Tab le  16) .  Creeping Swamp was b e t t e r  a b l e  t o  r e t a i n  
i t s  o r g a n i c  m a t t e r  i n p u t s  than F o r t  R iver ,  and o n l y  s l i g h t l y  l e s s  a b l e  
than Bear Brook. The r e l a t i v e l y  h i g h  metabol ism index  o f  Creeping Swamp 



may be a t t r i b u t e d  t o  l o n g  o rgan i c  m a t t e r  r e t e n t i o n  t imes due t o  p h y s i c a l  
r e t e n t i o n  f e a t u r e s  and t h e  dominance o f  CPOM i n p u t ,  a  more r e a d i l y  r e t a i n e d  
o rgan i c  m a t t e r  f r a c t i o n .  A l though Creeping Swamp was c l o s e r  i n  s i z e  t o  
F o r t  R i ve r ,  i t  has r e t e n t i o n  f ea tu res  more s i m i l a r  t o  those o f  sma l l e r ,  
l ower  o r d e r  streams such as Bear Brook ( B i l  by and L ikens  1979).  The p re -  
sence o f  t r e e s  w i t h i n  t he  swamp-stream ecosystem inc reases  t h e  t o r t u o s i  ty  
of f l ow pathways and t h e  p o t e n t i a l  f o r  d e b r i s  dams. I n  a d d i t i o n ,  u n l i k e  
up land  streams, t he  low g r a d i e n t  o f  Creeping Swamp produces low wa te r  
v e l o c i t i e s  w i t h  1 i t t l e  e r o s i v e  f o r c e .  

Table  16. C h a r a c t e r i s t i c s  o f  t h r e e  stream segment ecosystems and i n d i c e s  
d e s c r i b i n g  o rgan i c  m a t t e r  dynamics i n  each. Data f o r  Bear 
Brook a r e  f rom F i s h e r  and L ikens  (1973) and F o r t  R i v e r  f rom 
F i s h e r  (1977) .  

Parameter Bear Brook F o r t  R i v e r  Creeping Swamp 

Stream o r d e r  2  4 3  

Study segment l e n g t h  (km) 1 .7  1.7 8  

D ra i  nage a t  downstream 
s t a t i o n  (km2) 1.3 1  07 80 

2  Organic ma t t e r  i n p u t  (kg/m ) 1.36 30.8 1.16 

Loading p o t e n t i a l  1 (kg lm)  2.3 14.3 154 

Re ten t i on  e f f  i c i e n c y Z  0.34 0.04 0.63 

Loading f a c t o r 3  1 . O  1.025 1.175 

Loading c o e f f i c i e n t  ( k 1 ) 4  0  0.0143/km 0.02021 km 

Steam metabol ism i ndex5 1  . O  0.638 0.82 
- 

~ # e t e o r o l o g i c  and b i o l o g i c a l  o rgan i c  carbon i n p u t s  p e r  u n i t  s t ream l e n g t h  
n 

L ( ~  i n p u t s  - c o u t p u t s ) / c  i n p u t s  
e 

 actor by which o rgan i c  carbon c o n c e n t r a t i o n  inc reases  i n  t h e  s tudy  
segment ( a f t e r  F i s h e r  1977) 

4~ompu ted  as Co = C i * e k ' z  where Co = o u t p u t  c o n c e n t r a t i o n  
C i  = i n p u t  c o n c e n t r a t i o n  
k '  = c o e f f i c i e n t  f o r  s t ream segment 

l e n g t h  z - 
' ~cosys tem r e t e n t i o n l r e t e n t i o n  necessary t o  p reven t  l o a d i n g  ( a f t e r  F i s h e r  

1977). 





Organic carbon export  from watersheds 

Creeping Swamp watershed: 

Exports of organic carbon were computed f o r  the  e n t i r e  watershed 
drained by Creeping Swamp. Monthly export  of FTOC a t  CP-10 was computed 
f o r  1976 and 1977 by mu1 t i p l y i n g  weighted mean monthly concentrat ion by 
t o t a l  monthly streamflaw. FTOC export  exhib i ted  dramatic seasonal va r i a -  
t i o n  (Fig .  25); i t  was h ighes t  in  winter  and e a r l y  spr ing  and lowest i n  
summer and e a r l y  autumn, a pa t t e rn  s i m i l a r  t o  streamflow (Fig.  6 ) .  The 
l a r g e  November export  in  1977 was absent  i n  1976. November export  of 
organic carbon was r e l a t e d  t o  streamflow even more dramat ica l ly  than i n  
o ther  months due t o  t h e  l a r g e  source of r e a d i l y  leachable  organic carbon 
avai 1 a b l e  j u s t  a f t e r  peak 1 eaf-fa1 1 when a s p a t e  occurred. 

Total organic carbon (TOC) f l u x  a t  t he  upstream s t a t i o n ,  CP-20, was 
3.10 g corn-2 of watershed i n  1975, 1.89 g  ern-2 in 1976, and 6.81 g 
in 1977. TOC export  a t  t he  downs ream s t a t i o n ,  CP-10, was 4.15 g  ern-2 
of watershed in  1975, 3.37 g i n  1976, and 8.55 g i n  1977. TOC 
f l u x  a t  both s t a t i o n s  was in a l l  years  >93% DOC. P rec ip i t a t ion  recorded 
in  Greenvi l le ,  North Carol ina,  about 25 km from Creeping Swamp, t o t a l e d  
110 cm in  1975, 102 cm i n  1976, and 126 cm i n  1977 (National Oceanographic 
and Atmospheric Administration 1975, 1976, 1977). P r e c i p i t a t i o n  in 1977 
was equal t o  the  25-year average, while t h a t  in  1975 was 13% l e s s ,  and 
t h a t  i n  1976 24% l e s s  than the  25-year average (National Oceanographic 
and Atmospheric Administration 1952-1 978). 

Comparison with o t h e r  watersheds: 

Exports of TOC from Creeping Swamp were high compared t o  o t h e r  water- 
sheds, mostly upland (Table 1 7 ) .  Brinson (1976) pos tu la ted  a 1 inea r  
r e l a t i o n s h i p  ( Y  = 0.023X + 0.1 58, r = 0.91 ) between organic carbon expor t ,  
Y ( i n  g ~ * m - 2 ) ,  and annual runof f ,  X ( i n  cm), from upland watersheds. 
I have added two addi t ional  upland watersheds t o  those compiled by Brinson 
and found l i t t l e  change i n  the  r e l a t i o n s h i p  ( Y  = 0.023X + 0.355, r = 0.91). 
However, an e n t i r e l y  d i f f e r e n t  l i n e a r  r e l a t i o n s h i p  bes t  described organic 
carbon export  from Creeping Swamp, o the r  eas t e rn  North Carolina waters  
sheds with extens ive  swamp drainage,  and a Louisiana swamp ( Y  = 0.123X 
+ 0.490, r = 0.89) (Fig .  26).  The s lope  of the  l i n e  descr ib ing  swamp- 
dra in ing  watersheds i s  about 5.3 times g r e a t e r  than t h a t  f o r  upland 
watersheds, i nd ica t ing  much l a r g e r  organic carbon expor t  per u n i t  runoff .  
There were a l s o  higher organic carbon exports  f o r  some swamp-draining 
watersheds than f o r  upland ones,  and many of  the  low exports  from swamp- 
dra in ing  watersheds were 1 i kely due t o  the  be1 ow-average preci  pi t a t i o n  
i n  1975 and 1976. 

In the  segment of Creeping Swamp under s tudy here ,  the ne t  expor t  of 
organic carbon t o t a l e d  22 g corn-2 of swamp in  1976 and 18 g corn-2 of swamp 
in  1977, about  2.6% of ecosys tem NPP, (Tab1 e 1 8 ) .  These f i g u r e s  must be 



Table 17. Annual organic carbon export* and runo f f  from var ious upland and swamp-draining watersheds. 

Annual 
Annual Organic Carbon 

Area Runoff Export 

Watershed h 2 )  (cm) (g  ~ - r n - ~ - y r - ' )  Reference 

Up1 and 

A rc t i c :  

Char Lake, N.W.T., Can. 43.50 15.8 0.30 de March (1975) 

Cool Temperate: 

Hubbard Brook, N.H. 

watershed #2 (defor.  )t 0.16 122.1 2.71 Hobbie and Likens (1973) 
Borman, e t  a1 . (1 974) 

watershed #6 ( fo res t .  )t 0.13 96.2 1.51 Borman, e t  a l .  (1974) 

Bear Brook 1.30 72.0 1.95 Fisher  and Likens (1973) 

M i r r o r  Lake 0.85 64.7 1.89 Jordan and Likens (1975) 

F o r t  River,  Mass. 107.30 79.8 3.29 Fisher  (1977) 

Marion Lake, B.C., Can. 13 204.8 5.17 E f f o rd  (1972) 

Nanaimo River, B.C., Can. 894 167.8 14.60' Naiman and S ibe r t  (1978) 

Humid Tropics: 

Rio San Marcos, Guat. 170 85 2.20 B r i  nson ( 5  976) 

Rio Sauce, Guat. 300 86 3.20 Brinson (1 976) 

Rio Polochic, Guat. 5247 1 94 4.80 Brinson (1 976) 

Warm Temperate: 

Louisiana swamp 



Tab1 e 17  ( con t i nued)  

Annual Organic Carbon 
Watershed Area Runof f  Expor t  Reference 

Swamp-draining 

Warm Temperate: 

Creeping Swamp, N . C. 

CP-10 (1975) 80 

(1 976) 80 

(1  977) 80 

CP-20 (1975) 32 

(1  976) 3 2 

(1977) 32 

Pa lmet to  Swamp. N. C . 
(1  975) 54 

(1  976) 54 
7 

I racey Swamp, N.C. 

(1  975) 141 

(1  976) 141 

Chicod Creek, N.C. 

(1  975) 132 

(1  976) 132 

C l a y r o o t  Swamp, N.C. (1976) 110 

Th is  Study 

Th is  Study 

Th is  Study 

T h i s  Study 

Th is  Study 

Th is  Study 

Th is  Study 

Th is  Study 

T h i s  Study 

Th is  Study 

Th is  Study 

Th is  Study 

Th is  Study 

*Export  i s  as TOC f o r  a l l  up land watersheds except  f o r  watersheds 2 and 6 a t  Hubbard Brook and t h e  Mar ion Lake water -  
shed, i n  wh ich e x p o r t  was as FTOC. Expor t  was as FTOC f o r  a l l  swamp-draining watersheds excep t  Creeping Swamp i n  
which e x p o r t  was as TOC. 

+Expor t  was computed by adding t h e  average o f  1965-1970 bedload measurements t o  t h e  1967-1969 average f i n e  p a r t i c u -  

+ l a t e  and d i s s o l v e d  f r a c t i o n s .  Runoff  i s  t h e  1967-1 969 average. 
Watershed i s  mountainous b u t  con ta ins  seve ra l  bog l a k e s  and l a k e s  used f o r  l o g  s torage.  

++Annual r u n o f f  was computed by d i v i d i n g  t o t a l  o r g a n i c  carbon e x p o r t  by t h e  p roduc t  o f  mean annual o r g a n i c  carbon 
++concen t ra t i on  and watershed area. 

Runof f  va lues a r e  assumed t o  be equal t o  those a t  Creeping Swamp f o r  t h a t  y e a r .  





treated with caution, however, because they were computed as the difference 
between two large values ( to ta l  input and output),  each of which has a t  
leas t  5 to 10% of error  associated with i t .  Nonetheless, the net export 
from Creeping Swamp seems to indicate tha t  the swamp portion of the water- 
shed exported more organic carbon per unit  area than did the watershed as 
a whole (with exports of 3.37 and 8.55 g C o r n - 2  of watershed in 1976 and 
1977). 

Table 18. Net hydrologic flux of TOC ( g  of swamp-yr-') from Creeping 
Swamp for  1976 and 1977. Net flux computed as the difference 
between total  hydro1 ogic inputs and outputs. 

Stream Tributary P r e c i ~ i -  Ground- Total 
ta t i m  water 

Inputs 18.9 39.0 1 .8  3.0 62.7 

Outputs 

Net O u t p u t  

Inputs 

Outputs 

Net O u t p u t  18.1 

Exports of organic carbon are  1 i kely influenced by low frequency 
runoff events as well as annual runoff. The timing and s i ze  of the 
7-year spate tha t  occurred in November 1977 was shown to influence consider- 
ably the 1977 dissolved organic export. Very low frequency spate events 
(>SO-1 00 y r )  have substantial ly  influenced both short  and long-term export 
of particul a t e  material from mountainous watersheds in Oregon (Swanson, 
e t  a1 . , in press) ; however, the i r  e f fec t  i s  probably much less  in lowland -- 
Coastal Plain swamp-streams. Nonetheless the e f fec t  of very low frequency 
spates on the export of par t iculate  de t r i tus  in swamp-streams i s  uncertain 
and not accounted for  in annual budgets such as the one presented here. 

Naiman and Sibert  (1978) reported annual runoff of 168 cm and annual 
organic carbon export of 14.6 g C o r n - 2  by the Nanaimo River from an up1 and 
British Columbian watershed which includes several bog lakes and lakes 
used for  log storage. When plotted on Fig. 26, t h i s  watershed f a l l s  in 
the intermediate region between upland and swamp-draining watersheds. This 



may re f l ec t  a combination of upland and swamp character is t ics  not present 
in the other watersheds plotted. While no data are  available on the 
percentage of watershed in swamp habitat  fo r  the swamp-draining water- 
sheds reported here, i t  i s  possible that  they may be roughly similar and 
that  watersheds draining less  swampland or other types of wetlands would 
f a l l  into the intermediate regions of Fig. 26, as does the Nanaimo River. 
The runoff-organic carbon export relationship may re f l ec t  different  percen- 
tages of wetland drainage, or different  types. 

Fate of exported organic carbon 

A1 1 watersheds export organic carbon regard1 ess of vegetation type 
or topography. This export represents an unavoidable leakage of the 
products of photosynthesis and decomposition from ecosystems due to 
hydrologic processes. While ecosystem productivity depends upon water fo r  
growth and nutrient transport ,  water i s  also responsible for  the removal 
of some of tha t  production to downstream aquatic ecosystems. The primary 
ecosystem carbon cycle i s  from the inorganic, gaseous s t a t e  to the organic 
s t a t e  via plant productivity, and back to  the inorganic s t a t e  via respira- 
tion processes within the ecosystem. A secondary cycle involves the same 
i n i t i a l  t ransfer  of carbon from the inorganic to the organic s t a t e ,  b u t  i s  
followed by an export of organic carbon by way of hydrologic processes and 
subsequent breakdown of organic carbon to the inorganic s t a t e  in down- 
stream aquatic ecosys tems. Whi 1 e the primary cycle dominates in most eco- 
systems, incl uding swamps, the re1 a t i  ve importance of the secondary cycle 
depends upon ecosystem hydrologic properties. Swamps and other wetlands 
have abundant surface water as well as relat ively high rates  of primary 
productivity. This combination of properties resul ts  in high organic car- 
bon leakage compared to other ecosystems, especially t e r r e s t r i a l  ones. Most 
of the organic carbon exported from watersheds i s  in the dissolved form 
and not readily ut i l ized by consumer organisms (Wetzel and Manny 1972; 
McDowell and Fisher 1976). In order to complete the carbon cycle, trans- 
formation to a more readily u t i l izable  form must occur p r i m  to respira- 
tory breakdown and release of inorganic carbon. 

The f a t e  of t e r r e s t r i a l l y  produced and exported DOC has been recently 
investigated. While Lush and Hynes (1  973) reported that  DOC precipitation 
occurred in freshwater, Lock and Hynes (1976) showed tha t  i t  was of minor 
importance i n  natural hardwater streams. Shol kovi t z  (1 976) reported tha t  
s ignif icant  DOC precipitation occurred when f i l t e red  r iver  water was mixed 
with f i l t e r e d  seawater. Gardner and Menzel (l974),  in a study of r ive r ,  
estuarine,  and offshore sediments, found tha t  the greatest  deposition of 
lignin-derived organic materials occurred a t  the interface of fresh and 
seawater. While most vascular plant-derived and exported DOC has a short  
retention time in flowina water ecosystems and i s  poorly u t i l ized  by 
heterotrophs, precipitated DOC may be much bet ter  ut i l ized due to  increased 
retention time, especially in ver t ica l ly  s t r a t i f i e d  estuar ies ,  increased 
surface area avai 1 able fo r  bacterial colonization, and availabi 1 i ty to  
a greater variety of organisms, par t icular ly those which can only u t i l i z e  
par t iculate  matter, such as f i l  t e r  feeders 



Es tua r i es  have been g e n e r a l l y  viewed as among t h e  most p r o d u c t i v e  
ecosystems and as s e r v i n g  impo r tan t  nu rse ry  f u n c t i o n s  (Lau f f  1967; 
Odum 1971). I npu t s  o f  vascu la r  p l a n t - d e r i v e d  o rgan i c  carbon from up- 
stream may be ext remely  impo r tan t  t o  e s t u a r i n e  secondary p r o d u c t i v i t y .  
S i b e r t ,  e t  a1 . (1 977) and Naiman and S i b e r t  (1  978) have r e c e n t l y  demon- 
s t r a t e d  a  d i r e c t  1 i n k  between e s t u a r i n e  f i s h  p roduc t i on  and d e t r i t a l  carbon 
i n p u t s  f r om upstream t e r r e s t r i a l  sources. I n  ou r  s tudy  watersheds d r a i n -  
i n g  swamps have been shown t o  be g r e a t e r  expo r te r s  o f  o rgan i c  carbon than  
up land watersheds. Swamp ecosystems, e s p e c i a l l y  swamp-streams and l a r g e r  
f l o o d p l a i n  swamps i n  coas ta l  areas, may be ve ry  impo r tan t  i n  m a i n t a i n i n g  
h i g h  secondary p r o d u c t i v i t y  i n  downstream e s t u a r i n e  ecosystems. 

Comparison between n a t u r a l  and channel i z e d  streams 

There i s  no c l e a r  d i f f e r e n c e  i n  weighted mean annual DOC and FPOC 
concent ra t ions  between n a t u r a l  and channel ized streams i n  eas te rn  Nor th  
Ca ro l i na  (Tab le  9 ) .  The n a t u r a l  streams may have s l i g h t l y  h i g h e r  weighted 
mean annual DOC and lower  FPOC concent ra t ions  than t h e  channel ized 
streams, however t h e r e  i s  cons iderab le  ove r l ap  i n  t h e  data.  More i n t e n -  
s i v e  sampling, e s p e c i a l l y  d u r i n g  spates, i s  needed t o  d i s c e r n  any s i g n i f i -  
c a n t  d i f f e r e n c e s  i n  weighted mean annual concen t ra t ions .  

Seasonal p a t t e r n s  o f  o rgan i c  carbon concen t ra t i on ,  however, d i f f e r  
between t h e  n a t u r a l  and channel i z e d  streams (F ig .  21 ) . C lay roo t  Swamp 
(CY-10) and Tracey Swamp (TR-10) , both  channel i z e d  streams, have low FTOC 
concen t ra t i ons  i n  summer and e a r l y  f a l l ,  whereas Chicod Creek (CH-20) 
and Palmetto Swamp (PM-10) , both  n a t u r a l  streams, have somewhat h i g h e r  
summer and f a l l  concen t ra t ions ,  as d i d  Creeping Swamp ( F i g .  7 ) .  The 
channe l i zed  streams have r e l a t i v e l y  h i g h  FTOC c o n c e n t r a t i o n  a t  h i g h  
s t reamf low and low FTOC concen t ra t i on  a t  low s t reamf low,  whereas t h e  op- 
p o s i t e  p a t t e r n  appears t o  be t r u e  f o r  n a t u r a l  streams. FTOC concen t ra t i on  
was p o s i t i v e l y  c o r r e l a t e d  w i t h  l o g l o  (s t reamf low)  f o r  t h e  f o u r  chan- 
n e l i z e d  streams and n e g a t i v e l y  c o r r e l a t e d  f o r  two o f  t h e  t h r e e  n a t u r a l  
streams s t u d i e d  (P<.05). Th is  p a t t e r n  was g e n e r a l l y  t r u e  f o r  DOC concen- 
t r a t i o n  as w e l l .  F i she r  and L ikens  (1973) r e p o r t e d  a  s i g n i f i c a n t  p o s i t i v e  
c o r r e l a t i o n  between 1 ogle ( d i s s o l  ved o rgan i c  m a t t e r  c o n c e n t r a t i o n )  and 
l o g l o  (s t reamf low)  f o r  Bear Brook, New Hampshire, and a t t r i b u t e d  i t  t o  
l each ing  o f  t h e  canopy and s o i l  l i t t e r  and f l u s h i n g  o f  adsorbed o r g a n i c  
m a t t e r  from c l a y  sur faces  d u r i n g  r a i n f a l l  events.  No s i g n i f i c a n t  r e l a -  
t i o n s h i p  was found f o r  two o t h e r  nearby New Hampshire streams ove r  an 
e n t i r e  y e a r  (Hobbie and L ikens  1973). 

The d i f f e r e n c e s  i n  o rgan i c  carbon concent ra t ion-s t reamf low r e l a t i o n -  
sh ips  between n a t u r a l  and channe l i zed  streams i n  eas te rn  Nor th  C a r o l i n a  may 
r e f l e c t  d i f f e r e n c e s  i n  t h e  source o f  r u n o f f .  A t  low s t reamf low t h e  chan- 
n e l i z e d  streams, as w e l l  as up land streams, d r a i n  p r i m a r i l y  groundwater 
w i t h  r e l a t i v e l y  l ow  o rgan i c  carbon concen t ra t i on ,  and t h e  n a t u r a l  streams 
d r a i n  swamp su r face  wate rs  i n  which DOC has been concent ra ted  due t o  
h i g h  e v a p o t r a n s p i r a t i o n  and increased l e a c h i n g  o f  p l a n t  d e t r i t u s .  Du r i ng  
pe r i ods  o f  h i g h  s t reamf low t h e  channe l i zed  streams have h ighe r  DOC 
concent ra t ions ,  s i m i l  a r  t o  those o f  n a t u r a l  streams, s i n c e  they r e c e i v e  



i n p u t s  f 1  ushed f rom n a t u r a l  swamp-stream t r i b u t a r i e s .  The channel i z e d  
streams may a l s o  have h i g h e r  FPOC concent ra t ions  a t  h i g h  s t reamf lows,  
p a r t i c u l a r l y  as streamflows r i s e  and peak d u r i n g  spates. The nega t i ve  
c o r r e l a t i o n s  between FTOC concen t ra t i on  and 1 og10 ( s  t reamf l  ow) i n  
Creeping and Palmetto Swamps i n d i c a t e  a  d i l u t i o n  e f f ec t  i n  n a t u r a l  
swamp-streams which may be tempered by i n c r e a s i n g  amounts of  swamp i n -  
undated as streamflow increases,  s u b j e c t i n g  g r e a t e r  amounts o f  d e t r i t u s  
t o  leach ing .  



3. PHOSPHORUS C Y C L I N G  IN THE FLOODPLAIN ECOSYSTEM 
AND EXPORTS FROM THE WATERSHED 

by Laura Anne Yarbro 

INTRODUCTION 

Genera l 

The semi-aquatic character of wetlands and the i r  interactions with 
both t e r r e s t r i a l  and aquatic ecosystems has 1 ed to  many investigations 
of the capabil i ty of wet1 ands to process introduced materials so that  
these materials are  n o t  ultimately released to ecosystems downstream. 
However, the processes affecting elemental biogeochemistry in wetlands 
are  poorly understood. For elements without s ignif icant  gaseous forms, 
the hydrology of the wetland ecosystem i s  the driving force behind mat- 
er ia l  transport into and from the system (Bormann and Likens 1979; 
Gossel ink and Turner 1978). The biota of wetlands are  adapted to the 
hydrologic regime and i t s  related material fluxes and, furthermore, can 
over time markedly influence the ecosystem's hydrology and export of 
materials (Richardson, -- e t  a l .  1978). Knowledge of the functioning of a 
wetland ecosystem in response to i t s  character is t ic  hydrology and material 
fluxes can be gained by the study of the cycling or biogeochemistry of 
one or more elements in the ecosystem. I have chosen to examine the 
dynamics of the essential element, phospharus, in a small headwater stream 
floodplain swamp, Creeping Swamp, located in the Coastal Plain of North 
Carolina. The element phosphorus was chosen because ( 1 )  i t  i s  essential 
for  the growth and maintenance of 1 i f e ;  ( 2 )  i t  i s  generally described as 
being 1 imi ting in freshwater ecosystems (Voll enweider 1968; Schindl e r  
1977); and (3)  i t s  cycling i s  re lat ively easy to quantify: i t  has no 
gaseous phase s ignif icant  to ecosystem biogeochemistry. 

Phosphorus cycling in wetlands 

Wetlands, by the i r  ~uxtapos i t ion  to  both t e r r e s t r i a l  and aquatic 
ecosystems, may ac t  as f i l t e r s  or traps for  materials received from both 
types of ecosystems (Grant and Patrick 1970; Wharton 1970; Bender and 
Correll 1974; Steward and Ornes 1973, 1975; Kitchens, e t  a1 . 1975; Lee, 
e t  a l .  1975; Boyt 1976; Odum and Ewe1 1976, 1978; ~ i c h c d s o n ,  e t  a l .  -- 
1976; Mitsch, -- e t  a l .  1977; Sloey, -- e t  a1 . 1978). However, this-?je=ral- 
ization does not hold true for  a l l  wetlands; some wetlands export mater- 
i a l s ,  par t icular ly nitrogen and phosphorus, rather than conserve them 
(Crisp 1966; Gardner 1975; Heinle and Flemer 1976; Kemp 1978). Reten- 
tion i s  sometimes seasonally temporary (Bender and Correll 1974; Burke 
1975; Axel rad, e t  a1 . 1976; Woodwell and Whi tney 1977; Richardson, e t  a1 . 
1978; spang1 er  , e t T l .  -- 1976, 1977; Simpson and Whigham 1978; ~i 1 t o n a n d  
Kadlec 1979), or occurs for  a short  period of time a f t e r  which the eco- 
sys tem becomes "saturated" (Steward and Ornes 1973, 1975; Val ie l  a ,  e t  a1 . 
1973; McPherson, -- e t  a1 . 1976; Valiela and Vince 1976), or s i g n i f i c a n t l y  
modifies ecosystem character is t ics  over successional or perhaps evolu- 



t i o n a r y  t ime  (Steward and Ornes 1973, 1975; Hartland-Rowe and Wr igh t  1975; 
Richardson, -- e t  a1 . 1978). Some ecosystems appear t o  r e t a i n  a  s i g n i f i c a n t  
p o r t i o n  o f  t h e i r  i n p u t s  o f  phosphorus (Burke 1975; B u t l e r  1975; V iner  
1975a; Hartland-Rowe and Wr igh t  1975; Gaudet 1976; Odum and Ewe1 1976, 
1978; Day, e t  a l .  1976; Boyt, -- e t  a l .  1977; Kuenzler,  -- e t  a l .  1977; Nessel 
1978; ~ o n i k a a n d  Lowry 1978). Thus, i t  i s  impe ra t i ve  t o  understand t h e  
f a c t o r s  c o n t r o l l i n g  phosphorus c y c l i n g  i n  wet lands i n  o r d e r  t o  g e n e r a l i z e  
about  wet1 and biogeochemis t ry.  

Fac to rs  c o n t r o l l i n g  phosphorus c y c l i n g  i n  wet lands: 

The cha rac te r  common t o  a l l  wet lands i s  t h a t  they  a r e  wet; they  
have wa te r - sa tu ra ted  s o i l s  and a r e  inundated p e r i o d i c a l l y ,  seasonal ly ,  
o r  c o n t i n u a l l y .  The na tu re  and t i m i n g  of water  en te r i ng ,  rema in ing  and 
l e a v i n g  t h e  wet land  ecosystem i s  t h e  hydro logy  o f  t h e  system and c o n s t i -  
t u t e s  t h e  most impo r tan t  f a c t o r  i n f l u e n c i n g  wet land b iogeochemist ry  
(Gosse l ink  and Turner 1978).  I t  i s  a l s o  t h e  1 i n k  between wet lands and 
ad jacen t  aqua t i c  and t e r r e s t r i a l  ecosys tems ( L i  kens and Bormann 1974; 
Loucks 1975). Coupled w i t h  t he  amount and source o f  wa te r  e n t e r i n g  t h e  
wet land ecosystem i s  t h e  burden o f  m a t e r i a l s  c a r r i e d  i n  by  t h e  waters .  
The magnitude of t he  i n p u t s  and the  amount and a v a i l a b i l i t y  o f  phosphorus 
i n  t he  sediments a r e  t h e  second most impo r tan t  s e t  o f  f a c t o r s  i n f l u e n c i n g  
wet land e lementa l  c y c l i n g .  These f a c t o r s  a r e  most f r e q u e n t l y  and dras-  
t i c a l l y  m o d i f i e d  by t he  a c t i v i t i e s  o f  man. T h i r d l y ,  c l ima te ,  as mani- 
f e s t e d  by t h e  t i m i n g  o f  h y d r o l o g i c  i n p u t s  and seasonal responses o f  t h e  
b i o t a ,  a f f e c t s  t h e  c y c l i n g  o f  m a t e r i a l s  i n  wet lands. F i n a l l y ,  t h e  
c h a r a c t e r i s t i c  b i o t a  o f  a  wet land  and t h e i r  e v o l u t i o n a r y  and success ional  
response t o  e lementa l ,  h y d r o l o g i c  and energy i n p u t s  a l s o  e x e r t  c o n t r o l  
on elemental  f l ~ x e s  and c y c l i n g  i n  t h e  ecosystem. Note t h a t  no one s e t  
o f  f a c t o r s  a c t s  a lone  t o  c o n t r o l  we t land  biogeochemistry;  r a t h e r  a l l  a r e  
a f f e c t e d  by t h e  o the rs .  It i s  t h e  sum o f  these i n t e r a c t i o n s  which 
u l t i m a t e l y  r e s u l t s  i n  t he  c h a r a c t e r i s t i c  f u n c t i o n i n g  o f  a  p a r t i c u l a r  
wet land.  Yarbro (1979) gave a d e t a i l e d  rev iew  o f  t h e  l i t e r a t u r e  on phos- 
phorus b iogeochemist ry  i n  f reshwater  marshes and swamps and i n  s a l t  marshes, 
p a r t i c u l a r l y  s t r e s s i n g  t h e  re1  a t i o n s h i p s  t o  hydro1 ogy, 1  eve1 s  and sources 
o f  i npu t s ,  s t o rage  o f  phosphorus w i t h i n  t he  ecosystem, c l i m a t e ,  and i n -  
f l  uence o f  mankind. 

Phosphorus c y c l i n g  i n  Creeping Swamp: 

A p r e l i m i n a r y  model o f  phosphorus i npu t s ,  c y c l i n g ,  and expo r t s  f o r  
the  f l o o d p l a i n  and surrounding watershed o f  Creeping Swamp has been 
developed (F ig .  27).  Phosphorus c y c l  i n g  i n  t h e  Creeping Swamp watershed 
i s  dependent p r i m a r i l y  on p r e c i p i t a t i o n  i n p u t s  because o f  t h e  h i g h l y  
weathered s t a t u s  o f  t he  su r f ace  s o i l s  ( S o i l  Survey, P i t t  County 1974).  
A d d i t i o n a l l y ,  a  p o r t i o n  o f  t h e  upper e l e v a t i o n s  o f  t h e  watershed i s  
covered w i t h  pocos ins;  t h e  b u i l d - u p  of o rgan i c  m a t e r i a l s  i n  t h e  sediments 
o f  these  systems has p robab ly  i s o l a t e d  them f rom minera l  s o i l s .  The 
f l o o d p l a i n  o f  Creeping Swamp rece i ves  phosphorus f rom incoming p r e c i p i -  
t a t i o n  (F ig .  27) and streamwaters d r a i n i n g  sur round ing  uplands. The 






























































































































































































































































































