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ABSTRACT 

In riverine swamps, opportunities fo r  nutrient exchange between surface 
water and the sediments of the swamp fores t  f loor  occur when streams flood 
and water overflows into the swamps and when runoff from uplands passes 
through floodplains. Studies conducted in floodplain swamps of two repre- 
sentative types in eastern North Carol ina provided insight into these 
processes. Nitrogen cycling experiments were conducted in both ecosystems 
with one system being subjected to  sustained nutrient loading to  assess i t s  
assimilative capacity. 

Labeled ( 1 5 ~ )  n i t r a t e  and ammonium were added to swamp surface water and 
the i r  diffusion to  the fores t  f loor  was followed. Of the original n i t r a t e  
added, 46% remained in the surface water of Tar Swamp and 62% in Creeping 
Swamp a f t e r  2 days. Two days a f t e r  ammonium treatments, correqeonding levels 
were 79% and 81%. As indicated by the absence of recoverable N in 
sediments following n i t r a t e  treatments, diffusion of labeled n i t r a t e  to  the 
fores t  f loor  resulted in i t s  transformation to  N2O or N2 by deni t r i f icat ion.  
Although labeled ammonium also diffused to  sediments and accumulated in a 
sediment-exchangeable form, there was simultaneous efflux of unlabeled 
ammonium from sediments to  the water column. Also, ammonium was readily 
immobilized from the water by decomposing leaf l i t t e r  and probably f i l a -  
mentous algae, both of which represent short  term storages. However, 
exchangeable ammonium in the sediments was f a r  more important in net 
accumulation. 

During the drydown phase, which i s  an annual summer-fall event in tupelo- 
cypress swamps, sur f ic ia l  sediment became aerated. Analysis of i n t e r s t i t i a l  
water indicated that  t h i s  stimulated production of ammonium from organic 
nitrogen (ammonification) and subsequent n i t r a t e  production from ammoni um 
(n i t r i f i ca t ion )  . After short term pu1 ses of accumulation of these forms, 
n i t r a t e  was deni t r i f ied.  Thus, available nitrogen reserves in the sediments 
were depleted during annual drydown episodes, and the capacity for  additional 
nitrogen assimilation by the sediments was renewed. 

An experiment was then conducted to  determine the capacity of sediments 
for  sustained nutrient assimilation by adding n i t r a t e ,  ammonium, phosphate, 
and secondarily treated sewage eff luent  to  surface water i n  separate chambers 
a t  weekly intervals for  46 weeks. Nitrate disappeared rapidly from the 
surface water between weekly additions and d i d  not accumulate i n  subsurface 
water; deni t r i f icat ion was estimated to  proceed a t  a minimal ra te  of 
24.5 g N Q ~ - N . ~ - ~  over the 10-month loading period. Substantial quantit ies 
of ammonium accumulated in surface water, and a f t e r  a lag period, in the 
exchangeable ammonium fraction of sediment. However, summer drydown depleted 
these accumulations, presumably by the ni rification-deni t r i f i ca t ion  pathway, 
for  an overall ammonium loss of 13.5 g-m-B-10 mo-1 in ammonium treatments. 
Phosphate added to  surface water accumulated as an acid-extractable form in 
sediments to a level of nearly one-half of total  sediment phosphorus by the 
end of the experiment. Although rates  of phosphate addition in these 
treatments were severalfold higher than the treatment receiving sewage 
eff luent ,  the inherently phosphate-rich sediments and the lack of an atmos- 
pheric escape pathway for  phosphorus may l imit  the capacity of the swamp for  
further phosphate assimilation and 1 ong-term sewage appl ication. 



ABSTRACT (Continued) 

Studies on the distribution of biomass and nutrients in la te ra l  roots 
were conducted in the two riverine swamps. Lateral root biomass (2345-2702 g 
dry wtom-2) and nutrient stocks ( fo r  N ,  P ,  K y  Ca, M g y  Na) f e l l  within the 
range for  other forested wetlands and uplands. However, Fe concentrations in 
roots and stocks of Fe per unit area of swamp f loor  may be severalfold higher 
than in upland fores ts ,  presumably because of greater Fe mobility i n  wetland 
sediments and Fe precipitation on root surfaces. In the tupelo swamp, a 
trend of increasing root biomass with increasing depth i s  a pattern hitherto 
unreported fo r  forested ecosystems. 
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CONCLUSIONS AND RECOMMENDATIONS 

Two riverine swamps i n  the Coastal Plain of North Carolina were s i t e s  
of studies on nitrogen cycling, nutrient loading, and the dis t r ibut ion and 
nutrient content of la te ra l  roots. Tar Swamp i s  located on the floodplain 
of the lower Tar River, a sediment-laden stream originating in the Piedmont. 
The vegetation i s  dominated by water tupelo, a species character is t ic  of 
the most frequently and deeply flooded areas of southeastern bottomland 
hardwood forests .  The sediments of Tar Swamp have low bulk density 
(0.35 g.cm-3) with high concentrations of organic carbon (15-17% of dry 
weight), total  nitrogen(l.1-1.2%). and phosphorus (0.11-0.17%). Several 
aspects of nutrient cycl i n g  were studied including: (1 ) sediment-water 
exchanges of n i t r a t e  and ammonium, ( 2 )  seasonal trends of ammonium and 
n i t r a t e  concentrations in i n t e r s t i t i a l  waters of surface sediment, 
(3) response to  long-term loading of n i t r a t e ,  ammonium and phosphate, and 
( 4 )  the dis t r ibut ion and nutrient content of la te ra l  roots. 

Creeping Swamp i s  on the floodplain of a small stream tha t  originates 
in the Coastal Plain and has a lower suspended sediment load than the Tar 
River. Owing to  the shorter hydroperiod of Creeping Swamp, i t  has a 
greater variety of hardwoods than Tar Swamp and i t s  sediments have higher 
bulk density (0.52 g-cm-3). Creeping Swamp was compared with Tar Swamp in 
sediment-water exchanges of n i t r a t e  and ammonium and in the dis t r ibut ion 
and nutrient content of la te ra l  roots. 

Conclusions from the studies of these two swamp ecosystems are:  

Experiments conducted during spring flooded conditions on Tar Swamp 
and Creeping Swamp showed tha t  n i t r a t e  moved from the surface water 
to  the sediment where i t  was los t  by deni t r i f ica t ion ,  while 
regeneration of n i t r a t e  from sediment was quantit ively unimportant. 
Low concentrations of n i t r a t e  were maintained by deni t r i f icat ion 
in swamp surface water d u r i n g  flooded periods. Ammonium diffused 
to  sediments a t  about the same ra te  as n i t r a t e ,  b u t  was resupplied 
to  the surface water from sediments. Rates of n i t r i f ica t ion  in 
the surface water during flooding were e i ther  too low for  n i t r a t e  
accumulation to  be detected or n i t r a t e  did not accumulate in the 
surface water because i t  was deni t r i f ied i n  the deeper anaerobic 
sediment. Drydown periods which expose sediments to  the a i r  
induce rapid n i t r i f i ca t ion  which depletes exchangeable ammonium 
reserves in the sediments. 

2. Results of experiments on long-term loading of ammonium, n i t r a t e  
and phosphate t o  the sediment-water system in Tar Swamp showed a 
pattern consistent with the behavior of these nutrients when they 
were added as components of secondarily treated sewage. 

3. Weekly additions of n i t r a t e  a t  1 g N O ~ - N - ~ - ~  over a 10-month 
period resulted in only s l ight ly  elevated n i t r a t e  concentrations 
in the surface water within a week of the time of addition. 
There was no detectable increase in concentration in subsurface 
water. The high organic content and low redox potential of 



sediments provide conditions for  sustaining high rates  of 
deni t r i f icat ion fo r  protracted periods of time. 

4. Weekly additions of ammonium a t  1 g N H ~ - N . ~ - ~  over a 10-month 
period led t o  large accumulations in the surface water, subsurface 
water, and exchangeable fraction of sediment. A summer-fall 
drydown period largely depleted these accumulations when sur f ic ia l  
sediments became aerated, allowing accumulated ammonium to  be 
n i t r i f i ed  to  n i t ra te .  Nitrate readily underwent deni t r i f i ca t ion  
rather than accumulation upon diffusion t o  deeper anaerobic zones 
or t o  anaerobic microsites in aerated sur f ic ia l  layers. If t h i s  
natural drydown period did not occur, ammonium would continue to  
accumulate to  unacceptably high levels.  

5. Weekly additions of phosphate a t  1 g ~04-~ .m-2  over a 10-month 
period resulted in high accumulations in surface water, subsurface 
water, and extractable fraction of sediment. Since the phosphorus 
cycle unlike the nitrogen cycle has no important atmospheric pathway, 
there was no opportunity for  phosphorus depletion. Thus, phosphorus 
accumulation may l imit  the l ifetime of wetlands for  additional 
removal of phosphorus in advanced treatment of sewage eff luent .  The 
Tar Swamp sediments were naturally high in total  phosphorus content, 
suggesting that  natural ra tes  of loading and retention were a l sc  high. 

6 .  Ammonium loading resulted in elevated f o l i a r  nitrogen concentrations 
in small trees as compared with controls. There was no f o l i a r  
response to  n i t r a t e ,  probably because n i t r a t e  was l o s t  by den i t r i f i -  
cation. The lack of f o l i a r  response t o  phosphate loading may be a 
consequence of abundant phosphorus suppl ies  under natural conditions. 

Riverine swamps, l ike  the tupelo-cypress swamp studied on the Tar 
River, offer  opportunities for  recycling nutrient wastes produced by 
society. The common practice of discharging these wastes d i rec t ly  
into streams and r ivers  bypasses a complex component of the r iver ine 
system, i . e . ,  flood-plain swamps, which i s  capable of assimilating 
and storing nitrogen and phosphorus. Util ization of r iver ine swamps 
as a component of advanced wastewater treatment should be considered 
a viable al ternat ive t o  more energy-intensive technological 
processes, par t icular ly i n  areas where uplands are not available 
for  land application of sewage eff luent .  The complex ecological 
s t ructure of riverine wetlands endows them with certain natural 
a t t r ibutes  useful in wastewater treatment, incl udin : (1 ) slow 9 sheet flow of water which maximizes exposure of e f f  uent to  large 
surface exchange area while reducing the need for  highly mechanized 
distribution systems, ( 2 )  adaptation t o  natural ly high 1 eve1 s of 
organic loading, (3)  high potential for  deni t r i f i ca t ion  and ammonium 
assimilation, (4) high rates  of nutrient recycling, and (5)  proximity 
to  existing point sources of nutrient inputs. 

8. The greater depth of la teral  root penetration, greater root biomass, 
and unique vertical  dis t r ibut ion of roots in Tar Swamp as compared 
with Creeping Swamp suggest that  hydrology and sedimentation 



i n f l u e n c e  r o o t  growth and morphology. Ext remely  h i g h  Fe concentra-  
t i o n s  i n  sma l l  r o o t s  found i n  these two swamp f o r e s t s  may be a  
r e s u l t  of h i g h  oxygen t r a n s p o r t  t o  them, an adap t i ve  f ea tu re  of 
s u r v i v a l  i n  wet lands. Organic ma t te r ,  N, and P c o n t r i b u t i o n s  t o  
t h e  s o i l  by  an assumed annual t u rnove r  o f  f i n e  r o o t s  were comparable 
t o  i n p u t s  o f  these  m a t e r i a l s  i n  annual l i t t e r f a l l ,  i n d i c a t i n g  t h e  
usefu lness o f  s i z e - s p e c i f i c  n u t r i e n t  c o n c e n t r a t i o n  i n fo rma t i on  i n  
t h e  de te rm ina t i on  of t h e  r o l e  of r o o t  processes i n  wet land  f o res t s .  

Recommendations based on these conc lus ions  a re :  

1. Nor th  Caro l ina ,  p a r t i c u l a r l y  t h e  Coastal  P l a i n  r eg ion ,  possesses a  
l a r g e  v a r i e t y  of we t land  types ( r i v e r i n e  swamps, pea t  bogs, f r e s h -  
wate r  marshes, b r a c k i s h  marshes, e t c . )  which a r e  l i k e l y  t o  d i f f e r  
g r e a t l y  i n  t h e i r  c a p a c i t y  t o  a s s i m i l a t e  and s t o r e  n u t r i e n t s .  Some 
of t h e  wet lands may have t h e  c a p a c i t y  t o  p r o v i d e  advanced waste- 
water  t r ea tmen t  f o r  n i t r o g e n  and phosphorus i n  a d d i t i o n  t o  func-  
t i o n i n g  i n  n a t u r a l  wa te r  qua1 i ty maintenance. Assessment o f  these 
c a p a c i t i e s  should be approached i n  two ways: ( 1  ) Experimental  
s tud ies ,  s i m i l a r  t o  t h e  one descr ibed  i n  t h i s  s tudy ,  t h a t  s u b j e c t  
t h e  systems t o  sus ta i ned  n u t r i e n t  l o a d i n g  and determine t h e  c a p a c i t y  
o f  t h e  ecosystem t o  a s s i m i l a t e  and s t o r e  n i t r o g e n  and phosphorus, 
and ( 2 )  Comparative a n a l y s i s  o f  a  broad spectrum o f  we t land  eco- 
system types t o  e s t a b l  i s h  combinat ions o f  n a t u r a l  f e a t u r e s  (hydro-  
per iod ,  sediment type,  vege ta t i on ,  success ional  s t a t u s ,  e t c .  ) t h a t  
o f f e r  p o t e n t i a l  f o r  advanced wastewater t rea tment .  

Plans t o  u t i l i z e  wet land ecosystems f o r  advanced wastewater t r ea tmen t  
should assess t h e  p o t e n t i a l  impact on human h e a l t h  and s a f e t y ,  
e s t h e t i c s ,  w i l d l i f e ,  and o t h e r  e x i s t i n g  uses and c o n d i t i o n s  b e f o r e  
implementat ion. The c h a r a c t e r i s t i c s  o f  t h e  e f f l u e n t  should be 
eva lua ted  f o r  t h e  presence o f  t o x i c  chemicals and human pathogens. 
Other n a t u r a l  f u n c t i o n s  and va lues  o f  t h e  ecosystems f o r  f i s h  and 
w i l d l i f e  p roduc t i on ,  r e c r e a t i o n a l  o p p o r t u n i t i e s ,  wa te r  q u a l i t y  
maintenance, and t imbe r  p roduc t ion ,  should be g i v e n  cons ide ra t i on .  

3. Wetlands assoc ia ted  w i t h  streams and r i v e r s  should be p r o t e c t e d  f rom 
a l t e r a t i o n s  t h a t  would reduce t h e i r  c a p a c i t y  t o  a s s i m i l a t e  and r e -  
c y c l e  n u t r i e n t s .  A l t e r a t i o n s  i n  hydro logy  and geomorphologic 
f e a t u r e s  through stream c h a n n e l i z a t i o n  and wet land  dra inage pose t h e  
most se r i ous  t h r e a t  t o  m a i n t a i n i n g  t h e  c a p a c i t y  o f  r i v e r i n e  wet lands 
t o  b u f f e r  n u t r i e n t  i n p u t s  f rom upland runo f f .  Where f l o o d p l a i n s  
have n a t u r a l  sheet  f low of water ,  t h i s  c h a r a c t e r i s t i c  should be 
ma in ta ined  so t h a t  water-borne n u t r i e n t s  have a  h i g h  probabi  1  i ty  
o f  i n t e r a c t i n g  w i t h  f l o o d p l a i n  sediment. For  example, where up land 
dra inage i s  ma in ta ined  by d i t ches ,  t h e  d i t c h e s  shou ld  t e rm ina te  a t  
t h e  f l o o d p l a i n - u p l a n d  boundary, r a t h e r  than c o n t i n u i n g  through t h e  
f l o o d p l a i n  i n  a  manner t h a t  p rec ludes  sheet  f l o w  o f  dra inage waters .  

4. R i v e r i n e  wet lands i n  t h e  v i c i n i t y  o f  sewage t r ea tmen t  f a c i l i t i e s  
should be p r o t e c t e d  so t h a t  t h e  o p t i o n  remains open t o  u t i l i z e  
them i n  advanced t rea tment  of e f f  1 uent .  Most mun i c i pa l  t rea tment  



f a c i l i t i e s  i n  the Coastal Plain are  located along streams and r ivers  
that  have associated wetland forests .  These areas should be identi-  
f ied and regarded as having important natural a t t r ibutes  fo r  nitrogen 
assimilation and phosphorus retention as well as possessing other 
ecological values for  society. 

5. Further study i s  needed on the f eas ib i l i t y  and logis t ics  of u t i l iz ing  
r iver ine wetlands for  advanced wastewater treatment and nutrient 
assimilation. Design c r i t e r i a  should be based on an evaluation of 
distribution systems, the amount of area required fo r  treatment, the 
need fo r  rotating areas of application on a seasonal or annual basis,  
and costs compared w i t h  a1 ternative methods of advanced wastewater 
treatment. 



1. INTRODUCTION 

CONTENTS AND PURPOSE 

This report i s  a ser ies  of three studies on nutr ient  cycling of 
forested wetlands on the floodplains of streams in the North Carolina 
Coastal Plain. The f i r s t  study (Chapter 2 )  focuses on the transforma- 
tions of nitrogen tha t  occur i n  the sediment-water system of an al luvial  
swamp adjacent to  the Tar River, a stream that  originates in the Piedmont 
province before passing through the Coastal Plain. One of the experiments 
of th i s  study was conducted in the floodplain of Creeping Swamp, a small 
swamp-stream ecosystem whose drainage originates in the Coastal Plain. 
The second study (Chapter 3) provides information on the assimilative 
capacity of the tupelo-cypress swamp on the Tar River determined by experi- 
mental sustained loading of nitrogen and phosphorus to  the sediment-water 
system. The third study (Chapter 4 )  i s  a comparison of the dis t r ibut ion 
and nutrient content of la te ra l  roots in the sediments of the Tar River 
swamp and Creeping Swamp ecosystems. 

One of the major purposes of these studies was to  achieve a bet ter  
understanding of nutrient cycling in seasonally flooded swamps. Flood- 
plains are depositional environments where the suspended sediment load of 
streams may s e t t l e  out during flows that  exceed channel capacity (Leopold 
e t  a l .  1964). Other studies have reported that  floodplain ecosystems are 
sinks for  nitrogen (Kitchens e t  a1 . 1975) and phosphorus (Mi tsch e t  a1 . 
1979a;Yarbro 19791, suggesting tha t  greater downstream transport of these 
nutrients would occur in the absence of seasonally flooded forests  associ- 
ated with streams. The relat ively high primary productivity of flowing- 
water ecosystems such as riverine floodplains i s  evidence that  water flow 
i s  an important factor  in maintaining the nutrient-rich s tatus  of these 
ecosystems in comparison with s t i l l -water  swamps that  lack upstream sources 
of materials (Brinson e t  a1 . 1980). 

SOUTHEASTERN RIVER SWAMPS: DISTRIBUTION, 
STRUCTURE AND FUNCTION 

Rivers w i t h  extensive floodplains are features highly character is t ic  of 
the southeastern United States.  Some of the most extensive floodplain areas 
are along the lower Mississippi River as well as large t r ibutar ies  such as 
the Arkansas, Red, Ouachita, Yazoo, and S t .  Francis Rivers. Other large 
r ivers  draining southward into the Gulf of Mexico are the Pearl, Tombigbee, 
Alabama, Pascagoula, Chattahoochee, Apalachicola, and the Suwannee Rivers. 
Those draining from the south Atlantic coast in a southeasterly direction 
i ncl ude the A1 tamaha , Ogeechee, Santee-Cooper, Pee Dee, Cape Fear, Neuse, 
Tar and Roanoke Rivers. The geographic dis t r ibut ion of bal dcypress 
corresponds approximately t o  the dis t r ibut ion of "southern" types of 
floodplain fores ts ,  which also extends well into the central in te r ior  of 
the country in the Mississippi River system (Lindsey e t  a1 . 1961, 
Robertson e t  a l .  1978). The presence of baldcypress can be considered 
an "indicator" of such r iver  types, although i t  may not be an important 
component of many floodplain areas because of i t s  preference for  the 
wettest and most deeply flooded conditions. 



The fores ts  that  occupy floodplains of streams and r ivers  are  
variously call  ed floodplain fores ts ,  r iverine wet1 ands , forested wetlands, 
r iver ine fores ts ,  alluvial  swamps, riverine swamps, and bottomland hardwood 
forests .  Within the elevational ran.ge from the r iver  to  the 100-year 
floodline,  the hydroperiod ranges from continually standing water in the 
wettest s i t e s  to  s i t e s  that  have only a 1% probability of being flooded in 
any given year. As a resu l t  of differences in flooding and so i l  type along 
th i s  elevational gradient, plants and animals segregate into ident i f iable  
associations (Wharton 1978, Wharton and Brinson 1979, National Wet1 ands 
Technical Counci 1 1981 ) .  Vegetation varies from communities adapted to  
extremely 1 ong hydroperiods , such as the water tupel o-ba1 dcypress associ - 
ation, to  oak-hickory communities of "second bottom" fores ts ,  some of which 
may not flood annually (Figure 1 ) .  Newly formed bars and levee deposits 
created by stream reorientation often support monospecific stands of wi 11 ow 
(Salix spp. ) as we1 1 as mixtures of willow and cottonwood (Populus 
hetero hylla) , r iver  birch (Betula nigra) , and possibly scattered s i lve r  
maple Acer saccharinum). If the r iver  channel remains s tab le ,  species + 
composition may change to those normally found a t  higher elevations because 
the coarsely textured sediments drain rapidly a f t e r  saturation (Wharton 1978). 

Areas in deeper depressions tha t  have long hydroperiods, such as 
sloughs and oxbows, wi 11 develop water tupelo ( ~ y s s a  aquatica) , baldcypress 
(Taxodi um distichum), and frequently water elm (Planera aquatica) . 
Associations where overcup oak (Quercus lyra ta)  and water hickory (Carya 
aquatica) occur are usually among the next most poorly drained s i t e s .  With 
even shorter hydroperiods , 1 aurel oak ( Q .  1 aurifol i a )  , hackberry (Cel t i s  
laevi a t a )  and ( C .  occidental is) ,  red maple ( A .  rubrum), American elm 
Ulmus ameri canar and green ash (Fraxi nus penkyl vani ca) may be common. 7-- 

L-dges in the f i r s t  bottom may be dominated by sweetgum (Liquidambar 
s tyracif lua)  while higher ridges that  have quite short  hydroperiods may be 
occupied by blackgum (1. sylvatica) , hickories (Carya spp. ) and white 
oak ( Q .  - - a lba) .  

The f l a t s  of the second bottom are l ikely to  have poorer internal 
drainage than the high ridges of the f i r s t  bottom. As a r e su l t  the spec 
composition may appear similar to  that  of the low ridges of the f i r s t  
bottom. Where cherrybark oak ( Q .  fa lcata  var. a odaefolia),  swamp ches 
n u t  oak ( Q .  michauxii) , and watzr oak nigra 'ie--- occur, hydroperiods are  
among t h e s h o r t e s t  of a l l  bottomland sTtes. Live oak ( Q .  virginiana) 
and lob101 ly pine (Pinus taeda) are usually confined t o  The highest 
"islands" in floodplain topography. 

Succession may resu l t  on point bars and other new land forms tha t  are  
i n i t i a l l y  stocked with cottonwood and willow. In southern I l l i n o i s ,  Hosner 
and Minckler (1963) found that  these species are  succeeded by s i lve r  maple, 
ash, elm, and boxelder ( A .  ne undo), a community which may pers i s t  

7% indefinitely.  For more poor y rained s i t e s  of the same region secondary 
succession has been observed to  be in i t ia ted  by buttonbush (Ce halanthus 
occidental i s )  ,cottonwood, swamp privet (Foresteri a acumi nata h cypress 
water tupelo, wi 1 low, green ash, and pumpkin ash (Fraxinus carol iniana).  
According t o  Hosner and Minckler (l963),  fur ther  f luvial  deposition or 
other events tha t  lead to  improved drainage will resu l t  in replacement of 
this  community by species found on successively bet ter  drained s i t e s  (Figure 1 ) .  



Figure 1. Idealized profile of species associations in southeastern 
bottomland hardwood forests. After Wharton (1 9 7 8 ) .  

So few virgin bottomland hardwood stands now exist that there are few 
opportunities for studying the stability of ancient stands. In the 
Congaree Swamp of South Carolina, where 11 distinct communities can be 
delineated, Gaddy et al. (1975) suggest that shade tolerant hardwoods such 
as laurel oak eventually overtop the sweetgum and other hardwoods for 
protracted periods of time. Tree fall is offered as a mechanism to create 
canopy openings 
does not occur 
communities is 

allowing subcanopy trees to become dominant. Since tree fa11 
uniformly throughout the forest a mosaic pattern of plant 
established. 

In narrow bottoms of small streams where the a1 luvial soils may be 
moderately well drained, baldcypress and water tupelo are generally absent. 
The mixture of tree species includes those from the large bottomlands 



Table 1. D i s t r i b u t i o n  o f  phosphorus i n  r i v e r i n e  f o r e s t s .  

Component 
P r a i r i e  C r . ,  Cypress Cache R., Creeping 

 la.^ s t rand ,  F l a .  I 1 1  . C  Swamp, N.C. 

Leaves 

Aboveground wood 

Be1 owground ( 1  a t e r a l  
r o o t s )  

Sur face water  0.19 0.8 0.2 0.0095 

L i t t e r  1  ayer  - - 2.1 - - 0.45 

Sediment 

aBrown (1978) ; b ~ e s s e l  (1978); ' ~ i  t s c h  e t  a1 . (1979a) ; d ~ a r b r o  (1979) ; 

eannual l i t t e r f a l l ;  f3.2 t o  23 cm depth; g t o  20 cm depth; 
h t o  24 cm dep th ; j t o  25 cm depth. 

d iscussed above, f rom m o i s t  coves, and from mesic uplands (Golden 1979). 
A f t e r  a g r i c u l t u r a l  abandonment, t h e r e  i s  a d i s t i n c t  t r e n d  toward dominance by 
l i gh t - seeded  hardwoods (sweetgum, r e d  maple, t u l i p  p o p l a r  ( ~ i ~ i ~ d e ~ d ~ ~ ~  
t u l  i p i f e r a )  ) f rom seeds p rov ided  by mature i n d i v i d u a l s  rema in ing  i n  uncu t  
s t r i p s  l e f t  a f t e r  incomplete c l e a r i n g  f o r  a g r i c u l t u r e .  Maki e t  a l .  (1980) 
descr ibe  t h e  composi t ion o f  t h e  vege ta t i on  and t h e  behav io r  of t h e  wate r  t a b l e  
i n  f l o o d p l a i n s  o f  eas te rn  No r th  Caro l ina .  

NUTRIENT CYCLING I N  SWAMP FORESTS 

I n  fo res ted  ecosystems, t h e  d i s t r i b u t i o n  o f  n u t r i e n t s  among ecosystem 
components and annual changes i n  n u t r i e n t  con ten t  o f  these compartments tend  
t o  be p r o p o r t i o n a l  t o  d i s t r i b u t i o n  and changes i n  biomass. High o r  low stand- 
i n g  s tocks  o f  n u t r i e n t s ,  w i t h  t h e  excep t ion  o f  s o i l s  and sediments, g e n e r a l l y  
correspond t o  h i g h  o r  low s tand ing  s tocks  o f  o rgan i c  m a t t e r  i n  bo th  wet land  
and upland f o r e s t s .  For example, data on phosphorus d i s t r i b u t i o n  i n  r i v e r i n e  
wet lands show t h a t  t h e  rank, f rom h i g h e s t  t o  l owes t  s tand ing  s tock  o f  
phosphorus, i s  u s u a l l y  (1  ) sediment ( t o t a l  P  t o  approx imate ly  25 cm dep th ) ,  
( 2 )  aboveground wood, ( 3 )  be1 owground wood, ( 4 )  canopy 1  eaves, ( 5 )  1  i t t e r  
l a y e r ,  and (6 )  su r f ace  water  (Table 1 ) .  Canopy leaves and o t h e r  non-perennia l  
s t r u c t u r e s  such as f l owe rs  and f r u i t s  t end  t o  be h i g h l y  en r i ched  i n  phosphorus 



Tab le  2. L i t t e r f a l l  and aqueous f l o w s  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  i n  r i v e r i n e  swamps. 

L i  t t e r f p l l  T o t a l  
Local  i ty (kg. ha' ) L i  t t e r f a l l  Aqueous r e t u r n  Source 

Tar R i v e r  6428 5.38 1.55 6.93 Br inson  
swamp, N.C. e t  a l .  1980 

Creepi ng 601 0  3.29 1.6 4.9 Yarbro 1979 
Swamp, N.C. 

P r a i r i e  5970 9.1 - - 9.1 Brown 1978 
Creek, F l a .  

Cache R iver ,  3480 7.7 1 .4  9.1 M i  t s c h  
Ill. e t  a1 . 1979a 

Cypress s t rand ,  81 50 6.86 - - 6.86 Nessel 1978 
F la .  

r e l a t i v e  t o  o t h e r  biomass components, p a r t i c u l a r l y  woody ones, b u t  t h e  t o t a l  
q u a n t i t y  p e r  u n i t  area i s  lower.  Sediment con ta ins  a  l a r g e  p r o p o r t i o n  o f  t h e  
phosphorus c a p i t a l  o f  t h e  ecosystem a l though o n l y  a  smal l  p r o p o r t i o n  o f  t h i s  
i s  a v a i l a b l e  f o r  p l a n t  uptake a t  any one t ime.  

Cycles o f  n u t r i e n t s  and mechanisms o f  n u t r i e n t  conserva t ion  i n  f o r e s t e d  
wet land  ecosystems a r e  b a s i c a l l y  s i m i l a r  t o  those o f  up land ecosystems. Where 
d i f f e r e n c e s  e x i s t ,  they  a r e  r e l a t e d  t o  ( 1 )  t h e  r e s t r i c t i o n  o f  oxygen a v a i l a -  
b i l i t y  t o  s o i l s  and sediments by f l o o d i n g ,  r e s u l t i n g  i n  t h e  a l t e r a t i o n  o f  
me tabo l i c  pathways o f  m i c r o b i a l  communities, and ( 2 )  l a t e r a l  impor ts  and expo r t s  
of elements through aqueous t r a n s p o r t .  F requent l y  measured f l ows  of n u t r i e n t s  
which a r e  used as i n d i c e s  o f  n u t r i e n t  c y c l i n g  a r e  n u t r i e n t  r e t u r n  f rom t h e  
canopy (as 1  i t t e r f a l l  and canopy l each ing ) ,  decomposit ion o f  t h e  1 i t t e r  1  ayer,  
inc rementa l  growth o f  wood,and sedimentat ion.  Rates of n u t r i e n t  r e t u r n  f rom 
the  canopy t o  t h e  f o r e s t  f l o o r  f o r  temperate zone f o r e s t e d  wet lands tend  t o  be 
h i g h e r  than  those f o r  e i t h e r  up land ecosystems o r  s t i l l - w a t e r  wet lands o f  
s i m i l a r  l a t i t u d e s  (Br inson  e t  a l .  1980). Some examples o f  phosphorus f l u x e s  
i n  r i v e r i n e  wet lands a r e  g i ven  i n  Table 2; a  s i m i l a r  t r e n d  f o r  n i t r o g e n  
tends t o  s u b s t a n t i a t e  t h e  importance o f  f l  u v i a l  processes i n  m a i n t a i n i n g  t h e  
r e 1  a t i v e l y  h i gh  f e r t i  1  i t y  and corresponding h i g h  n u t r i e n t  c y c l i n g  r a t e s  o f  
r i v e r i  ne f o r e s t s  ( B r i  nson e t  a1 . 1980). 



Annual phosphorus uptake by stem wood also appears t o  correspond to  
phosphorus supply. For a cypress strand in Florida, phosphorus uptake i n  
stem wood increased approximately threefold when nutrient-rich sewage eff luent  
was released into the ecosystem (Nessel 1978). As compared with other cypress- 
containing ecosystems t h a t  had 1 ower f l  uvial inputs, the floodplain fores t  in 
Florida had greater stem wood production as measured by annual basal area 
increment (Brown 1978). However, because of the extremely low concentrations 
of phosphorus in stem wood, annual increments in phosphorus accumulation by 
th i s  process tend to be quite low when compared to  other major fluxes 
(Brown 1978, Nessel 1978, Yarbro 1979). 

Release of nutrients by decomposition of leaf l i t t e r  in r iver ine fores ts  
i s  usually suff ic ient ly  rapid that  there i s  l i t t l e  accumulation from year to  
year. While woody materials turn over less  rapidly than leafy ones and 
stagnant backwater areas and depressions tend to  accumulate l i t t e r  and some- 
times peat, most of the nutrients of the l i t t e r  layer appear t o  be recycled 
annually (Brinson e t  a1 . 1981 ).  However, some studies have shown immobi- 
l izat ion of nitrogen and phosphorus that  may continue for  several months, 
particularly under flooded conditions during the cool season following autumn 
leaf fa1 1 in temperate zones (Brinson 1977). This suggests a capacity for  
accumulating nutrients from the water, even during t ree  dormancy and more 
frequent flooding, when losses might be expected to  be greatest .  

Sedimentation of particulate material on floodplains has been documented 
in a number of studies (Table 3 ) .  Although these reports do not consider 
the possible export of particulates by erosion and scouring, they show tha t  
considerable quantit ies of sediment may accumulate over 1 arge areas,  par t i  cu- 
l a r ly  during large infrequent flood events. Estimates of annual total  phos- 
phorus deposition by sedimentation range between 1.72 kg P -  ha-1 f o r  a c lear  
stream floodplain in North Carolina (Yarbro 1979) to  30 kg paha-1 for  a 
floodplain swamp in Florida (Brown 1978). While these inputs of phosphorus 
by sedimentation approach or exceed some of the fluxes f i r s t  described, 
probably only a small fraction of th i s  i s  immediately available to  organisms. 

The high rates  of nutrient uptake by vegetation, returns to  the fores t  
f loor as l i t t e r f a l l ,  and nutrient release by decomposition suggest t ha t  
southeastern floodplain forests  are capable of retaining nutrients by re- 
cycling them as f a s t  or f a s t e r  than most other fores t  types. This strong 
recycling capacity reduces the probability tha t  nutrients entering the system 
will be l o s t  by leaching and throughflow. Sedimentation of phosphorus in 
the system i s  evidence for  supplies of new material tha t  will be sustained 
so long as inflow pathways from channel overflow and flooding are  maintained. 

When floodwater or local precipitation comes in contact with the sediment 
of riverine fores ts ,  the relat ively slow movement of these water masses 
provides an opportunity for  mechanisms t o  function tha t  may a1 t e r  the nutrient 
constituents of the water. When an anaerobic zone i s  present near the surface 
of wet1 and sediments, i t  profoundly affects  the pathways of nitrogen. Deni t r i -  
f ication ( N O j - - - > N 2 )  in anaerobic layers depends largely on the r a t e  of n i t r a t e  
supply. In the absence of external inputs, n i t r a t e  can be supplied internal ly  
by n i t r i f i ca t ion  of ammonium (NH~--->NOS)  under aerobic conditions. Patrick 
and Tusneem (1972) have proposed a scheme whereby ammonification (organic 



Table 3. Sedimentation rates  of phosphorus in r iver ine fores ts .  

Local i ty Sedimentation ra te  kg ha-1 Source 

Cache River, 
111. 

Prair ie  Creek, 
F l  a. 

Creeping Swamp, 
N .  C .  

Creeping Swamp, 
N .  C .  

Kankakee R . ,  
I l l .  

3.6 g p.tnm2 contributed by 3 6 Mi tsch e t  a1 . 
flood as sedimentation for 1979a 
f 1 ood of 1 .13 y r  recurrence 
i nterval 

3.25 g ~mm-~*yr- '  as sedimenta- 32.5 Brown 1978 
tion from r iver  overflow 

0.17 g ~ - m - ~ . ~ r - '  sedimenta- 1.72 Yarbro 1979 
tion on floodplain floor 
from stream overf 1 ow 

-2  -1 0.315-0.730 g P - m  ayr based 3.15-7.30 Yarbro 1979 
on input-output budget of 
floodplain (most was f i l -  
terable reactive phosphorus) 

1.357 g p.m-' contributed by 13.6 Mitsch e t  a l .  
unusually large spring flood 1979b 
last ing 62-80 days 

+- 
N - - - > N H 4 )  in an anaerobic zone supplies, through diffusion, the substrate for  
n i t r i f ica t ion  in the aerobic surface layer. Diffusion of n i t r a t e  back t o  the 
reduced zone resul ts  in deni t r i f ica t ion ,  provided that  an energy source i s  
available to  drive the reaction. Organic energy sources are normally abundant 
in anaerobic zones since they are largely responsible for  maintaining reduced 
conditions. 

Evidence for  deni t r i f icat ion was reported for  the Santee River Swamp in 
South Carolina (Kitchens e t  a1 . 1975). Concentration of n i t r a t e  progressively 
decreased from the r iver  channel to the in te r ior  of the swamp backwaters, 
suggesting that  increased contact time of overflow waters with the fores t  f loor  
resulted in decreases in n i t r a t e  concentration, presumably by deni t r i f icat ion.  
In an alluvial  swamp on the Tar River in North Carolina, amended n i t r a t e  
concentrations decreased rather rapidly from surface water in contact with 
organic sediment (Bradshaw 1977). Most of the reduction in concentration was 
at t r ibutable  t o  the presence of the sediments. Analysis of exports from 
watersheds containing riverine wetlands support these observations. For 
small Coastal Plain swamp streams in North Carolina, Kuenzler e t  a l .  (1977) 
showed that  concentrations and exports of n i t r a t e  were considerably higher 
for  channelized streams in which the forested wetlands had been circumvented, 
than for  natural streams in which considerable flooding occurred during high 
discharge. 



Most of the soil-water exchange of phosphorus in floodplains i s  due to  
the f i  1 terable reactive phosphorus fraction (Yarbro 1979). A1 though there i s  
some evidence that  the magnitude of exchange was controlled by the concentration 
of phosphorus i n  the ambient water, most of the net flow from the water could 
be at t r ibuted to  uptake by filamentous algae. In the Santee River Swamp, 
decreases in the concentrations of both f i l t e r a b l e  reactive phosphorus and total  
phosphorus occurred as water coursed through the floodplain from the r ive r ;  
these fractions e i ther  were absorbed or deposited as sediments (Kitchens e t  a l .  
1975). Seasonal factors a t t r ibutable  to  bi 01 ogi cal ac t iv i ty  a f fec t  phosphorus 
flow to sediments. Significant differences in 3 2 ~ 0 4  disappearance ra tes  from 
surface water were found between controls and those treatments in which 
biological ac t iv i ty  was inhibited, except during the cold winter period when 
biological ac t iv i ty  would tend t o  be lowest. Most of the phosphorus added to  
surface water accumulated in the sediments although 3 2 ~  was also highly concen- 
trated i n  decaying leaf material on the forest  f loor  (Holmes 1977). 

A scenario of seasonal events that  typify an idealized stream-floodplain 
complex could begin w i t h  a major flood of a riverine fores t  in winter. Stream 
water containing suspended sediments and dissolved nutrients overflows into 
the floodplain, where water velocity diminishes. Suspended sediments and the 
elements they contain s e t t l e ,  and the dissolved nutrients in the water diffuse 
to  the so i l  where they interact  with detr i tus  and sediment on the fores t  f loor .  
Since the probability of flooding i s  highest in the cool season when the 
deciduous trees of the floodplain are dormant, l i t t l e  nutrient uptake by t rees  
would be expected a t  tha t  time. Mechanisms of nutrient removal under these 
conditions may include: (1)  uptake by a community of filamentous algae tha t  
receives suf f ic ien t  l i gh t  for  maintenance only when the fores t  canopy i s  
leaf less ,  ( 2 )  immobi 1 ization by microbial decomposers tha t  are  ut i  1 izing the 
carbon rich b u t  nutrient poor leaf l i t t e r  that  f e l l  during the previous 
autumn, and (3)  adsorption of cations to  negatively charged s i t e s  on humic 
compounds. 

When the floodwaters warm in the spring, the ra te  of decomposition of 
detr i tus  increases releasing nutrients fo r  plant uptake and growth .  Emergence 
of leaves in the fores t  canopy shades the fores t  f loor ,  resulting i n  death of 
the filamentous algae. Decomposition of the algae augments the plant nutrient 
supply. Evapotranspiration by the fores t  depresses the water level and 
eventually depletes most standing water. Leaf f a l l  and lower autumn temperatures 
reduce the water demand by evapotranspiration, allowing precipitation and 
groundwater to restore standing water for  the remainder of the winter. The 
seasonal events turn f u l l  cycle with resumption of overbank flooding in the 
winter. 

The timing of these seasonal events and the mechanisms of nutrient 
cycling described above i l l u s t r a t e  how floodplain forests  can capi tal ize  on 
and uti 1 ize inputs from flooding. The potential for  these interactions 
depends, of course, on the hydroperiod or the length of time and the quantity 
of water and nutrients coming into contact with the floodplain. Many south- 
eastern r iver  swamps tend to have geomorphic, hydrologic, and climatic 
character is t ics  that  are  optimal for  strong coupling between streams and 
floodplains. 



DESCRIPTION OF STUDY AREA 

The study area i s  located in the Tar-Pamlico and Neuse River drainage 
basins of the north central Coastal Plain of North Carolina. Most of the 
drainage from the Piedmont area converges in turbid r ivers  that  flow south- 
easter ly through the Coastal Plain. The upper Tar River and other Piedmont- 
draining streams pass through a region underlain by extensive areas of a 
complex group of grani t ic  rocks, a smaller area of the d ior i te  group, and 
an area underlain e i ther  by metamorphosed volcanic and sedimentary rocks or by 
a combination of cemented conglomerates, sandstones, s i l t s tones ,  and shales 
(Simmons and Heath 1979). The relat ively impermeable clayey so i l s  overlying 
th is  group of rocks favor overland runoff and erode eas i ly ,  thus contributing 
large amounts of suspended sediments to  the Tar River. 

Before reaching the estuar ies ,  flow from the Piedmont i s  augmented by 
t r ibutar ies  originating in the Coastal Plain, while some Coastal Plain streams 
discharge direct ly  into oligohaline or mesohaline portions of estuar ies .  
Coastal Plain streams in our study area are underlain by the Castle Hayne 
Limestone and Yorktown Formation of Tertiary age and by sur f ic ia l  sands, shell  
beds and clays of Quaternary age. These low-gradient streams tend to  be low 
in suspended sol ids .  Concentration of total  dissolved sol ids  are  also low 
except where they are influenced by calcareous deposits. Waters may be darkly 
stained with humic and fu lv ic  organic compounds (Beck e t  a1 , 1974) due to  
extensive contact with organic matter in floodplain forests  of the swamp 
draining streams. 

Tar  swam^ 

All of the studies described in th i s  report ,  with the exception of some 
of the 1 5 ~  studies (Chapter 2 )  and root studies (Chapter 4 ) ,  were conducted 
in the Tar River floodplain, hereafter referred to  as Tar Swamp. The study 
s i t e  i s  located in P i t t  County on the north s ide of the Tar River, jus t  east  
of secondary road 1565 (35O35'N3 77°10'W). A t  that  point the Tar River drains 
approximately 8,000 km2 with an average annual discharge of 108 m3.s-1 before 
flowing into the Pamlico River estuary 15 km downstream. 

Vegetation of the study area i s  dominated by water tupelo ( N  ssa 
a uatica L. ) with a few scattered baldcypress (Taxodium distichum +T L . )  
Ric ard . The dominant understory species, w a t m ~ r a x i n u s  carol iniana + 
Mill) ,  i s  mostly less  than 2.5 cm diameter a t  breast h e ' m h f .  Density 
and basal area for  t rees  were measur d in January 1977. Densit of ?: stems >2.5 cm dbh  was 2730 stems.ha-P and basal area was 69.0 m .ha-1; density ' 
of stems <2.5 cm dbh and >1.0 m in height was 2681 stems.ha-l. The rather 
uniform canopy height of 25 m i s  a t t r ibutable  t o  clearcutting about 30 years 
ago. The herbaceous layer i s  discontinuous and has low biomass (c .  11 g . m - 2  
aboveground dry weight in l a t e  May). I t  i s  dominated by ~aururus-cernuus, 
while other species in descending order of biomass are  Fontinalis sp. ,  
Sagi t tar ia  sp., Peltandra virginica,  Nitella f l e x i l i s ,  Ludwigia pa lus t r i s ,  
and Hydrocotyle sp. 

Filamentous algae of the genera Vaucheria, Tribonema, and Spirogyra 
grow in clumps and mats during the winter and early spring when the canopy 



i s  l e a f l e s s  and t h e  f o r e s t  f l o o r  has s tand ing  water .  Dur ing  February th rough 
A p r i l ,  s u n l i g h t  t r a n s m i t t e d  t o  t h e  f o r e s t  f l o o r  reaches annual h i g h  l e v e l s  
( F i g u r e  2 ) .  Dur ing  t h e  5.5 months when leaves  a r e  absent f rom t h e  canopy, 
56% o f  i n c i d e n t  s u n l i g h t  reaches t h e  f o r e s t  f l o o r  compared w i t h  o n l y  21% 
du r i ng  t h e  p e r i o d  o f  l e a f  emergence, f r om May through mid-November. The 
a lgae  d isappear  upon t h e  complet ion o f  l e a f  emergence i n  May which o f t e n  
co inc ides  w i t h  d e p l e t i o n  o f  s t and ing  water .  

Water l e v e l s  vary  f rom about 1.3 m above t h e  sediment su r f ace  when t h e  
Tar  R i v e r  f l o o d s  t o  10 cm o r  more below t h e  sediment su r f ace  d u r i n g  summer 
and f a l l  (F i gu re  2 ) .  Water u s u a l l y  remains above t h e  sediment s u r f a c e  between 
November and l a t e  A p r i l  when t r e e s  a r e  dormant. Several  cen t imete rs  of 
s tand ing  water  may accumulate i n  t h e  summer f o l l o w i n g  l o c a l  r a i n s ,  b u t  
disappear w i t h i n  a  few days as a r e s u l t  o f  h i g h  e v a p o t r a n s p i r a t i o n  r a t e s .  
R a i n f a l l  i s  f a i r l y  evenly  d i s t r i b u t e d  th roughout  t h e  year .  S u r f i c i a l  sed i  - 
ments have low b u l k  d e n s i t y  (0.35 gocm-3), h i g h  o rgan i c  m a t t e r  c o n t e n t  
(30-40% o f  d r y  we igh t ) ,  and a r e  r i c h  i n  a v a i l a b l e  n u t r i e n t s  ( c .  75 l lg-g- l  
exchangeable NH4-N and 63 ug .g-1 e x t r a c t a b l e  P )  . ~epresen ta t ' i ve  concentra-  
t i o n s  o f  o t h e r  element t o t a l s  i n  mg.g d r y  sediment-1 a r e  N, 11,000; Ca, 1440; 
M g y  2660; Na, 3300; K, 14,000; and Fe 18,700. 

Creeping Swamp 

The s tudy  s i t e  a t  Creeping Swamp i s  on t h e  f l o o d p l a i n  of a  stream of t h e  
same name, j u s t  upstream f rom t h e  b r i d g e  on S t a t e  Route 43 i n  P i t t  County 
(35025'N, 77015'W). The stream d r a i n s  70 km2 o f  t h e  Coastal  P l a i n  w i t h  an 
average annual d ischarge o f  about 1.124 1-133-s-1 (U.S.G.S. 1979). Vegeta t ion  
i n  t h e  s tudy  area ranges f rom t h e  presence o f  Nyssa aqua t i ca  and Taxodium 
d i s t i chum a t  t h e  w e t t e s t  s i t e s  t o  a  m i x t u r e  o f  Acer rubrum, Nyssa s  l v a t i c a  
var .  b i  f 1 o ra  , L i  u i  dambar s t y r a c i  f l  ua, Quercus n i  g r i m i  chauxi  i b r  
bot tomland species +- Figure  1 ) a t  l e s s  f r e q u e n t l y  f l oodgd  s i t e s .  Numerous 
shrubs and v ines  a r e  p resen t  i n  t h e  unders to ry  (Kuenzler  e t  a1. 1980). 

F lood ing  i n  Creeping Swamp i s  g r e a t e s t  du r i ng  w i n t e r  and e a r l y  sp r i ng .  
By l a t e  s p r i n g  e v a p o t r a n s p i r a t i o n  reduces wate r  l e v e l s  and t h e  f l o o d p l a i n  
becomes dry .  However, a t  any t ime  d u r i n g  t h e  growing season t h e  f l o o d p l a i n  
may be f l ooded  f o r  s h o r t  per iods .  Water f l o w  i n  t h e  f l o o d p l a i n  d u r i n g  
i nunda t i on  i s  ve ry  slow. Water depths a t  t h e  s tudy  s i t e  a r e  somewhat g r e a t e r  
than those i n  t he  remainder o f  t h e  swamp f l o o d p l a i n  because o f  impoundment 
by a w e i r  a t  t h e  b r i d g e  on S t a t e  Route 43. The s o i l  of Creeping Swamp 
con ta ins  l e s s  o rgan i c  m a t t e r  (17%; Mu1 h o l l a n d  1979) and has a h i g h e r  bu1 k 
d e n s i t y  (0.52 gvcm-3) than  t h a t  o f  Tar  Swamp. 
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Figure 2. Seasonal changes in the physical and chemical environment of Tar 
Swamp. 





2 .  WATER-SEDIMENT NITROGEN TRANSFORMATIONS 

INTRODUCTION 

Floodplain forests  are  open ecosystems which may receive surface runoff 
from adjacent uplands and overbank flow from the stream when discharge exceeds 
channel capacity. The extent t o  which the nutrient composition of the incoming 
water i s  altered depends largely on nutrient exchanges with the forest  f loor .  
The purpose of th i s  study was to  (1 ) describe the exchanges of ammonium and 
n i t r a t e  between the overlying water and floodplain sediments of two riverine 
swamps in eastern North Carolina and ( 2 )  identify the nitrogen transformations 
in the sur f ic ia l  sediments of one of these swamps under seasonally alternating 
conditions of drydown and reflooding. The f i r s t  part  of the study was 
conducted in the spring a t  Tar Swamp and Creeping Swamp (see p p .  9-11 for  s i t e  
descriptions) by adding 15~-enriched n i t ra te  and ammonium to  the surface 
water and following rates  of disappearance of b o t h  1 5 ~  and 1 4 ~  isotopes. 
The second part  involved analyzing the i n t e r s t i t i a l  water of the surf i  cia1 
sediment of Tar Swamp for  n i t r a t e  and ammonium through two summer seasons 
of drydown and reflooding. 

METHODS 

1 5 ~  Enrichment Experiments 

Field Work and Sample Collection 

During the spring of 1978 1 5 ~  enrichment ex eriments were conducted a t  7 Tar Swamp and a t  Creeping Swamp. A t  both s i t e s  5N was added inside chambers 
made of PVC that  were 31.3 cm inside diameter and about 75 cm long. One week 
prior t o  1 5 ~  addition, chambers were driven approximately 30 cm into the 
sediment with the aid of a pruning saw to  cut roots and decaying branches. 
Two opposing holes ( 2  cm diam. ) located in the sides of chambers were l e f t  
open jus t  above the sediment surface. These holes allowed surface water to 
flow t h r o u g h  the chambers during the 7 days before 1 5 ~  was added. Each 
chamber was covered with plate glass supported about 3 cm above the chamber 
by styrofoam blocks t o  allow a i r  and 1 ight to  enter the chambers b u t  exclude 
l i t t e r f a l l  and precipitation. 

On 20 April 1978 the enrichment experiment was begun a t  the Tar River 
Swamp. The water temperatures of the two control chambers were measured and a 
sample taken from each. The holes which allowed flow through the chambers were 
then plugged with rubber stoppers. The depth of water in each chamber was 
measured and the volume calculated so that measured changes in water level would 
allow calculation of changes in volume. About 2.5 mg of NH4-N and N03-N nitrogen 
wreadded t o  each chamber for  every l i t e r  of a t e r  present. Treatments m de in 
duplicate were ( 1 )  ~ ~ N - N H ~  and ~ ~ N - N o ~ ,  ( 2 )  lYN-NH4 and ~ ~ N - N o ~ ,  and (3) T 4 N - N H q  
and I ~ N - N o ~  (control) ,  The third treatment was used for  determination of 
background levels of 1 5 ~ .  

Two hours a f t e r  the addition of 1 5 ~  the sampling was in i t ia ted .  The 
distance from the top of each pipe t o  the surface water was measured to  



correct for any loss of addition of water to the chambers. A J-shaped glass 
tube, connected to  a vacuum pump, was then gently moved up and down through 
the water column of each chamber to  obtain a 500 ml depth-integrated sample 
for  ni t ro en analysis. Samples were immediately "fixed" with 1 m1 of 
40 mgsml-7 of HgC12 and stored a t  4oC until separation and analysis. Water 
temperatures in the two control chambers were measured and samples taken for  
determination of dissolved oxygen and background levels of 1 5 ~ .  A third 
oxygen sample was taken outside the chamber for  comparison. All dissolved 
oxygen samples were fixed immediately a f t e r  collection and t i t r a t e d  upon 
return to the laboratory (Golterman and Clymo 1969). The ent i re  sampling 
sequence was repeated a t  4, 8, 16, 24, and  48 h .  We had planned to  take the 
l a s t  surface water sample on the tenth day a f t e r  the beginning of the experiment 
b u t  a local rain and impending flood interrupted th i s  schedule. 

The chambers were sampled for  leaves and sediment 7 days a f t e r  the beginning 
of the experiment. F i r s t  the surface water was removed from each chamber, 
disturbing the sediment as l i t t l e  as possible. Next, the recognizable leaves 
overlying the sediment were collected with a gloved hand and placed in a 
polyethylene bag. The top 10 cm of sediment were then scooped by hand into 
polyethylene buckets and transported to  the 1 aboratory. A t  the 1 aboratory , a 
small quantity of deionized water from a wash bot t le  was used to  rinse sediment 
from each col lection of leaf detr i tus  into the corresponding sediment sample. 
The washed leaves were placed in a forced a i r  oven a t  850C. The large woody 
parts ,  mostly twigs and roots ,  were hand separated from sediment and placed in 
the oven. The sediment was then weighed and mixed with a gloved hand, and a 
500 ml subsample homogenized with a Waring Mini-Blender and stored a t  4OC. 
After 48 h of drying, leaves and twigs were weighed, ground with a Wiley Mill 
(40 mesh screen), redried a t  85OC, and stored in a desiccator. 

The 1 5 ~  fe r t i l i za t ion  experiment a t  Creeping Swamp was s ta r ted  on 
18 May 1978. This experiment was conducted much l ike  the experiment a t  Tar 
Swam except that  (1 ) the f i r s t  samples were taken jus t  a f t e r  the addition 
of 1gN,  not 2 h l a t e r ,  ( 2 )  sediments were sampled a t  10 days, rather than 
7 days, a f t e r  beginning the experiment. Also, there were differences in 
water level changes during the two experiments. A t  Creeping Swamp there was 
no flooding of the chambers as occurred a t  Tar Swamp. However, chambers a t  
Creeping Swamp los t  most of the i r  surface water as a r e su l t  of a decrease in 
water level. Most of th i s  decrease occurred between 48-h and 10-day sampling 
times. 

Methods of Sample Analysis 

Moisture.--Approximately 1 g of each homogenized sediment sample was dried a t  
1050C in a forced a i r  oven for  24 h and stored in a desiccator until  cool. 
Weights before and a f t e r  drying were to  the nearest 0.1 mg. 

Total Kjeldahl Nitrogen.--A 500 mg sample of wet homogenized sediment from 
each chamber was weighed to the nearest 0.1 mg and transferred to  a Yjeldahl 
digestion f lask.  The sample was then digested (Bremner l965), diluted to  
about 20 ml with deionized water, and the ammonium removed by steam d i s t i l -  
la t ion using 15 ml of 1 :1 NaOH. Approximately 30 ml of d i s t i l  l a t e  was 
collected for  each sample in a 50 ml volumetric f lask containing 4 ml of 



0.1N H2SO4 and made to  50 ml by the addition of deionized water. The 
ammonium concentration was determined on a 5 m l  al iquot from th i s  f lask 
di 1 uted to  100 ml and analyzed by the indophenol method (Scheiner 1976). 
A1 1 d i s t i l l a t ions  were made using a s i lve r  condenser tube to  reduce retention 
of 1 5 ~  i n  the system and contamination of subsequent samples (Newman 1966). 

1 5 ~  Analysis.--The remaining 45 ml of d i s t i l l a t e  was transferred to  a 100 ml 
Erlenmeyer flask and evaporated on a hot plate t o  a volume of about 20 ml.* 
Steam d i s t i l l a t i o n ,  using 5 ml of 1:1 NaOH, was used to  remove the ammonium 
from the sample. The d i s t i l l e d  ammonia from each sample was collected in a 
12x75 mm borosil icate culture tube containing 1 ml of 0.1N H2SO4. Di s t i l l a t e  
was collected until  the tube was f i l l e d  to  within 5 mm of the top. The tubes 
were then placed in an oven and evaporated to  dryness a t  800C under a par t ia l  
vacuum taking care not to  boil the contents of the tube. After the tubes were 
dry they were stoppered and stored for  1 5 ~  analysis. 

The samples were prepared for  1 5 ~  analysis a t  the Stable Isotopes Labora- 
tory a t  North Carolina State University according to  the instructions of the 
Director, Richard J .  Vol k .  F i r s t ,  oxygen-free solutions of a1 kaline hypo- 
bromite and deionized water were prepared by sparging with argon for a t  l eas t  
20 min prior to  use. Sample tubes were then suspended ver t ica l ly  to  a depth 
of about 25 mm in a mixture of dry ice and isopropyl alcohol. The atmosphere 
of the tubes was flushed w i t h  argon for  about 5 m i n .  A t  the end of t h i s  time, 
0.3 ml of the deionized water was added to each sample and allowed to  freeze 
in the argon atmosphere, Next, 0.6 m1 of a1 kaline hypobromite was added and 
argon flushing continued until  t h i s  was frozen. The samples were then 
stoppered and stored on dry ice while awaiting analysis. 

The 1 5 ~  concentrations of the frozen samples were determined using a 
sing1 e focusing , magnet? c sector mass spectrometer (Consol idated Electronics 
Corporation 21-620). The tube containing the sample t o  be analyzed was 
connected t o  the i n l e t  system of the mass spectrometer. The portion of the 
tube containing the sample remained immersed in a mixture of dry ice and iso- 
propyl alcohol during evacuation. The sample tube was evacuated for  about 
30 seconds w i t h  a roughing pump and for  5 min w i t h  a diffusion pump. A t  
the end of th i s  period, the sample tube was isolated from the mass spectrometer 
by closing a stopcock and the frozen solutions were melted w i t h  warm water. 
This resulted i n  the nitrogen i n  the sample being released as a diatomic gas 

(NH4)2S04 + H2SO4 + 3NaOBr + 4NaOH -. N 2  + 7H20 t 3NaBr + 2Na2S04 

After the reaction in the tube had ceased, the solution i n  the bottom of the 
tube was refrozen. The nitrogen gas was then introduced into the mass 
spectrometer and mass 28, 29 and 32 peaks were measured. The oxygen peak 
(mass 32) was measured in order to  determine by r a t io  the nitrogen introduced 
from atmospheric sources. 

* I t  i s  important to  use H2SO4, not boric acid as some methods suggest, i f  the 
sample i s  t o  be heated. If boric acid i s  used most of the ammonia will be lo s t  
during evaporation. Also, the amount of H2SO4 suggested here i s  suf f ic ien t  to  
trap a l l  the ammonia and n o t  interfere  with the indophenol analysis. 



Exchangeable NHq and N03.--Ammonium and n i t r a t e  were extracted from so i l  by a 
method simi lar t o  tha t  of Bremner and Keeney (1966). A 360 g sample of wet 
homogenized so i l  was shaken on a mechanical shaker with 600 ml of 2N KC1 for  1 h .  
The solution was then f i l t e red  (Whatman No. 42 f i l t e r  paper) and the f i l t r a t e  
stored under refrigeration until  analyzed by the indophenol method. 

Ammonia was removed from the f i l t r a t e  by steam d i s t i l l a t i o n .  Five grams 
of MgO were added t o  the f i l t r a t e  in a 5 l i t e r  round bottom f lask  and the 
d i s t i l l a t e  was collected in a 500 ml volumetric f lask containing 10 ml of 
0.1N H2SO4. In order to  speed d i s t i l l a t i o n  and prevent excessive condensation 
of steam, the sample f lask was heated with an e lec t r ica l  heating mantle so 
that  there was l i t t l e  change in sample volume during the course of the 
d i s t i l l a t ion .  

Following d i s t i l l a t ion  of ammonia, 2 g of Devarda alloy was added to  the 
sample flask and the disti 11 ation procedure was repeated. This procedure resul ts  
in the reduction of both n i t r a t e  and n i t r i t e  to  ammonium which i s  removed and 
analyzed by the indophenol method as in the previous d i s t i l l a t i o n .  We assumed 
tha t  a l l  the nitrogen recovered i n  t h i s  fashion originated from n i t r a t e  since 
our previous work indicated undetectable levels of n i t r i t e  in the system. 

Leaves and Woody Matter.--Both leaves and woody matter were analyzed fo r  to ta l  
Kjel dahl nitrogen and 15N in the same fashion as described for  so i l  , with the 
difference that  the leaves and woody matter were oven dried while the soi l  
was wet. 

Surface Water --The 500 ml surface water samples were analyzed for  ammonium, 
n i t r a t e ,  and 1 5 N  concentration i n  the same fashion described fo r  so i l  extract .  
In addition, a f t e r  the second d i s t i l l a t ion  each sample was f i l t e r e d  (Whatman 
No. 42 f i l t e r  paper) and Kjeldahl nitrogen determined on the f i l t r a t e .  After 
f i l t r a t i o n  the sample f lask and f i l t e r  were washed twice with 50 ml portions of 
deionized water. The wash was added to the f i l t r a t e  which was acidif ied with 
1 ml of concentrated H2SO4. This was followed by evaporation to  about 
30 ml on a hot plate.  The 30 ml was transferred to  a Kjeldahl digestion f lask 
w i t h  two washings of deionized water. Kjeldahl nitrogen and 15N concentration 
were then determined as described for  s o i l .  

Ammonia Volati l ization 

Several attempts were made to  measure ammonia vo1 a t i  1 i zat i  on from the 
Tar Swamp fores t  f loor  t o  the atmosphere d u r i n g  the summer of 1979 when 
surface water was absent. Acid traps for  ammonia, consisting of a 9 cm 
Petri dish containing 50 ml of 1N H2SO4, were placed i n  the fo res t  f loor  
for  24-h periods on 24 July,  31 July,  7 August, and 14 Augusjj 1979. One 
trap was placed beneath a clear  p las t ic  dome covering 0.42 m of fores t  
f loor ,  a second t rap was placed inside a sealed 45-l i ter  opaque waste 
container, and a th i rd  was placed uncovered on the fores t  f loor  with no 
res t r ic t ion  t o  a i r  flow. Blanks of acid were analyzed fo r  ammonium content 
for comparison with traps from the swamp. Ammonium content was determined 
by steam d i s t i  1 l a t i  on and the indophenol t e s t  as described previously. 



Ammonium and Nitrate in I n t e r s t i t i a l  Water 

Two sediment samples were collected over a 17-month period along separate 
transects a t  weekly intervals during the growing season and biweekly intervals  
during dormancy. For each sample, sediment was taken from the top 5 cm a t  
f ive  stationary s i t e s .  Care was taken not to remove soi l  from a previously 
disturbed area. Samples were mixed in the laboratory with a gloved hand 
and i n t e r s t i t i a l  water was separated by centrifugation. Ammonium and n i t r a t e  
were separated by steam di s t i  11 a t i  on (Bremner 1965) and concentrations were 
determined by the indophenol method (Scheiner 1975). Percent coverage of the 
soi l  by surface water was determined during each collection based on the 
number of s i t e s  covered. 

RESULTS 

I ~ N  Experiments 

Temperature and Dissolved Oxygen 

Temperature of the surface water ranged between 11 and lg°C a t  Tar Swamp 
and between 16 and 18OC a t  Creeping Swamp during the experiments (Table 4) .  
In Tar Swamp dissolved oxygen concentrations in the surface water of the two 
control chambers never decreased below 1 mg O2.1iter-1 a1 t h o u g h  there were 
occasional decreases below th i s  level in areas unenclosed by chambers. 
Oxygen production by filamentous algae present in the water may have augmented 
suppl ies  of dissolved oxygen from atmospheric diffusion. High concentrations 
present on April 27 in Tar Swamp were the resu l t  of flooding the previous day 
from more highly oxygenated waters. 

A t  Creeping Swamp, dissolved oxygen concentrations were usually higher 
than those a t  Tar Swamp, par t icular ly in areas unenclosed by chambers (Table 4 ) .  
This may be at t r ibuted to downstream flow of water in the Creeping Swamp 
floodplain. Dissolved oxygen concentrations in chambers showed a progressive 
decline during the experiment, probably because flow was res t r ic ted ,  

Distribution of 1 5 ~  

Changes in the concentration and atom % of n i t r a t e  and ammonium 1 5 ~  
were measured for  Tar Swamp and Creeping Swamp (Figure 3 ) .  The percent of 
original ammonium present i n  both swamps decreased in a roughly asym o t i c  
pattern to  around 80% over the f i r s t  24 h .  The reduction of atom % @ N H q - N  
tended to parallel  the decrease i n  total  ammonium, indicating a di lut ion of 
the 1 5 ~ ~ 4  with I ~ N H ~ - N .  This i s  evidence for  a bidirectional pathway 
whereby nonlabeled ammonium i s  generated from the sediments and diffuses to 
the surface water. The trend i n  n i t r a t e  over the same period showed a 
1 inear decrease in the amount of NO3-N to  less  than 50% of original in the 
Tar Swamp and less than 70% in Creeping Swamp. However the atom % ~ ~ N o ~ - N  
showed l i t t l e  tendency t o  decrease as did the atom % 1 5 ~ ~ 4 - N .  This i s  
evidence for a unidirectional pathway for  n i t r a t e  to  the sediments where 
i t  i s  deni t r i f ied.  



Exchangeable 1 5 ~ ~ 4  and 1 5 ~ 0 3  were measured i n  t he  sediments a t  t he  end o f  
5  days i n  t h e  Tar Swamp and 7  days i n  Creeping Swamp. The data (no t  shown) 
suggested t h a t  mass f l o w  alone i n  t he  1 5 ~ ~ 4  t reatment  cou ld  have accounted f o r  
t he  q u a n t i t y  o f  exchangeable 1 5 ~ ~ 4 - N  present  i n  the  sediment s ince  concentra- 
t i o n  per  u n i t  volume o f  sediment water was s i m i l a r  t o  t h a t  o f  t h e  i n i t i a l  
concentrat ions i n  sur face water. However, exchangeable n i  t r a t e  i n  bo th  
treatments was present  i n  amounts too  low f o r  7 5 ~  ana lys is .  I n  chambers 
where 1 5 ~ 0 3 - N  was added t o  the sur face water, t he re  were de tec tab le  amounts 
of exchangeable ~ ~ N H ~ - N  present  b u t  i n  concentrat ions 1  ess than one- th i  r d  
o f  t h a t  i n  chambers where 15NH4-N was added. Thus o f  t he  15N03-N t h a t  
a r r i v e d  i n  t he  sediment from the surface water,  most o f  i t  probably disap- 
peared by d e n i t r i f i c a t i o n .  

The remainder o f  t he  15N03-N ma have been reduced by pathways o the r  T than d e n i t r i f i c a t i o n .  Reduction of 5 ~ 0 3 - N  t o  organic n i t r o g e n  i s  one 
p o s s i b i l i t y  t h a t  has been suggested f o r  lake  sediments (Keeney e t  a l .  
1971). However, we were unable t o  d e t e c t  enrichment o f  1 5 ~  i n  o rgan ic  
n i t r o g e n  above background 1  eve1 s  because the  concent ra t ion  o f  1 4 ~  organ ic  
n i  t rogen was two orders o f  magnitude g rea te r  than exchangeable i no rgan ic  
f r a c t i o n s ?  Another pathway i s  reduc t i on  o f  n i t r a t e  t o  ammonium which i s  
supported by the appearance o f  exchangeable 1 5 ~ ~ 4 - N  i n  the  t rea tment  t o  which 
15N03-N was added t o  the  sur face water. This  pathway has been demonstrated 
i n  anaerobic s o i l s  incubated f o r  s h o r t  per iods o f  t ime (Stanford  e t  a1. 1975, 
Caskey and T i e d j e  1979) and would be an e c o l o g i c a l l y  advantageous mechanism 
f o r  n i t r o g e n  conservat ion by the  system. The s i g n i f i c a n c e  o f  t h i s  pathway 
under ambient cond i t i ons  i n  Tar Swamp and Creeping Swamp cannot be determined 
from our  experiments. 

Decomposing leaves were c o l l e c t e d  a t  the  same t ime as t h e  sediment and 
analyzed f o r  15N. Concentrat ions o f  1 5 ~  were much h igher  i n  t he  ~ ~ N H ~ - N  
treatments than i n  those r e c e i v i n g  15N03-N (F igure  4). Th is  shows a  preference 
f o r  ammonium by m i  cro-organi  sms associated w i t h  decomposing l e a f  d e t r i t u s .  
When compared on a  weight  bas is  w i t h  the  l abe led  n i t r o g e n  present  i n  t he  
water a t  the  beginning o f  the  experiment, l e a f  d e t r i t u s  shows a  concent ra t ion  
f a c t o r  o f  l e s s  than 10 f o r  n i t r a t e  and greater  than 50 f o r  ammonium (F igu re  4). 
Thus l e a f  d e t r i t u s  represented a  h i g h l y  r e a c t i v e  s i t e  f o r  n i t r o g e n  accumulation, 
bu t  t he  pathway accounted f o r  on l y  a  smal l  p ropo r t i on  o f  t he  n i t r o g e n  removed 
from t h e  water column. Woody m a t e r i a l  f rom the  sediments, c o n s i s t i n g  most ly  
o f  dead tw igs  and branches, showed no 1 5 ~  enrichment above background. 

The amount o f  1 5 ~  remaining i n  chambers ( c a l c u l a t e d  by summing 1 5 ~  i n  
surface water, l e a f  d e t r i t u s ,  and exchangeable forms i n  sediment) a t  t he  

*For example, i n  one o f  t he  chambers a t  Creeping Swamp, 17,700 mg 14N 
t o t a l  n i t r o g e n  was present  i n  t he  sediment c o l l e c t e d  f o r  ana lys i s  i n  compar- 
i s o n  w i t h  57 mg ~ ~ N - N H ~  added t o  the  sur face water.  I f  a l l  t h e  l abe led  
ammonium had been incorpora ted  i n  the  sediment, t he  atom % 1 5 ~  o f  t o t a l  
n i t r o g e n  would have been r a i s e d  on l y  0.3%, a  change n o t  de tec tab le  w i t h  r e l i a -  
b i  1  i ty i n  these experiments. 



Table 4. Temperature and dissolved oxygen concentrations of surface water 
within chambers and areas unenclosed by chambers. 

Date and time 
Water Mean for Unenclosed 

Temp. (OC) 2 chambers by chamber 

Tar Swamp 

20 Apr 78 0800 
1000 
1200 
1600 
2400 

21 Apr 0800 
22 Apr 0800 
27 Apr 1300 

Creeping Swamp 

18 May 78 0800 
1000 
1200 
1600 
2400 

19 May 0800 
20 May 0800 
28 May 0800 

end of the experiments differed between swamps and between treatments, i.e., 
whether 1 5 ~ 0 3  or 15NH4 was initially added (Figure 5). In Tar Swamp an 
average of only 7% and 3% of the originally added 1 5 ~  could be recovered from 
chambers where ammonium and nitrate were added, respectively. In Creeping 
Swamp 43% of the original 1 5 ~ ~ ~  and 9% of the original 1 5 ~ 0 3  were recovered. 
Differing quantities of 1 5 ~  remaining in the two swamps were due to the 
flooding and flushing of chambers in Tar Swamp and the progressively declining 
water levels in Creeping Swamp. The higher percentage retention of ammonium 
may be due in part to conservation by immobilizing microbes and by exchange 
sites in the sediment. However, the denitrification sink for nitrate is 
sufficient to explain much of the difference (Figure 3). 



Figure 3 .  Losses of inorganic nitrogen and changes in atom % 1 5 ~  of the 
surface water of (a)  Tar Swamp and ( b )  Creeping Swamp. 

Seasonal Nitrogen Transformations 

i n  In ters t i t ia l  Water 

Large seasonal variations occurred in the concentrations of n i t ra te  and 
ammonium in in te r s t i t i a l  water (Figure 6 ) .  From June-November 1978 sediments 
were intermittently flooded and exposed as indicated by the percentage cover 



Figure 4. 

CREEPING 

Accumulation of 1 5 ~  i n  decomposing leaf de t r i tus  of Tar Swamp and 
Creeping Swamp expressed as ( a )  mg 1 5 ~ 0 k g  leaf-1 and ( b )  r a t i o  of 
concentration i n  leaves a t  the end of the experiment and water a t  
the beginning of the experiment. 
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Figure 5. Amount of 1 5 ~  recovered from chambers i n  Tar Swamp a f t e r  5 days and 
Creeping Swamp a f t e r  7 days s ince  1 5 ~ ~ 4  or  1 5 ~ 0 3  addit ion t o  
surface  water. 

of water in  the  sampling area.  Until mid-August ammonium concentrat ions were 
g rea te r  than 0.5 mg N H ~ - N *  1 i te r -1  while n i t r a t e  concentrat ions remained a t  
about 0.1 mg NOg-No 1 i ter -1  . Thereafter n i t r a t e  concentrations rose  and 
ammonium concentrations f e l l  sharply as a response t o  exposure of the  sediment 
t o  the  atmosphere. During the prolonged period of flooding between fa1 1 1978 
and spring 1979, n i t r a t e  concentrations returned t o  t h e i r  previously low 
1 eve1 s (<0.1 mg NOg-No 1 i t e r -  while ammonium 1 eve1 s ranged mostly between 
0.2 and 0.5 mg NHq-~ . l i t e r - l  Figure 6 ) .  This was followed by f requent  



Figure 6. Changes in inorganic nitrogen pools in the interstitial water of 
surficial sediment of Tar Swamp as related to percentage cover of 
water in the sampling area. 

increases in ammonium concentration above 0.5 mg ~ ~ q - ~ e l i t e r - l  during June 
through mid-August 1979 which preceded a strong pulse in nitrate levels 
during late August and September. Recurrence of flooding in mid-September 
coincided with a return of nitrate concentrations to previously low levels 
and an increase in ammonium concentrations. 



Table 5 .  Results of ammonia volat i l izat ion t r i a l s  conducted a t  Tar Swamp 
during summer 1979. 

mg NHd-N.1 i t e r m '  acid 
- - 

24 July 31 July 7 August 14 August 

Blank 

Within dome covering 0.54 0.52 0.44 0.39 
fores t  f loor 

Open to atmosphere ---- 0.56 0.34 1 . 1 7  

Sealed container 

The pulse in ammonium concentration i n  1979 a f t e r  the September n i t r a t e  
peak did not occur in the f a l l  of 1978. Since the 1978 warm season was d r i e r  
than that  of 1979, we believe tha t  better aerated sediments allowed more 
ammonifi cati  on and n i t r i f i ca t ion  to  take place during the d r i e r  summer, thus 
depleting ammonium pools. The shorter dry period in 1979 may not have been 
long enough to deplete ammonium pools as completely, thus resulting in high 
ammonium concentrations in October and November following the n i t r a t e  produc- 
tion peak (Figure 6 ) .  I t  appears that  decreases in ammonium concentrations 
preceded the n i t r a t e  r i s e  in concentration by a t  l eas t  a week. This could be 
a resu l t  of e i ther  more rapid deni t r i f icat ion of n i t r a t e  a t  the beginning of 
drydown episodes or an increase in immobilization of ammonium by micro- 
organisms involved in decomposition of organic matter, both of which may 
have been favored by warm summertime temperatures. However, the inverse 
relationship between n i t r a t e  and ammonium concentrations during drydown i n d i -  
cates a period of intense n i t r i f ica t ion  under unflooded, oxidizing conditions. 
When surface water returned to cover the sediments, n i t r a t e  again became 
depleted to  levels below ammonium. 

Ammonia Volatilization 

Results of the ammonia volati  1 ization t r i a l s  conducted a t  Tar Swamp 
during the summer of 1979 offer no evidence of ammonia loss from the fores t  
f loor  (Table 5 ) .  Concentrations of ammonium recovered from acid traps were 
n o t  consistently different  from blanks (no exposure), traps open t o  the 
atmosphere, and sealed containers. We f e l t  t h a t  the absence of a large 
accumulation of ammonia within the dome covering the fores t  f loor  did not 
warrant further attempts to  measure ammonia loss.  Because the pH of the 
surface water, when present, does not r i s e  above 6.5, and pH of the sediment 
i s  a lso below neutral i ty  (Holmes 1977), l i t t l e  nitrogen in the form of 
ammonia (NH ) would ex i s t  in solution for  diffusion t o  the atmosphere S (Vlek and S umpe 1978, Mikkelsen e t  a l .  1978). 



Table 6 .  Average h o u r l y  r a t e s  o f  n i t r a t e  and ammonium l o s s  f rom su r face  
water  over  2  days a t  Tar  and Creeping Swamps. 

mg 1 5 ~  l ~ s s * m ' ~ . h r - l  (+ 1  SD) 

Tar Swamp Creeping Swamp 

DISCUSSION 

The r e s u l t s  o f  t h e  1 5 ~  t r a c e r  exper iments i n  Tar  Swamp and Creeping 
Swamp ( F i g u r e  3) suggest t h a t  l o s s  o f  n i t r a t e  f rom s u r f a c e  water  by d i f f u s i o n  
t o  t h e  sediments i s  a  one-way pathway made p o s s i b l e  by  d e n i t r i f i c a t i o n  o f  
n i t r a t e  t o  d i n i t r o g e n  gas o r  n i t r o u s  ox ide.  Judging by t h e  ambient condi -  
t i o n s  and t h e  l o n g  i n c u b a t i o n  t imes of our  exper iments,  mo lecu la r  n i t r o g e n  
i s  p robab l y  t h e  dominant end p roduc t  ( F i r e s t o n e  e t  a l .  1980). By comparison, 
ammonium d i f f u s i o n  i s  b i d i r e c t i o n a l  between su r f ace  wate r  and sediments s i nce  
t h e r e  i s  no permanent s i n k  i n  t h e  sediments as t h e r e  i s  f o r  n i t r a t e .  These 
pathways have been demonostrated f o r  s o i l - w a t e r  columns i n  t h e  l a b o r a t o r y  
( P a t r i c k  and Tusneem 1972). The decrease i n  r a t e  of l o s s  w i t h  t i m e  f o r  
ammonium ( F i g u r e  3 )  i s  appa ren t l y  a  r e s u l t  o f  t h e  es tab l i shment  of an equ i -  
l i b r i u m  between t h e  sur face wate r  and success ive ly  deeper l a y e r s  of t h e  sed- 
i m e n t a t i o n  exchange complex. Background concent ra t ions  o f  ammonium were much 
l owe r  i n  Tar  Swamp (F igu re  6) than t h e  2-10 m g - l i t e r ' 1  added expe r imen ta l l y ,  
thus  c r e a t i n g  an u n n a t u r a l l y  h i g h  d i f f u s i o n  g r a d i e n t .  

N i t r i f i c a t i o n  l i m i t s  t h e  r a t e  of ammonium l o s s  f rom these systems . 

(Reddy e t  a l .  1976) a l though t h e r e  appears t o  be a  c a p a c i t y  f o r  some excess 
s to rage  i n  exchangeable poo ls  o f  t h e  sediments (F igu re  5) and by immob i l i -  
z a t i o n  ( F i g u r e  4) .  Exchangeable ammonium s a t u r a t i o n  o f  t h e  Tar  Swamp sediments 
i s  approx imate ly  900 mg ~ ~ q - ~ e k g - l  (Bradshaw 1977). Given t h e  h i g h  concentra-  
t i o n s  of o rgan i c  carbon (14-19%) and low redox p o t e n t i a l  (Eh7 = 0 t o  -300 a t  
5  cm depth)  o f  t h e  sediments i n  t h e  swamp (Holmes 1977), moderate temperatures 
d u r i n g  t h e  exper iment i n  t h e  spr ing ,  and t h e  geometry o f  t h e  exper imenta l  
chambers, n i t r a t e  l o s s  r a t e s  i n  Tar Swamp (F igu re  3 )  were p robab ly  l i m i t e d  by 
d i f f u s i o n  ( P h i l l i p s  e t  a l .  1978). S i m i l a r  average r a t e s  o f  l o s s  of n i t r a t e  
and ammonium from s u r f a c e  wate r  i n  bo th  Tar  and Creeping Swamps d u r i n g  t h e  
f i r s t  2 days of t h e  exper iments f u r t h e r  suppor t  t h e  conc lus ion  (Table 6) .  
S ince r o o t s  were severed by f o r c i n g  t h e  chambers i n t o  t h e  s o i l ,  uptake by 
roo ted  vege ta t i on  was u n l i k e l y .  

The r e s u l t s  from t h e  exper iments descr ibed  above and t h e  r e p o r t e d  n i t r o g e n  
t rans fo rmat ions  t h a t  occur  i n  sediments a r e  suppor ted by observa t ions  of 



seasonal changes of n i t r a t e  and ammonium pools i n  the i n t e r s t i t i a l  water of 
sur f ic ia l  sediments (Figure 6) .  When surface water disappeared due to  high 
evapotranspiration rates  in the floodplain during the warm season, n i t r a t e  
concentrations increased. This occurred in August and September of both 
years and i s  probably an annual phenomenon in Tar Swamp and other seasonally 
flooded swamps. Dur ing  t h i s  period, n i t r a t e  loss l ikely continues due to 
diffusion to  deeper anaerobic zones and anaerobic microsites near the surface. 
The apparent pulse of n i t r i f ica t ion  during drydown i n  l a t e  summer and early 
f a l l  (Figure 6)  suggests that  t h i s  transformation i n  nature i s  ultimately 
control 1 ed by evapotranspiration from the forest .  Reflooding of the soi 1 
surface or diffusion of n i t r a t e  to  anaerobic s i t e s  would r e su l t  in loss of 
the n i t r a t e  produced. Since the 1 5 ~  experiments (Figure 3 )  were conducted 
in water deep enough to allow sequential removal of surface water samples, 
there was no opportunity to  observe nitrogen transformations induced by 
drydown. 

Ammonium concentrations tended to be higher during the warmer months, 
except when n i t r a t e  concentrations reached temporary seasonal highs. Higher 
rates of ammoni um production from decomposition and ammoni f i cat i  on might be 
expected under warmer temperatures during the growing season. In general, 
temperature and water level appear to  strongly a f fec t  microbial ac t iv i ty  
which, in turn,  increases or depletes i norgani c ni trogen pool s .  A1 ternate 
flooding and drydown during the warm season as compared w i t h  the continuously 
flooded conditions during the winter i s  more conducive to  nitrogen losses to  
the atmosphere than continuously aerobic or anaerobic conditions (Reddy and 
Patrick 1975). 



3.  SUSTAINED LOADING OF NITROGEN AND PHOSPHORUS 
TO THE SEDIMENT-WATER SYSTEM 

INTRODUCTION 

Eutrophication of 1 akes , streams and estuaries by the nutrients nitrogen 
and phosphorus has been responsible for  deteriorating water qua1 i t y  nationwide 
(Farnworth e t  a1 . 1979). The Clean Water Act was enacted in an e f fo r t  t o  solve 
th i s  problem: Section 208 t o  implement "best management practices" for  control 
of nonpoint sources of pollution, and Section 201 for  sharing the cost of 
sewage treatment f a c i l i t i e s  in order t o  reduce point sources of pollution. As 
energy costs escalate,  so wi 11 the construction, maintenance, and management 
costs of some of these high-technology programs, thus providing incentives for  
seeking al ternate  and less  energy-intensive approaches to  wastewater management 
problems. 

The standard approach to  nutrient removal from sewage eff luent  i s  by 
t e r t i a r y  treatment in the wastewater plant. For nitrogen, th is  treatment i s  
usually dependent on the action of microbes in n i t r i f i ca t ion  of ammonium and 
subsequent deni t r i f i ca t ion  of n i t ra te .  Tertiary treatment of phosphorus 
involves physical processes of coagulation and precipitation. However, i f  
the overall goal i s  to  reduce the r a t e  a t  which nutrients enter streams, lakes, 
and estuaries ,  other less  intensive treatment approaches may be used to  retard 
or circumvent nutrient movement to  water bodies where nitrogen and phosphorus 
have the potential of contributing to eutrophication. Secondarily-treated 
sewage has been applied t o  both upland and wetland ecosystems in attempts to  
reduce the movement of nutrients to aquatic ecos stems (Sopper and Kardos 
1973, U. S. Environmental Protection Agency 1974 3 . Land application may be 
preferable because of greater distance from vulnerable waters. However, the 
ava i lab i l i ty  of land and high costs of distribution in some areas make inves- 
t igations of the f eas ib i l i t y  of wetland application worthwhile. The purpose 
of th i s  study i s  to examine the response of a floodplain forest  in the North 
Carolina Coastal Plain to  sustained loading of nitrogen and phosphorus. 

Probably the best evidence for  the capacity of floodplain wetlands to  
accumulate and assimilate nutrients i s  i n  t he i r  demonstrated role of main- 
taining water quality under natural conditions. For example, Mitsch e t  a l .  
(1979) described phosphorus accumulation i n  the floodplain of a tupelo swamp 
i n  southern I l l i no i s ,  and Yarbro (1979) demonstrated tha t  the floodplain of 
a small Coastal Plain stream in North Carolina i s  a sink for  phosphorus. The 
Santee River floodplain swamp in South Carolina removes n i t r a t e  from flood- 
waters tha t  pass through the fores t  (Kitchens e t  a1. 1975). Greater exports 
of n i t r a t e  and phosphate from channelized as compared with natural Coastal 
Plain streams in eastern North Carolina (Kuenzler e t  a l .  1977) may be inter-  
preted as a reduction in the capacity of swamp streams to assimilate these 
nutrients as a resul L of channelization and attendent reduction in floodplain 
area. 

However, the evidence cited above for  nutrient retention by flood- 
plains and the i r  role i n  maintaining water quality of associated streams 
gives l i t t l e  information on the capacity of floodplain forests  to  assimilate 



and accumulate n u t r i e n t s  when supp l ied  a t  h i g h  r a t e s  o f  load ing .  I n  f a c t ,  
t he  w ide l y  h e l d  concept t h a t  a l l  wetlands a re  capable o f  n u t r i e n t  r e t e n t i o n ,  
and thus e s s e n t i a l  f o r  water q u a l i t y  maintenance, may be an o v e r s i m p l i f i c a t i o n  
which must be q u a l i f i e d  as t o  t h e  n u t r i e n t s  under cons idera t ion ,  recen t  
a1 t e r a t i o n s  t h a t  have occurred i n  hyd ro log i c  p a t t e r n s  o f  t he  wet land, and 
t h e  successional s ta tus  o f  t h e  wet land ecosystem ( i  .e., whether biomass i s  
accumulat ing o r  the  ecosys tem i s  a t  steady s t a t e ) .  I n  addi ti on, demonstrated 
i n a b i l i t y  o f  a  wet land ecosystem t o  c o n t r i b u t e  t o  water  q u a l i t y  maintenance 
does n o t  c o n s t i t u t e  absence o f  eco log i ca l  value. Wetland ecosystems may a l s o  
p rov ide  o t h e r  eco log i ca l  f unc t i ons  such as water s torage f o r  downstream f l o o d  
amel i o r a t i  on, a q u i f e r  recharge o r  discharge (Bedinger 1979), and p roduc t i ve  
f i s h  and w i l d l i f e  h a b i t a t  (F redr ickson 1979, Wharton 1978, Wharton and Br inson 
1979). The value o f  wetlands goes f a r  beyond water q u a l i t y  cons idera t ions  
(Lugo and Br inson 1979). 

What, then, a re  t h e  c h a r a c t e r i s t i c s  o f  t h e  f l o o d p l a i n  f o r e s t  considered 
i n  t h i s  s tudy t h a t  would make i t  capable o f  a s s i m i l a t i n g  and accumulat ing 
n i t r o g e n  and phosphorus on a  susta ined bas is  a t  r a t e s  i n  excess o f  n a t u r a l  
supp l ies?  One i s  t he  i nhe ren t  n u t r i e n t  r i chness  o f  t h e  ecosystem, demon- 
s t r a t i n g  i t s  capac i t y  t o  cap ture  n u t r i e n t  resources under n a t u r a l  cond i t i ons  
(Br inson e t  a1 . 1980). Another i s  t he  f l u c t u a t i n g  water l e v e l  which a1 te rna tes  
between f looded cond i t i ons  i n  t he  cool  season and exposure o f  t h e  sediment 
surface t o  the  atmosphere du r i ng  summer and e a r l y  autumn, when evapo- 
t r a n s p i r a t i o n  exceeds p r e c i p i t a t i o n .  P a t r i c k  and co-workers ( P a t r i c k  and 
Tusneem 1972; Reddy and P a t r i c k  1975) have shown t h a t  a l t e r n a t e  w e t t i n g  and 
d r y i n g  o f  s o i  1  s increases t h e i r  capac i t y  t o  assimi 1  a t e  ammoni um. A1 so, 
because t h e  swamp ecosystem i s  subjected t o  f l ood ing ,  i t  conta ins  t r e e  species 
t h a t  are adapted t o  water logged cond i t i ons ,  an impor tan t  a t t r i b u t e  i f  h igh  
a p p l i c a t i o n  r a t e s  o f  wastewaters a re  contemplated. 

Other wet land ecosystems have been examined f o r  t h e i r  capac i t y  t o  
a s s i m i l a t e  n i t r o g e n  and phosphorus app l i ed  i n  t he  form o f  sewage e f f l u e n t  o r  
o the r  n u t r i e n t  r i c h  wastes by f e r t i l i z a t i o n  w i t h  ammonium, n i t r a t e ,  and 
phosphate o r  combinations o f  these. These s tud ies ,  many o f  which a re  
reviewed i n  Sloey e t  a l .  (1970), i n c l u d e  cypress wet lands (Odum and Ewe1 
1978) and hardwood swamps i n  F l o r i d a  ( ~ o y t  e t  a l .  1976) ; freshwater marshes 
i n  New Jersey (Whi gham and Simpson l976) ,  Louis iana ( ~ u r n e r  e t  a1 . 1976), 
F l o r i d a  Dolan e t  a1 . 1978, Steward and Ornes 1975), and Wisconsin ( F e t t e r  6 e t  a l .  1  78); peat lands i n  Michigan (Richardson e t  a l .  1976); and a r t i f i c i a l  
marshes ( ~ e t t e r  e t  a l .  1976). The present  s tudy represents t he  f i r s t  a t tempt  
t o  assess t h e  nu t r i en t -ass  imi l a t i  on capac i t y  o f  a  southeastern r i v e r i n e  swamp 
dominated by water tupelo.  

METHODS 

The n u t r i e n t  load ing  experiment was conducted i n  a  water t upe lo  swamp i n  
t he  f l o o d  p l a i n  on the  n o r t h  s ide  o f  t he  Tar R iver  near Grimesland, Nor th 
Caro l ina.  The study s i t e  i s  descr ibed i n  d e t a i l  on pages 9-11. 

Experimental Design 

The susta ined n u t r i e n t  load ing  experiment was designed t o  expose t h e  



sediment-water system of the fores t  f loor to weekly additions of phosphate, 
ammonium, n i t ra te ,  and the nutrients contained in secondarily treated sewage 
eff luent .  Figure 7 i l l u s t r a t e s  the treatments and controls. A loading ra te  
for  sewage eff luent ,  5 cm per week, was chosen on the basis of previous studies 
of land application (Sopper and Kardos 1973, U. S. Environmental Protection 
Agency 1977) and wetland application (Odum and Ewe1 1978, Richardson e t  a l .  
1976) of sewage effluent.  Since previous work on the sediments in Tar Swamp 
showed a lower capacity for  ammonium removal than removal of n i t r a t e  (Bradshaw 
1977), we decided to apply pure forms of n i t r a t e ,  ammonium and phosphate in 
other treatments a t  the same ra t e  that  ammonium was applied i n  the sewage 
eff luent  treatment. Preliminary analyses showed tha t  sewage eff luent  from the 
City of Greenville, i f  applied a t  5 cmowk-1, would r e su l t  in ammonium being 
added a t  about 1 g NH4-N m-2-wk-1. P04-P and N03-N were added a t  the same ra te  
as NH4-N t o  other treatment chambers (Figure 7) .  Resources d i d  not alsow 
replication of treatments, so a treatment was established to which PO; , 
NO-, and N H ~  were simultaneously applied. Assuming there were no interact ive 
ef 7 ects of the three nutrient forms, th i s  t r e  tment (denotpd as PNN) would 
serve as a repl icate  for  treatments where POI3, N O 3  and NH4 were each applied 
to  separate chambers. 

Design of Chambers 

Chambers were located on the fores t  f loor to  contain the added nutrients 
by reducing la te ra l  movement of water. The chambers were constructed of 
1-cm thick plywood pieces 45 cm t a l l  painted with a he vy coat of epoxy h paint and assembled to  enclose a square area of 1.46 m . To reduce leakage 
of water under the chamber walls, a polyethylene apron was attached t o  the 
outside of the chamber and along the forest  f loor  and sand was piled on top of 
the apron, which compressed i t  against the fores t  f loor and the chamber wall. 
A1 though water levels inside the chambers slowly equilibrated with ambient 
water level changes in the swamp, the seal was t ight  enough to prevent mixing 
of water by la teral  movement. For example, when flooding by sediment-laden 
waters of the Tar River began, water inside the chambers remained clear  until  
flow over the chamber walls occurred, suggesting tha t  water entered the 
chambers through the sediments of the forest  f loor.  

Polyethylene bottles of 1 l i t e r  capacity were buried i n  the sediments 
inside each of the chambers and in the unenclosed control area to  allow 
sampl i ng of subsurface water. Exchange of the bot t le  contents w i t h  subsurface 
water in the sediments was through perforated sides in the bot t le  between 
26 and 30 cm below the sediment surface. A layer of glass wool sandwiched 
between 1-mm mesh fiberglass screen covered the perforations i n  the bot t le  
to  exclude sediment par t ic les .  Vacuum pumping was used to remove samples from 
the bottles through a polyethylene tube running from the bot t le  t o  outside the 
chamber. Before the f i r s t  sampling date,  water was removed from the bot t les  
u n t i l  the samples cleared of vis ible  par t iculate  matter. Chambers and sub- 
surface water bottles were in place 1 week prior to  the f i r s t  addition of 
nutrients. Treatments were randomly assigned to  the s ix  chambers. 

The chambers were positioned so t h a t  a small t ree  of approximately 2-cm 
diameter was located in the center of the enclosed area. During the growing 
season, leaves from these t rees  were sampled for  nitrogen and phosphorus 
concentrations. A 1  1 the t rees  were water ash (Fraxi nus carol i niana) except 
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F igure  7. Design o f  n u t r i e n t  load ing  experiment. 

f o r  t h e  PNN t reatment  which conta ined a  water t upe lo  (Nyssa aquat ica) .  

Depth o f  s tanding water i n  the  study area was considered t y p i c a l  f o r  t he  
surrounding swamp f o r e s t .  However, small topographic d i f f e rences  r e s u l t e d  i n  
d i f f e rences  i n  water depth o f  the  chambers. On 6 February 1980 water depths 
were 8.3 cm f o r  t h e  PO4 treatment,  7.0 cm f o r  t he  NHq treatment,  9.3 cm f o r  
the  NO3 treatment,  14.0 cm f o r  the  PNN treatment,  9.5 cm f o r  t he  sewage 
treatment,  11.8 cm f o r  the  c o n t r o l  chamber, and 12.3 cm f o r  t he  open area. 

Treatments 

N u t r i e n t s  and sewage e f f l u e n t  were added t o  chambers weekly f rom 
12 February 1980 t o  26 December 1980, a  p e r i o d  of 46 weeks. On t h r e e  dates 
( 5  March, 12 June, 11 September), f l o o d i n g  by the  Tar R iver  caused water 
l e v e l s  i n  t he  swamp t o  r i s e  above the  chambers making add i t i ons  impossib le.  



Loading rates  for  treatments receiving P04-P, N03-N, and NH4-N were 
1 g*m-2, while the PNN treatment received 1 g-m-2 of each of the three 
nutrient forms. Na2HP04-7H20, NaN03, and NH4C1 dissolved in 500 ml of 
deionized water was sprinkled evenly over the surface of the enclosed area 
of the chamber and gently mixed with a s t ick  when surface water was present. 

Seventy l i t e r s  of secondarily treated sewage eff luent  was collected a t  
the City of Greenville sewage treatment plant on the day of addition. Sub- 
samples were taken for  nutrient analysis, and the eff luent  was slowly drained 
into the sewage chamber over a period of about 1 h .  From preliminary analyses 
of ammonium concentrations in the eff luent  prior to  the experimental period, 
we had determined tha t  70 1 i t e r s  would r e su l t  in a loading r a t e  of approxi- 
mately 1 g ~ ~ 4 - ~ - m - 2 - w k - l .  Weekly analyses of f i  1 terabl e reactive phosphorus 
(FRP), ammonium, and n i t r a t e  (Table 7) showed a relat ively consistent r a t i o  of 
concentration among these components ; ammoni um was the dominant nitrogen form 
while FRP was the dominant form of phosphorus. 

The amount added t o  each chamber over the 46-week period was 43 g-m-2 for  
each of the treatments except sewage (Table 8) .  The sewage treatment received 
approximately the same amount of ammonium as the NH4 and PNN treatments, b u t  
only about 20% of the FRP received by the PO4 and PNN treatments. The total  
amount of n i t r a t e  added in sewage was also much lower than tha t  applied t o  the 
NO3 and PNN treatments. These rates  of loading exceeded background deposition 
t o  the fores t  f loor by a factor  of 26 times fo r  to ta l  phosphorus and 10 times 
for  to ta l  nitrogen (Table 8 ) .  

Sampl ing Schedule 

When surface water was present in the chambers, 500 ml of sample were 
drawn from each treatment and controls prior to  the addition of nutrients and 
sewage. Approximately 1 h a f t e r  treatments were made and the surface water 
gently s t i r r e d ,  another s e t  of samples was drawn from the treatments to  
represent i n i t i a l  concentrations a t  the beginning of the week. Subsurface 
samples also were withdrawn from buried bot t les  prior to  nutrient addition anc 
from controls. We made these collections every week, except during the three 
flood events previously mentioned. Surface and subsurface water was analyzed 
for  n i t r a t e ,  ammonium and f i l t e r a b l e  reactive phosphorus ( F R P )  . 

On every fourth application, surface water samples were collected from 
treatment chambers on the f i r s t  and the third day following addition in order 
to  trace trends in n i t r a t e ,  ammonium, and FRP concentration change between the 
weekly sample collections. Just  prior to every fourth application, we deter- 
mined concentrations of additional forms of phosphorus and nitrogen including 
total  phosphorus (unfi 1 te red) ,  f i l t e r ab le  total  phosphorus, f i l t e r a b l e  unreac- 
t ive  phosphorus, par t iculate  nitrogen, and f i l t e r a b l e  to ta l  nitrogen. Organic 
carbon in water samples was analyzed infrequently. 

Additional samples of s o i l ,  foliage, and leaf l i t t e r  were taken on the 
fourth week. Soil was removed from each quadrant of the chambers, and the 
four samples combined for  analyses. Likewise, leaf l i t t e r  was collected by 
removing individual leaves from each quarter of the chamber and combining them 
into one sample. To obtain a representative sample of foliage leaves from the 



Table 7. Concentrat ions o f  n u t r i e n t s  i n  t he  secondar i l y  t r e a t e d  sewage 
e f f l u e n t  t h a t  was used i n  t he  l oad ing  experiment. Averages w i t h  
no va l  ues above them represent  ana l ys i s  o f  composi t e  samples. 
A1 1 concentrat ions i n  mg- 1 i t e r - 1  

Date 
(1 979) T P ~  PP FUP FRP TN P N DON NH4-N NO3-N 

12 Feb 
19 Feb 
26 Feb 
Average 

13 Mar 
20 Mar 
27 Mar 

3 Apr 
Average 

10 Apr 
17 Apr 
24 Apr 

1 May 
Average 

8 May 
15 May 
22 May 
29 May 
Average 

5 Jun 
19 Jun 
26 Jun 
Average 

3 J u l  
10 J u l  
17 J u l  
24 J u l  
Average 

31 J u l  
7 Aug 

14 Aug 
21 Aug 
Average 

(cont inued)  

32 



Table 7. (concl uded) 

Date 
(1  979) TPa PP FUP FRP TN P N DON NH4-N NO3-N 

28 Aug 
4 Sep 

18 Sep 
Average 

25 Sep 
2 Oct 
9 Oct 

16 Oct 
Average 

23 Oct 
30 Oct 
6 Nov 

13 Nov 
Average 

20 Nov 
27 Nov 
4 Dec 

11 Dec 
Average 

18 Dec 
26 Dec 
Average 

aTP, t o t a l  phosphorus; PP, p a r t i c u l a t e  phosphorus ; FUP f i  1 t e r a b l e  un reac t i ve  
phosphorus; FRP, f i l t e r a b l e  r e a c t i v e  phosphorus; TN, t o t a l  n i t rogen;  PN, 
p a r t i c u l a t e  n i t r ogen ;  DON, d i sso l ved  organic  n i t r ogen .  



Table 8. Total amounts of nutrients,  in grams per m 2 ,  added during the 
46-week 1 oadi ng period for  the f ive  treatments. Background 
amounts are estimated from another study for  comparison w i t h  
loading rates.  

Treatment TP PP FUP FRP T N PN DON N H 4 - N  NO3-N 

Sewage 11.1 2 .2  1.2 

Background 
aqueous 
inputsa 0.13 - - 
Background 
leaf l i t t e r  
i nputsa 0.29 - - 

aAnnual fluxes from canopy to  forest  f loor of throughfall (aqueous) and leaf 
1 i t t e r  (Brinson e t  a1 . 1980) 

small t rees  growing i n  the chambers, we removed leaves from several heights. 

Analyti cal Procedures 

On unfiltered water samples, total  phosphorus (TP) was measured by the 
molybdate spectrophotometric method a f t e r  persulfate digestion (U. S.  Envi - 
ronmental Protection Agency 1976). Particulate phosphorus was calculated 
from the difference between total  phosphorus analysis and the same analysis 
a f t e r  f i l t r a t i o n  of the sample through Gelman Type-A/E glass f ibe r  f i l t e r s .  
Fi 1 terable reactive phosphorus (FRP)  was determined by the molybdate method 
(without persulfate digestion) and f i  1 terable unreactive phosphorus was (FUP) 
calculated as the difference between f i 1 terabl e total  phosphorus and FRP. 

Particulate nitrogen was determined by Kjel dahl analysis (Bremner 1965) 
on the glass f i l t e r s  a f t e r  f i l t e r i n g  500 m l  of sample. The f i l t r a t e  a lso 
underwent Kjeldahl digestion. Ammonia was steam d i s t i l l e d  from these digestates 
and the ammoni um concentrations of the di s t i  11 ates were determined by i ndophenol 



absorption (Scheiner 1976). Ammoni um in f i 1 tered samples was col 1 ected by 
steam d i s t i l l a t ion .  Devarda's alloy was added t o  the d i s t i l l a t i o n  f lask t o  
convert n i t r a t e  to  ammonium prior  to  the second d i s t i l l a t ion .  Although th i s  
second d i s t i l l a t ion  would include ammonium from n i t r i t e  as well as n i t r a t e ,  
n i t r i t e  concentrations in surface and i n t e r s t i t i a l  water were judged to  be 
extremely low by independent analyses. Dissolved organic nitrogen (DON) 
was calculated by subtracting ammonium concentration from the Kjeldahl 
nitrogen resul ts  of f i 1 tered samples . Dissolved organic carbon (DOC) was 
determined with a Beckman 915 Total Carbon Analyzer. 

Sediment samples were prepared by removing roots,  twigs and other large 
woody material and homogenizing the wet samples i n  a blender. Percent moisture 
was determined by weight loss of a subsample dried a t  105~C. Extractable 
phosphorus and exchangeable n i t r a t e  and ammonium were analyzed on the wet, 
homogenized samples since a i r  drying or oven drying can a l t e r  resu l t s  (Bremner 
1965), par t icular ly we f e l t ,  in sediments which would normally be flooded or 
saturated. Results are  expressed on a dry mass basis by correcting for  
moisture content. 

The extractable phosphorus procedure i s  described by Olsen and Dean 
(1965) based on a method using dl 1 ute HC1-H2S04 (Nelson e t  a1 . 1953). Reactive 
phosphorus in the extract  was measured by the molybdate method. Exchangeable 
n i t r a t e  and ammoni um in sediment samples were determined using nonacidified 
2N KC1 as the exchange solution (Bremner and Keeney 1966). After f i l t r a t i o n  
to  remove sediment, ammonium and n i t r a t e  concentrations were determined by 
steam d i s t i l l a t ion  and the indophenol method as described above on water samples, 

Oven dried sediment samples (105OC) were used fo r  Kjeldahl nitrogen 
determination. Percent ash was determined by igniting samples in a muffle fur- 
nace fo r  3 h a t  500°C. Organic carbon was calculated as 0.5 of the weight loss 
from ashing. Acid digestion of the ash for  to ta l  phosphorus content of the 
sediment followed A1 len e t  a1 . (1974). Determination of total  ~ h o s ~ h o r u s  was 
done by the molybdate method (u: S. ~nvironmental Protection ~ ~ e n c y '  1976). 

Leaf l i t t e r  from the fores t  f loor  and leaves attached to t rees  were 
oven dried, pulverized in a Wiley mi l l ,  ashed a t  500°C a n d  analyzed for  
phosphorus as described f o r  sediment samples. Total nitroqen of leaves was 
determined by the Kjel dahl procedure. 

RESULTS 

Hydroperi od 

From February 1979 through January 1980, 124 cm of rainfal l  were record ed 
and surface water was present on the study s i t e  approximately 78% of the time 
(Figure 8) .  The drydown period extended from July t o  mid-September , fol 1 owed 
by a short  period of r iver  overflow. A second drydown period in November 
resulted from continued evapotranspiration and drainage during October. 

Flooding resulted from both overbank flow of the Tar River and replen- 
ishment by local precipitation, The largest  flood (3-4 weeks) occurred in 



TAR RIVER SWAMP 
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Figure 8.  P r e c i p i t a t i o n  ( a )  and water level  (b)  a t  Tar Swamp from February 
1979 through February 1980. 



February and March fo l lowed by several  per iods  o f  minor f l o o d i n g  before  a 
second major f l ood  i n  June. As a r e s u l t  of t he  June f lood and genera l l y  h igh  
l o c a l  p r e c i p i t a t i o n  i n  the  spr ing ,  the  p e r i o d  o f  warm season drydown was 
sho r te r  than t h a t  observed f o r  prev ious years. The f l o o d  i n  September i n t e r -  
rup ted  the  normal ly  p e r s i s t e n t  d r y  p e r i o d  which u s u a l l y  extends from e a r l y  June 
through October o r  November du r ing  more t y p i c a l  years. 

Water and Exchangeable Pools 

E f fec ts  of t reatments on the  n u t r i e n t  l e v e l s  o f  sur face and subsurface 
water a r e  apparent i n  t he  means and ranges o f  n u t r i e n t  f r a c t i o n s  du r ing  the  
l oad ing  p e r i o d  from 13 March through 18 December 1979 (Tab1 es 9 and 10) .  
Tests f o r  s i g n i f i c a n t  di f ferences among treatments were n o t  attempted f o r  
mean n u t r i e n t  l e v e l s  because of t h e  non-normal i ty  o f  concent ra t ion  d i s t r i -  
b u t i o n  which r e s u l t e d  from n u t r i e n t  accumulation du r ing  the  p e r i o d  o f  l oad ing  
and poss ib le  confounding ef fects of seasona l i t y .  However, the  ef fects o f  
t reatments are  r e a d i l y  apparent when compared w i t h  average n u t r i e n t  l e v e l s  of 
con t ro l s .  A comparison of sur face and subsurface water between t h e  c o n t r o l  
chamber and unenclosed area revealed t h a t  concentrat ions were so s i m i l a r  t h a t  
a "chamber e f f e c t "  due t o  enclosure can be disregarded. Where phosphate 
was added by i t s e l f  (PO4 t reatment) ,  n i t r a t e  and ammonium l e v e l s  a l s o  were 
s i m i l a r  t o  those o f  con t ro l s .  Likewise, FRP concentrat ions i n  NHq and NO3 
t reatments were i n d i s t i n g u i s h a b l e  f rom those o f  con t ro l s .  I f  i n t e r a c t i o n s  
occurred between phosphorus and n i t r o g e n  loading,  they were undetectable by 
these comparisons. 

Ammon i um 

Mean concent ra t ion  o f  ammon 
(F igure  9) d i d  n o t  exceed ,0. l  mg 
May through Ju ly .  Even w i t h  the  
conta ined f a r  l e s s  ammonium than 
(F igure  9a and b). 

um i n  the  sur face water of t he  c o n t r o l s  
N H ~ - N - ~  i t e r - 1  except du r ing  t h e  months o f  
increase p r i o r  t o  summer drydown, c o n t r o l  s  
the  day 7 samples from a l l  o the r  t reatments 

Treatments r e c e i v i n g  ammonium (NH4, PNN, and sewage) showed f a i r l y  l a r g e  
decreases i n  concent ra t ion  between day 0 and day 7 a t t r i b u t a b l e  t o  uptake by 
sediment and subsurface water as w e l l  as some leakage f rom chambers. Dur ing 
March and e a r l y  A p r i l ,  concentrat ions on day 7 remained low i n  NHq and PNN 
treatments. Movement o f  ammonium from the  sur face t o  subsurface water and 
sediment i s  suggested s ince  subsurface ammonium concent ra t ions  (F igure  10a) 
f o r  t he  two treatments a l s o  rose. Exchangeable ammonium f o r  t he  PNN t r e a t -  
ment increased between A p r i l  and May (F igure  I l a )  b u t  o n l y  s l i g h t l y  f o r  t h e  
NH4 t reatment  (F igure  l l b ) .  The sewage t reatment  concent ra t ions  on day 7 
du r ing  the  p e r i o d  ending i n  J u l y  were s i m i l a r  t o  those o f  the NH4 treatment.  

Some of t he  increases i n  concent ra t ion  were caused by decreasing water 
l e v e l s ,  a phenomenon t h a t  i s  apparent from the  p e r i o d  p r i o r  t o  the  J u l y  and 
t h e  October-November drydowns. However, the  day 7 l e v e l s  o f  both the  NH4 
and sewage treatments du r ing  l a t e  September and e a r l y  October remained low 
as compared w i t h  those o f  t he  PNN t reatment .  The PNN t reatment  had deeper 
water than o the r  t reatments as a r e s u l t  o f  t he  low e l e v a t i o n  o f  the  sediment 



Table 9. Averages and ranges o f  nutr ient  concentrations i n  surface water from 13 March through 
18 December 1979. Values in mg.liter-1. 

Treatments 

Nutrient Control Unenclosed 
f rac t ion  P04 NH4 N03 PNN Sewage chamber area 

- 
TP x 8.60 0.42 0.40 23.4 1.58 0.63 0.58 

range 0.08-16.7 0.07-1.04 0.05-0.85 0.03-26.3 0.08-3.55 0.10-2.16 0.06-1.74 
- 

P P x 1 .OO 0.24 0.20 6.85 0.40 0.31 0.30 
range 0.00-4.14 0.01-0.63 0.00-0.51 0.03-26.3 0.01-0.84 0.06-1.80 0.00-1.49 

- 
FUP x 0.15 0.07 0.06 3.67 0.14 0.08 0.06 

range 0.00-0.52 0.01-0.23 0.01-0.12 0.01-20.9 0.04-0.49 0.00-0.39 0.01-0.11 
- 

w FRP x 7.45 0.11 0.13 11.9 1 .04 0.24 0.21 
CX, range 0.03-14.9 0.01-0.33 0.03-0.28 0.04-29.3 0.03-2.84 0.03-0.53 0.03-0.44 

- 
TN x 1.57 6.58 1.65 9.44 5.30 2.24 2.75 

range 0.43-2.84 1.74-14.7 0.44-2.71 0.41-23.1 0.49-11.1 0.45-11.0 0.48-14.2 
- 

P N x 0.36 1.10 0.28 0.68 0.35 1 . l l  1.43 
range 0.01-1.82 0.03-2.17 0.01-0.44 0.00-5.33 0.01-0.90 0.00-8.63 0.01-12.2 

- 
DON x 1 .09 1.11 1.15 2.02 2.06 1.02 1.15 

range 0.42-1.68 0.43-2.26 0.41-1.67 0.19-5.90 0.39-3.82 0.44-2.27 0.46-1.97 
- 

NH4-N x 0.12 3.74 0.23 7.08 2.89 0.11 0.18 
range 0.01-0.59 0.01-11.2 0.01-0.84 0.01-19.6 0.01-6.55 0.01-0.68 0.01-1.11 

- 
NO3-N x 0.05 0.08 0.08 0.43 0.08 0.05 0.07 

range 0.01-0.24 0.01-0.31 0.01-0.29 0.05-2.70 0.01-0.24 0.01-0.04 0.01-0.48 



Table 10. Averages and ranges of nutrient concentrations i n  subsurface water from 13 March through 
18 December 1979. Values i n  mg.l i ter - l .  

Treatments 

Nutrient Control Unenclosed 
f r ac t i on  P04 NH4 N03 PNN Sewage chamber area 

- 
TP x 2.23 0.39 0.45 1.69 0.55 0.79 0.57 

range 0.68-4.11 0.33-0.46 0.31-0.58 0.62-4.21 0.41-0.69 0.48-1.19 0.40-0.73 
- 

P P x 0.19 0.05 0.09 0.10 0.06 0.07 0.08 
range 0.00-1.01 0.01-0.10 0.01-0.18 0.02-0.15 0.00-0.18 0.00-0.17 0.01-0.18 

- 
FUP x 0.05 0.04 0.05 0.16 0.04 0.04 0.05 

W 
range 0.00-0.15 0.00-0.13 0.00-0.17 0.00-0.72 0.00-0.13 0.00-0.08 0.00-0.16 

cO - 
FRP x 2.00 0.30 0.31 1.44 0.46 0.68 0.45 

range 0.43-4.05 0.21-0.38 0.19-0.49 0.30-4.13 0.17-0.61 0.48-1.04 0.32-0.62 
- 

TN x 1.60 1.66 1.99 2.66 1.95 1.38 1.67 
range 1.24-1.94 1.16-2.42 1.59-2.71 1.42-3.45 1.35-2.48 0.98-1.89 1.42-2.09 

- 
P N x 0.02 0.04 0.08 0.06 0.04 0.02 0.07 

range 0.00-0.07 0.01-0.13 0.00-0.24 0.01-0.17 0.00-0.15 0.00-0.06 0.00-0.21 
- 

DON x 1.52 1.27 1.74 1.44 1.71 1 .25 1.43 
range 1.16-1.91 0.97-1.89 1.35-2.04 0.87-2.36 1.20-2.16 0.96-1.40 1.10-1.65 

- 
NH4-N x 0.06 0.35 0.17 1 .25 0.20 0.11 0.18 

range 0.01-0.29 0.01-0.64 0.01-0.52 0.51-2.21 0.01-0.59 0.01-0.45 0.01-0.71 
- 

~ 0 3 - N  x 0.03 0.02 0.02 0.04 0.02 0.02 0.02 
range 0.01-0.09. 0.01-0.05 0.01-0.04 0.01-0.23 0.01-0.04 0.01-0.09 0.01-0.05 



Figure 9. Ammoni um concentrations of surface water (a )  in the NH4 and PNN 
treatments, ( b )  in the sewage treatment, and ( c )  in controls not 
receiving ammonium loading. In a and b upper l ines  are concentra- 
t ions < 1 h a f t e r  addition (day 5) and-lower l ines  are  concentra- 
tions a f t e r  7 days. Control concentrations are the means of the 
PO4 treatment, NO3 treatment, chamber control and open area. 



SUBSURFACE WATER 

Figure 10. Ammonium concentrations of subsurface water in ( a )  NHq, PNN,  and 
sewage treatments, ( b )  PO4 and NO3 treatments, and ( c )  controls. 



EXCHANGEABLE AMMONIUM 
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Figure 11. Exchangeable ammonium concentrations of the surface sediment fo r  
( a )  NH4, PNN, and sewage treatments, and (b) NO3 and PO4 treatments 
and controls. 

surface. The higher ammonium concentration in subsurface water and ex- 
changeable ammonium a t  the beginning of the sampling period (8 February 
1979) points to  inherent ammonium richness i n  the P N N  chamber (Figure 10a 
and 1 l a ) .  Thus less  time and quantity of ammonium was required to  saturate  
sediment pools. Lower accumulation of ammonium i n  sediment pools of the 
sewage treatment (Figure lob and 1lb)  may be partly a resu l t  of greater 
leakage from chambers due t o  the hydraulic head created by the weekly addition 
of 5 cm (70 l i t e r s )  of sewage effluent.  Other treatments, receiving only 
0.5 l i t e r s  of water during addition would not have a corresponding displace- 
ment of water from the chamber. 

Nitrate 

For most of the period of n i t r a t e  loading in NO3 and PNN treatments, 
n i t r a t e  concentrations in surface water dropped t o  less  than 0.5 mg 
~ 0 3 - N -  1 i ter-1 on day 7 a f t e r  n i t r a t e  addition (Figure 12a). Elevated n i t r a t e  
concentrations a t  day 7 were more frequent i n  the PNN treatments than the 
NO3 treatments, perhaps a resu l t  of the lower elevation of the PNN chamber 



SURFACE WATER 

Figure 12. Nitrate concentrations of surface water in the ( a )  NO3 and PNN 
treatments and (b) sewage treatment. Surface water concentrations 
of controls not receiving n i t r a t e  are  not graphed because mean 
values exceeded 0.1 mg N O ~ - N * ~  i ter-1 only once a f t e r  the f i r s t  month. 

as  previously discussed. Nitrification probably was not an important source 
of n i t r a t e  in the PNN chamber because there was l i t t l e  evidence for  n i t r a t e  
accumulation in other NH4 treatments. In the sewage treatment, low day 0 
concentrations of n i t ra te  (Figure 12b)  were a resu l t  of the low concentrations 
of n i t r a t e  in the sewage effluent (Table 7 ) .  In the absence of large n i t r a t e  
accumulation i n  surface water, concentrations in the subsurface water and in 
the exchangeable sediment pool were likewise extremely low and could not be 
distingui shed from those in controls. Surface water concentrations of controls 
not receiving n i t r a t e  addition are not graphed because of the i r  extremely low 
values. Average concentrations of these controls exceeded 0.1 mg N O ~ - N * ~  i ter-1 
only once a f t e r  the f i r s t  m o n t h  of sampling. 

The NO3 treatment d i d  not appear to  a f fec t  ammonium concentrations in 
sediment pools. Subsurface water ammonium concentration (Figure lob) and 



Figure 13. F i l t e rab le  react ive  phosphorus (FRP) concentrations of surface 
water i n  ( a )  PO4 and P N N  treatments, (b) sewage treatment, and 
(c )  controls  not receiving phosphate loading. In a and b upper 
1 ines a r e  concentrations < 1 h a f t e r  addit ion (day-0) and lower 
l i ne s  a re  concentrations 7 days l a t e r .  Control concentrations 
a re  the mean of the  NH4 treatment, NO3 treatment, chamber control ,  
and unenclosed area. 

exchangeable ammonium (Figure 1lb)  were n o t  notably d i f f e r en t  from those of 
controls (Figure 10c and l l c ) .  

Phosphorus 

Fi 1 terabl  e react ive  phosphorus (FRP) concentrations i n  surface water of 
the  PO4 and PNN treatments fo r  day 7 increased rapidly during March through 
ear ly  May 1979 (Figure l3a) .  Thereafter. increase was even more rapid 
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F igu re  14. F i  1  t e r a b l e  r e a c t i v e  phosphorus (FRP) concen t ra t i ons  o f  subsur face  
water  i n  ( a )  PO4 and PNN t reatments ,  ( b )  sewage t rea tment ,  and 
( c )  c o n t r o l s .  

f o l  l ow ing  drydown and over f low episodes. A f t e r  t h e  f i n a l  a d d i t i o n  o f  phosphate, 
FRP concen t ra t i ons  of t h e  su r f ace  wate r  decreased d u r i n g  t h e  f o l l o w i n g  3  months 
b u t  l e v e l s  i n  A p r i l  1980 were s t i l l  above those of t h e  c o n t r o l s  ( F i g u r e  13c)  
and t h e  sewage t rea tment  ( F i g u r e  13b). The sewage t r ea tmen t  had much lower  
concen t ra t i ons  than t h e  PO4 and PNN t rea tments  a t  day 0  and day 7, p a r t l y  

I because t h e  l o a d i n g  r a t e  o f  FRP was much lower  (Tab le  8 )  and more leakage f rom t h e  chamber may have been i nvo l ved .  Con t ro l  concen t ra t i ons  r ose  as h i g h  as 
0.38 mg FRP* l i t e r - 1  i n  May, b u t  most o f  t h e  va lues  d u r i n g  t h e  y e a r  f e l l  below 
t h e  0.10 m g - l i t e r - ]  l e v e l .  

I Concent ra t ions o f  FRP i n  subsur face wate r  o f  c o n t r o l s  (F i gu re  14c) were 
h i g h e r  than  those o f  t h e  su r f ace  wate r  o f  c o n t r o l s .  Leve ls  o f  FRP i n  t h e  

I 

sewage t rea tment  subsur face wa te r  (F i gu re  14b) were s i m i l a r  t o  o r  f r e q u e n t l y  lower  than those o f  t h e  c o n t r o l s  p r i o r  t o  t he  drydown p e r i o d  i n  August and 
September when subsurface wate r  was n o t  a v a i l a b l e  f o r  a n a l y s i s .  Thereaf ter ,  
FRP showed a  p a t t e r n  of s l i g h t l y  h i g h e r  concen t ra t i ons  i n  t h e  sewage t r ea tmen t  
than  f o r  c o n t r o l s .  

I 

For  t h e  PO4 and PNN t rea tments ,  subsur face wate r  c o n c e n t r a t i o n  g radua l  l y  



increased u n t i l  t h e  f i n a l  a d d i t i o n  (F igure  14a). The h i g h  November and 
December values f o r  t h e  PNN t reatment  represent  a d i s c o n t i n u i t y  i n  t h i s  
p a t t e r n  which may have been a r e s u l t  o f  more d i r e c t  exchange o f  surface 
w i t h  subsurface water. Regard1 ess , a1 1 subsurface water samples had 
concentrat ions we1 1 below those o f  t he  sur face  water w i t h  t h e  except ion 
o f  t h e  con t ro l s .  As a r e s u l t ,  t h e  g rad ien t  o f  FRP d i f f u s i o n  i n  c o n t r o l s  
was from the  subsurface t o  sur face  water  i n  c o n t r a s t  t o  t h e  PO4 and PNN 
t reatments where the  d i r e c t i o n  o f  t h e  d i f f u s i o n  g rad ien t  was reversed. 

Concentrat ions o f  e x t r a c t a b l e  phosphorus i n  t h e  sediments v a r i e d  
1 i t t l e  seasonal ly  i n  c o n t r o l s  (ca. 100-1 50 ug*  kg-1) except du r i ng  t h e  
drydown p e r i o d  i n  l a t e  J u l y  and i n  August when concentrat ions were lower 
(F igure  15c).  I n  t h e  PO4 and PNN treatments, susta ined l oad ing  o f  phosphate 
r e s u l t e d  i n  accumulations o f  e x t r a c t a b l e  phosphorus reaching as h igh  as 
800 p g * k g - l  i n  one case (F igure  l 5 a ) .  The sewage t reatment  accumulated 
l ess  e x t r a c t a b l e  phosphorus than the  PO4 and PNN treatments and rose  t o  
concentrat ions approximately tw ice  those o f  c o n t r o l s  toward t h e  end of 
t h e  p e r i o d  o f  phosphate a d d i t i o n  (F igure  l 5 b ) .  A f t e r  t h e  f i n a l  a d d i t i o n ,  
t he re  was l i t t l e  tendency f o r  t h i s  pool t o  decrease i n  concent ra t ion .  

Sediment Composition 

Sediment samples showed l i t t l e  v a r i a t i o n  i n  organic  carbon, t o t a l  
ni t -rogen and t o t a l  phosphorus among treatments o r  among sampling dates 
(Tab1 e 11 ) . Average concen t ra t i  ons ranged between 15.4% and 16.8% f o r  
o rgan ic  carbon, between 1.05% and 1.21% f o r  t o t a l  n i t r ogen ,  and between 
0.110% and 0.170% f o r  t o t a l  phosphorus. The l a r g e s t  d i f f e rences  among 
sampling dates occurred i n  phosphorus i n  t he  PO4 and PNN t reatments as 
shown by an approximate doubl ing i n  phosphorus concent ra t ion  between 
6 February and 28 August 1979. The e f f e c t  o f  PO4 load ing  i s  shown more 
c l e a r l y  by expressing the  phosphorus conten t  as t he  atomic r a t i o  t o  carbon 
and n i t r o g e n  (Table 12). I n  t he  PO4 and PNN treatments, C:P and N:P r a t i o s  
decrease t o  about one-ha l f  o f  t he  values t h a t  e x i s t e d  p r i o r  t o  n u t r i e n t  
a d d i t i o n  t o  chambers. The sewage t reatment  a l so  showed a decrease i n  these 
r a t i o s  r e l a t i v e  t o  those i n  t he  c o n t r o l  and open area, bu t  t o  a l esse r  
ex ten t  than the  PO4 and PNN treatments. 

Leaf  L i t t e r  

Leaf 1 i t t e r  was c o l  l e c t e d  monthly from February 1979 through February 
1980 and analyzed f o r  t o t a l  n i t r o g e n  except dur ing  a p e r i o d  f rom J u l y  through 
October when t o o  1 i t t l e  m a t e r i a l  was a v a i l a b l e  f o r  c o l l e c t i o n  because of 
decomposit ion. Two a d d i t i o n a l  c o l l e c t i o n s  were made i n  A p r i l  and June 1980 
t o  f o l l o w  concentrat ions dur ing  the  season f o l l o w i n g  n u t r i e n t  a d d i t i o n s .  

When compared w i t h  t he  mean values f o r  c o n t r o l s  n o t  r e c e i v i n g  phosphate 
a d d i t i o n  (F igure  16b), phosphorus concent ra t ions  of l e a f  l i t t e r  i n  t h e  P04, 
PNN, and sewage t reatments showed grea ter  r a t e s  o f  increase between February 
and J u l y  1979 and the  p e r i o d  between October 1979 and June 1980 (F igure  16a). 
During bo th  per iods,  t he  increases i n  t he  sewage t reatment  was l e s s  r a p i d  
than f o r  t h e  PO4 and PNN treatments, presumably because o f  t h e  lower phosphate 
l oad ing  r a t e  i n  t he  sewage t reatment  chamber (Table 8) .  The amount of 



EXTRACTABLE SEDIMENT PHOSPHORUS 

Figure 15. Extractable phosphorus concentrations of the surface sediment for  
( a )  PO4 and PNN treatments, ( b )  sewage treatment, and ( c )  controls. 

decomposition of leaves present i n  February 1979 and October 1979 was different  
as those sampled i n  February 1979 had been on the forest  f loor since autumn 
leaf f a l l  of the previous year (October and November). Although those sampled 
during the period beginning i n  October 1979 were freshly fal len leaves, they 
did not appear to  d i f f e r  from the older leaves i n  the i r  response to  phosphorus 
loading. After the final addition of phosphate on 26 December, differences in 
concentration among treatments and controls persisted. 

There was less  difference between nitrogen concentrations of leaf 1 i t t e r  
among treatments (Figure 17) than for  phosphorus. Controls not receiving 
additions of nitrogen (Figure 1 7 b )  tended to have lower concentrations than 
those that  received weekly additions of nitrogen (Figure l7a) .  Seasonal 
trends in concentrations for  controls are similar to  those previously reported 
during leaf 1 i t t e r  decomposition (Brinson 1977). 
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Table 12. Atomic r a t i o s  o f  t o t a l  carbon, n i t r o g e n  and phosphorus i n  sediments. 

6 Feb 8 May 28 Aug 20 Nov 13 Feb 11 Apr 
Treatment 1979 1979 1979 1979 1980 1980 ~ v e r a g e ~  

PO4 t rea tment  
C: N 12.8 11.7 11.6 12.0 
C: P 63.4 34.6 28.1 30.8 
N:P 5.0 3.0 2.4 2.6 

NH4 t rea tment  
C:N 15.4 12.9 13.5 13.3 
C:P 56.6 60.7 55.2 60.0 
N:P 3.7 4.7 4.1 4.5 

NO3 t rea tment  
C: N 12.4 11.8 11.9 11.8 
C: P 58.7 59.2 55.4 49.1 
N:P 4.7 5.0 4.7 4.2 

PNN t rea tment  
C: N 12.4 10.8 11.7 11.8 
C:P 62.4 44.9 23.2 36.8 
N:P 5.0 4.2 2.0 3.1 

Sewage t rea tment  
C:  N 12.5 12.0 11.5 11.2 
C: P 61.2 57.1 44.1 46.5 
N: P 4.9 4.7 3.9 4.1 

Cont ro l  
C:N 12.5 11.2 12.2 12.3 
C:P 48.2 55.8 51.2 51.4 
N:P 3.9 5.0 4.2 4.2 

Unenclosed area 
C:N 11.6 13.5 11.9 12.4 
C: P 49.9 63.7 50.1 51.6 
N:P 4.3 4.7 4.2 4.1 

a ~ v e r a g e  r a t i o s  were c a l c u l a t e d  f rom mean of t h e  concen t ra t i ons  i n  Tab le  11. 
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Figure 16. Phosphorus concentrations of leaf l i t t e r  in treatment and control 
chambers. 

Foliar Nitrogen and Phosphorus 

The resul ts  of nitrogen and phosphorus concentrations of leaves collected 
from trees  were placed into groups based on the expected response to  treatments. 
Treatments in which ammonium was applied (NHq, PNN,  sewage) were compared to  
treatments not receiving ammonium (Figure l8a) .  Most rapid decreases in 
nitrogen concentration occurred in April following leaf emergence, and in the 
f a l l  prior to  leaf abscission. Differences in mean concentration between 
ammonium treatments and other treatments began to appear in l a t e  summer 1979 
and were particularly notable the following spring in April during leaf 
expansion. 

No pattern similar to  that  of nitrogen occurred when comparing the 
treatments receiving phosphate (PO4 and P N N )  and those not receiving phosphate. 
The sewage treatment was included with the groups not receiving phosphate since 
quantit ies added were well ,.below the PO4 and PNN treatments. Strong seasonal 
changes in f o l i a r  concentrarjon occurred (Figure 18b) as they did fo r  nitrogen, 
b u t  differences among treatment groups were not apparent. The differ ing 
phosphorus concentrations in April for  the two years can be explained by the 
maturity of leaves a t  the time of collection. In April 1980 the expanding 
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F igu re  17. N i t r ogen  concen t ra t i ons  o f  l e a f  l i t t e r  i n  t rea tment  and c o n t r o l  
chambers. 

leaves were l e s s  mature and more concentrated i n  phosphorus than t h e  p rev ious  
y e a r ' s  1  eaves. 

DISCUSSION 

Response o f  N i t r oqen  and Phosphorus 

Pools t o  N u t r i e n t  Load ing  

The sediment-water system had d i f f e r i n g  c a p a c i t i e s  t o  accumulate and 
t r ans fo rm  n i t r a t e ,  ammonium, and phosphate. For t h e  NO3 and PNN t rea tments ,  
t h e r e  was l i t t l e  evidence of n i t r a t e  accumulat ion i n  t h e  su r f ace  water ,  
subsur face water,  o r  t h e  exchangeable f r a c t i o n  o f  sediment. The c a p a c i t y  o f  
t h e  system t o  d e n i t r i f y  added n i t r a t e  (43 g  N O ~ - N . ~ - ~ )  was n o t  exceeded d u r i n g  
t h e  46-week l o a d i n g  pe r i od .  Whi le n i t r a t e  concen t ra t i ons  i n  t h e  surface wate r  
were o c c a s i o n a l l y  e l eva ted  above those o f  c o n t r o l s  (F i gu re  12) ,  n i t r a t e  poo ls  
i n  sediment d i d  n o t  d i f f e r  from c o n t r o l s .  Organic carbon i n  sediment, which 
ranged between 14% and 20% o f  d r y  sediment we igh t  (Table l l ) ,  was s u f f i c i e n t l y  
h i gh  t o  p rov ide  an energy source f o r  d e n i t r i f y i n g  b a c t e r i a  and t o  ma in ta i n  low 
redox p o t e n t i a l  f o r  d e n i t r i f i c a t i o n  t o  proceed. 
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F igu re  18. Fo l  i a r  concent ra t ions  o f  (a)  n i t r o g e n  and (b) phosphorus. "Ammoni um" 
t reatments i n c l  uded NHq, PNN, and sewage. "Phosphorus" t reatments 
i nc luded  PO4 and PNN, b u t  n o t  sewage s ince  t h e  amount o f  phosphorus 
i n  sewage was w e l l  below t h a t  rece ived by t h e  PO4 and PNN t reatments.  



Both ammonium and phosphate added t o  t h e  su r f ace  wate r  showed s u b s t a n t i a l  
accumulat ion i n  exchangeable and e x t r a c t a b l e  poo l s  , r e s p e c t i v e l y .  However, 
t h e  exchangeable ammonium poo l  showed a  l a r g e  seasonal f l u c t u a t i o n ,  d ropp ing  
t o  p re t r ea tmen t  concen t ra t i ons  d u r i n g  t h e  drydown p e r i o d  i n  summer ( F i g u r e  11 ) . 
I n  c o n t r a s t ,  e x t r a c t a b l e  phosphorus showed an o v e r a l l  i n c rease  d u r i n g  t h e  
l o a d i n g  p e r i o d  which was r e l a t i v e l y  u n a f f e c t e d  by season ( F i g u r e  15) .  The 
decrease i n  exchangeable ammoni um concen t ra t i ons  o f  c o n t r o l  s  ( F i g u r e  11 b)  
d u r i n g  June and J u l y  suggests t h a t  drydown and exposure o f  sediment su r f ace  
t o  t h e  atmosphere r e s u l t s  i n  a  seasonal d e p l e t i o n  o f  sediment ammonium. 

When n u t r i e n t  va lues a r e  expressed as c o n c e n t r a t i o n  i n  wa te r  o r  sediment, 
i t  i s  d i f f i c u l t  t o  compare compartments and t h e i r  c o n t r i b u t i o n s  t o  o v e r a l l  
n u t r i e n t  s torage.  When concen t ra t i ons  a r e  conver ted  t o  a  u n i t  area bas i s ,  t h e  
d i s t r i b u t i o n  o f  n i t r o g e n  and phosphorus among compartments can be observed 
a l ong  w i t h  t h e  changes i n  poo ls  over  t h e  l o a d i n g  pe r i od .  These c a l c u l a t i o n s  
were done f o r  n i t r o g e n  and phosphorus p r i o r  t o  n u t r i e n t  a d d i t i o n  and a f t e r  
10 months o f  l o a d i n g  (Tab le  13) .  To ta l  sediment n i t r o g e n ,  390 g  ~ . m - 2 ,  was 
by f a r  t h e  l a r g e s t  poo l ,  most o f  which i s  presumed t o  be o r g a n i c  n i t r o g e n .  Due 
t o  t h e  l a r g e  s i z e  of t h i s  compartment, i t  was i n s e n s i t i v e  t o  changes i n  t h e  
much sma l l e r  q u a n t i t i e s  i n  subsur face water  and exchangeable ammonium. T o t a l  
n i t r o g e n  i n  subsurface wate r  i s  ve r y  smal l  i n  comparison t o  exchangeable 
ammonium and does n o t  r ep resen t  a  s i g n i f i c a n t  s i n k  f o r  added ammonium. 
D i f f e r e n c e s  i n  t h e  amount o f  n i t r o g e n  and phosphorus i n  t h e  l e a f  l i t t e r  
compartment a r e  expressed on1 i n  terms o f  concen t ra t i on ,  w i t h  d r y  we igh t  
assumed cons tan t  a t  0.3 k g ~ m - 3  (unpub l i shed  da ta ) .  Both e x t r a c t a b l e  phosphorus 
and phosphorus i n  l e a f  l i t t e r  rep resen ted  s i g n i f i c a n t  p o o l s  o f  accumulat ion.  
Phosphorus was r e t a i n e d  t o  a  much g r e a t e r  e x t e n t  than  ammonium. 

The accumulat ions apparent  f rom Table  13 rep resen t  t h e  n e t  d i f f e r e n c e  
between ( a )  exper imenta l  and n a t u r a l  l o a d i n g  r a t e s  ( 1  i t t e r f a l l  and through-  
f a l l  ) and (b )  losses  (up take  by vege ta t i on ,  leakage f rom chambers, and atmos- 
p h e r i c  l o s s e s ) .  These da ta  a r e  summarized f o r  phosphorus ( F i g u r e  19)  which 
shows a  n e t  l o s s  o f  19.4 g  ~ . m - 2  from the  sediment-water system d u r i n g  t h e  
10-month p e r i o d  under c o n s i d e r a t i o n  (see Table  13) .  Root up take  was taken as 
t h e  sum o f  l i t t e r f a l l  and canopy l each ing  (B r i nson  e t  a l .  1980) p l u s  an 
es t ima te  f o r  wood increment  (16.7% of r o o t  up take)  a v a i l a b l e  f rom a  nearby 
swamp f o r e s t  s t u d i e d  by Yarbro (1979).  S ince phosphorus has no pathway t o  
t h e  atmosphere, t h e  d i f f e rence  between t o t a l  i n p u t s  t o  t h e  sediment and wate r  
compartment (43.7 g Pam-2) and losses  (19.4 g  ~ . m - 2 )  i s  t h e  q u a n t i t y  l o s t  by 
r o o t  i m m o b i l i z a t i o n  and leakage f rom chambers. Thus, excep t  f o r  i m m o b i l i z a t i o n  
by r o o t s ,  phosphorus i s  t r e a t e d  as a  conse rva t i ve  element t h a t  e i t h e r  accu- 
mulates i n  o r  leaks  f rom t h e  chambers. The leakage l o s s  o f  18.6 g  ~ . m - 2 ,  o r  
43% of t h e  l o a d i n g  r a t e ,  i s  l i k e l y  an overes t imate  s i n c e  o n l y  t h e  upper 10 cm 
of sediment were cons idered  t o  accumulate phosphorus and i m m o b i l i z a t i o n  by  
r o o t s  i s  n o t  known. 

I f  t h e  same pe rcen t  of t h e  l o a d i n g  r a t e  leaked from ammonium l o a d i n g  
t rea tments  and a  p r o p o r t i o n a l  c o r r e c t i o n  f a c t o r  i s  a p p l i e d  f o r  wood increment  
o f  n i t r o g e n  as was done f o r  phosphorus, then 13.5 g  ~ . m - 2  was l o s t  by a  
pathway o t h e r  than  r o o t  uptake and leakage ( F i g u r e  19 ) .  A pathway of t h i s  
magnitude i s  suggested i n  t he  r a p i d  disappearance o f  exchangeable ammonium 
d u r i n g  summer drydown ( F i g u r e  11) which cou ld  occur  v i a  t h e  n i t r i f i c a t i o n -  



Table 13. Distribution of nitrogen and phosphorus in surface water and 
sediment prior to  nutrient addition an a f t e r  10 mo. of nutrient 9 loading. All values expressed in g-m' by assuming 10 cm depth 
of surface water and 10 cm depth of sediment (bulk density = 
0.35 g.cm-3). Nitrogen values are  means of N H 4  and PNN t rea t -  
ments and phosphorus values are means of PO4 and PNN treatments. 

In i t i a l  Condition 10 Months Later 
(Feb. 1979) (Dec. 1979) 

Nitrogen 
Surface water 

total  N 
Leaf l i t t e r  

Sediment 
Subsurface water ( a l l  N forms) 0.05 
Exchangeable NHa-N 1.96 
Other forms (by 'difference) 
Total sediment N 

Phosphorus 
Surface water 

total  P 
Leaf l i t t e r  

Sediment 
Subsurface water ( a l l  P forms) 0.014 
Extractable P 1.61 
Other forms (by difference) 
Total sediment P 

deni t r i f i ca t ion  pathway to  the atmosphere. Thus, net accumulations of ammoni um 
in chambers were largely a resu l t  of post drydown additions and natural in- 
creases in exchangeable ammonium as shown for  controls (Figure 11 b ) .  The 
higher fo l i a r  concentrations of nitrogen observed for  the ammonium treatments 
(Figure 18a) may have been a resu l t  of additional ammoni urn supplies during the 
drydown period. When exchangeable ammonium concentrations were low, ni t r i fying 
bacteria may have outcompeted the roots for  available ammonium in controls. 
The rapid disappearance of n i t r a t e  from NO3 treatments (Figure 12a) demonstra- 
ted tha t  deni t r i f icat ion would n o t  be a rate-limiting process in the n i t r i f i ca -  
t ion-denitrification transformation of ammonium. 

For the n i t r a t e  loading treatments, 43% leakage i s  assumed for  n i t r a t e  as 
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F i g u r e  19. Budgets o f  n i t r o g e n  and phosphorus i n  chambers r e c e i v i n g  ammonium 
and phosphate l o a d i n g  f o r  10 months. Values f o r  sediment-water 
system do n o t  i n c l u d e  P and N t h a t  a r e  n o t  e x t r a c t a b l e  o r  exchangeable. 



i t  was f o r  ammonium and phosphorus. Th i s  r a t e  of leakage i s  p robab l y  un rea l -  
i s t i c a l l y  h i gh  because t h e  r a p i d  l o s s  of n i t r a t e  by d e n i t r i f i c a t i o n  i n  t h e  
chambers would p rec lude  i t s  escape f rom t h e  chambers. I f  a n e g l i g i b l e  amount 
o f  n i t r a t e  i s  absorbed by t r e e  roo t s ,  then  t h e  remain ing amount, o r  24.5 g  
~ 0 3 - ~ - m - 2 ,  woul d  be a  conserva t i ve  es t imate  o f  t h e  amount o f  deni  trif i c a t i o n .  
S ince t h e r e  was no i n d i c a t i o n  t h a t  t h e  d e n i t r i f i c a t i o n  c a p a c i t y  o f  t h e  sediment- 
water  system had been reached d u r i n g  t h e  46 week pe r i od ,  t he  p o t e n t i a l  f o r  
d e n i t r i f i c a t i o n  may be much h ighe r  than  t h i s .  The 1 5 ~  exper iment  descr ibed  i n  
t h e  p rev ious  chap te r  (F i gu re  3) i n d i c a t e s  t h a t  t h e  deni  trif i c a t i o n  p o t e n t i a l  may 
be as h i g h  as 23 g  N03-N-m-2 when e x t r a p o l a t e d  t o  a  46 week p e r i o d  and by 
assuming a  cons tan t  deni  tri f i c a t i o n  r a t e .  An undetermined, b u t  p robab l y  smal l  
amount o f  n i t r a t e  may have been reduced t o  ammonium. 

Capac i ty  f o r  A s s i m i l a t i o n  o f  Sewage E f f l u e n t  

The r e s u l t s  f rom chambers t o  which ammonium and n i t r a t e  were added p r o v i d e  
a  bas i s  f o r  e v a l u a t i n g  t he  capac i t y  o f  t h e  sediment-water system f o r  ass im i -  
l a t i n g  these n i t r o g e n  forms. N i t r a t e  l o a d i n g  r a t e  i n  t h e  sewage t r ea tmen t  was 
o n l y  3.6 g  N O ~ - N . ~ - ~  over  t h e  46 week p e r i o d  o r  l e s s  than one- ten th  t h a t  
r ece i ved  by t h e  NO3 and PNN chambers. S ince n i t r a t e  l o a d i n g  r a t e s  of these 
l a t t e r  t rea tments  d i d  n o t  exceed t he  capac i t y  o f  t h e  sediment-water system f o r  
a s s i m i l a t i o n ,  much more sewage e f f l u e n t  cou ld  have been added i f  n i t r a t e  were 
t he  o n l y  c o n s t i t u e n t  f o r  which removal i s  des i red .  

S ince d e n i t r i f i c a t i o n  r e q u i r e s  o rgan i c  m a t t e r  as an energy source, a  
t h e o r e t i c a l  n i  t r a t e  removal c a p a c i t y  cou ld  be c a l c u l a t e d  based on o rgan i c  
carbon i n p u t s  t o  sediments. The s t o i c h i o m e t r i c  r e l a t i o n s h i p  f o r  deni  trif i- 
ca t i on ,  i f  N2 i s  t h e  f i n a l  p roduc t ,  i s  

1  3  1  NO3 + ~ ~ [ H C H O ]  + -N2 + -Hz0 + 1-C02 + OH- 
4  2  4  4  

(Delwiche 1977) o r  a  C:N r a t i o  o f  1.25:1 (1 .07: l  by we igh t ) .  I f  nonwoody l i t t e r -  
f a l l  were cons idered as t h e  o n l y  o rgan i c  carbon source f o r  d e n i t r i f i c a t i o n  
(238 g-m-2eyrj l ;  B r inson  e t  a l .  1980), then, f rom the  above equat ion ,  222 g 
N O ~ - N . ~ - ~ . Y ~ -  cou ld  be d e n i t r i f i e d ,  a  va lue  w e l l  above t h a t  c a l c u l a t e d  f o r  t h e  
NO3 chamber. O f  course t h e r e  were o t h e r  supp l i es  o f  o rgan i c  carbon, i . e . ,  stem 
wood and r o o t  biomass p roduc t ion ,  j u s t  as t h e r e  a r e  o t h e r  demands on o rgan i c  
carbon by ae rob i c  and anaerobic  r e s p i r a t i o n .  

When ammonium removal i s  considered, t h e  sewage t rea tment  c l o s e l y  mimicked 
t he  seasonal p a t t e r n  o f  su r f ace  water ,  subsur face water ,  and exchangeable 
ammonium i n  t h e  PNN and NHq t reatments  (F igu re  9 ) .  However, these l a t t e r  t r e a t -  
ments r e s u l t e d  i n  h i g h e r  ammonium concent ra t ions  than t h a t  o f  t h e  sewage t r e a t -  
ment. A t  l e a s t  p a r t  of t h e  d i f f e r e n c e  may be a t t r i b u t e d  t o  g r e a t e r  leakage 
f rom t h e  sewage t rea tment  induced by adding 5  cm o f  e f f l u e n t  water  t o  t h e  sewage 
chamber on a  weekly bas i s .  Some o f  t h i s  l o s s  may have f i l t e r e d  th rough t h e  
u n d e r l y i n g  sediment. Due t o  t h i s  presumed g rea te r  leakage, t h e  r a t i o  o f  
ammonium r e t e n t i o n  t o  i n p u t  o f  ammonium would be lower ,  r ende r i ng  t h e  sewage 
chamber l e s s  e f f i c i e n t  w i t h  r espec t  t o  ammonium removal than t h e  o t h e r  ammonium 
t reatments .  Thus l e s s  accumulat ion o f  exchangeable ammonium occur red  i n  
sediment ( F i g u r e  11)  and l e s s  ammonium accumulated i n  t h e  s u r f a c e  and sub- 
su r f ace  water  (F igures  9  and 10) f o r  t h e  sewage t rea tment  than  f o r  t h e  NH4 and 
PNN t reatments .  



The sewage treatment received a suff ic ient  amount of FRP (8.7 g 
p o r n - * )  during the 46-week loading period to  show accumulation in surface 
water, subsurface water, exchangeable phosphorus and leaf l i t t e r  re la t ive  to  
controls (Figures 13-16). In comparison w i t h  PO4 and PNN treatments, which 
received 5 times the FRP received by the sewage chamber, accumulation in a l l  
compartments of the sewage chamber was lower. Thus phosphorus accumulation 
was somewhat proportional to  loading, although a larger range of loading 
rates would be required to  establish loading-retention ra t ios .  

Importance of Drydown Period 
for  Ammonium Assimilation 

One of the limiting factors t o  ammonium loading appeared to  be sub- 
optional conditions for n i t r i f ica t ion .  Nitrate must be produced from 
ammonium before deni t r i f icat ion can occur to remove nitrogen from the system. 
This sequence was suggested in the previous chapter (Figure 6) where a n i t r a t e  
pulse in the i n t e r s t i t i a l  water of the surf ic ial  sediments occurred a t  the 
beginning of summer drydown. This process was part icular ly important for  the 
exchangeable ammonium pool, especially when ammonium loading resulted in large 
sediment accumulations (Figure 11). Absence of a summer drydown period would 
severely r e s t r i c t  the ni tr if ication-deni t r i f i ca t ion  sequence from occurring 
and thus place lower l imits  on ammonium loading as compared t o  s i tuat ions 
where sediment i s  periodical ly exposed to the atmosphere. 

Recovery of Treatments Recei vi ng 
Ammonium and Phosphate Loading 

Follow-up samples taken in January, February, and April a f t e r  termination 
of the 46-week period of nutrient loading showed that  there was a greater 
tendency for  exchangeable ammonium loss (Figure 11) than for  loss of extractable 
phosphorus (Figure 15 ) .  Ammonium in subsurface water was los t  more readily 
from NH4 and PNN treatments than for the sewage treatment, b u t  f inal concentra- 
tions in Apri 1 were comparable (Figure 10) .  There was a lesser  degree of FRP 
decrease i n  subsurface water (Figure 14) presumably because of the more conser- 
vative nature of the extractable phosphorus pool . 

Evaluation of Experimental Approach for  
Testing Assimilation Capacity for Sewage Effluent 

There are several advantages of using concentrated forms of n i t r a t e ,  
phosphate, and ammonium over tha t  of sewage eff luent  for  tes t ing the assimi- 
la t ive  capacity of the sediment-water system for  nutrient loading. One i s  
that  nutrient forms can be added and the i r  response assessed independently of 
other inputs except natural background cycling. Related to  th i s  advantage i s  
that  the leakage problem i s  reduced by using concentrated solutions. Another 
advantage i s  eliminating the cumbersome transport of a large quantity of sewage 
effluent to a study s i t e .  Thus, i f  inorganic nitrogen and phosphorus are the 
principal components of sewage effluent under study in wetland ecosystems, 
using concentrated nutrient forms may be a preferable approach in some cases. 



Our experience with th i s  approach made us aware of possible improvements 
in experimental design. For example, the loading rates  of FRP and ammonium 
should have been adjusted to  that  of the sewage eff luent  of in t e re s t ,  based on 
municipal records of previous concentrations or laboratory analyses. The 
concentrations of ammonium, n i t r a t e ,  and FRP present in the effluent from 
Greenville, N . C . ,  were surprisingly s table  from eek to  week. In the present 
study a r a t io  of 1 g N H ~ - N - w ~ - ~  t o  0.2 g F R P - w k m Y  in nutrient additions,  or  
an N:P atomic r a t io  of 2.3:l instead of the r a t io  of 0.45:1, would have more 
closely simulated the actual ra t ios  in the sewage effluent.  Total nitrogen- 
to-phosphorus ra t ios  of sediment were about 4:1 (Table 12) and provide a 
rough guideline for  loading ra t ios .  

Another improvement i n  experimental design would be to  adjust loading 
rates to  the storage capacity for  a nutrient where a readily available 
export mechanism does n o t  exis t .  For instance, storage capacity fo r  
ammonium may be related to  the cation exchange capacity (CEC) of the sediments. 
Of course, periodic seasonal drydowns which stimulate n i t r i f i ca t ion  appear to  
renew the capacity of sediments to  accumulate and assimilate ammonium. Use 
of C E C  i n  t h i s  manner must be carefully evaluated with respect to  the variation 
among wetlands in duration and frequency of drydown. 

In contrast  to  n i t r a t e  and ammonium, phosphorus loading rates  would be 
res t r ic ted  by relat ively i r reversible  accumulation in sediments. Knowledge 
of existing extractable phosphorus levels and the capacity for  sediments to  
accumulate more phosphorus in th i s  form would be essential  information for  
evaluating the e f fec t  of long-term loading of phosphorus. 



4. BIOMASS DISTRIBUTION A N D  NUTRIENT L E V E L S  OF ROOTS 

INTRODUCTION 

Interest  in the belowground portion of t e r r e s t r i a l  ecosystems has been 
renewed following findings by various investigators that  the contribution of 
roots to so i l  and ecosystem processes may be considerably more important than 
was formerly apparent; for example, belowground production in temperate 
forests has been estimated to  be higher than aboveground (Harris e t  a l .  1977), 
and returns to the so i l  by sloughing, leaching and microbial ac t iv i ty  may be 
rapid and substantial (Cox e t  a l .  1977, Persson 1979). Although various studies 
have documented the quantity, dis t r ibut ion,  and nutrient content of roots of 
upland fores ts ,  the unique physical and chemical character is t ics  of flooded 
so i l s  necessitate separate investigations for wetland forests .  Studies were 
conducted in two eastern North Carolina swamp forests  for the purpose of 
obtaining information on the distribution and standing crops of root biomass 
and nutrients.  This information provides a basis for  comparison with other 
forested ecosystems as well as an indication of the potential magnitude of 
the organic matter contribution of roots and the i r  place in nutrient cycling. 

Root Biomass Studies on Upland Forests 

Studies of the rhizosphere of upland forests suggest that  t ree  root 
penetration i s  generally limited to  a comparatively shallow upper layer 
(<lm) of soi 1 (Hermann 1977). Concentration of biomass, par t icular ly for  
f ine roots,  tends t o  be greatest  close to the surface of the so i l  and to 
decrease with increasing depth (Harris e t  a l .  1977, Kramer and Kozlowski 1960, 
Moir and Bachelard 1969, Montague and Day 1980). Environmental conditions 
such as soi l  type and depth of water table have been shown to a f fec t  root 
penetration and distribution (White e t  a l .  1971, Harris e t  a l .  1977) and may 
override species differences in rooting morphology, even though species vary 
in the p las t ic i ty  of the i r  growth response to  environmental conditions 
(Kozlowski 1971). Increased density of fine roots has been demonstrated in 
nutrient-rich s t r a t a  of the soi l  profile (Lyr and Hoffman 1967). In upland 
fores ts ,  the concentration of absorbing roots observed close to  the surface 
of the soi l  may ref lec t  favorable aeration and nutrient conditions a t  t h i s  
level.  Oxygen-requiring root processes of growth, metabolism and uptake of 
materials are favored by aerated conditions while nutrient capture i s  enhanced 
by the proximity of f ine absorbing roots to  s i t e s  of element release in 
decomposing l i t t e r .  

Features of Wetland Substrates 

Because of periodic submergence, sediment deposition, and persistent 
anaerobic conditions, the substrate of wetlands may d i f f e r  physically and 
chemically from that  of upland forests .  Ponnamperuma (1972) notes that  sub- 
mergence of so i l s  resul ts  in loss of molecular oxygen except for  the presence 
of a thin oxidized layer a t  the soil-water interface when the overlying water 
i s  aerated. Consequent lowering of redox potentials affects  not only the 
ava i lab i l i ty  of oxygen to plant roots b u t  the form of nutrients in the s o i l .  
In addition, the presence of an oxidized layer a t  the soil-water interface 



can act  as a seal to prevent the exchange of nutrients with the water column 
above and thus inhibi t  nutrient release from the substrate.  

The origins of alluvial  soi l  and upland so i l s  account for  many of the i r  
observed physical differences. Soil formation in al luvial  wetlands i s  largely 
a product of flood deposition of f ine part ic les  of sediment carried by streams 
while typical upland so i l s  resu l t  from processes of physical and chemical 
weathering of parent material. As deposition occurs in floodplains, the 
accumulation of organic matter in the so f t  sediments may be favored by lowered 
decomposition ra tes ,  resulting i n  lower bulk density and re la t ive  ins t ab i l i t y  
of the substrate of the wetland. 

Be1 owground Studies of Wet1 ands 

The unique chemical and physical nature of wetlands imposes a different  
s e t  of s t resses  on plants than upland conditions, including anaerobiosis, 
excesses of potential 1y toxic reduction products (nutrients as we1 1 as products 
of anaerobic respiration such as C H q  and HzS), and substrate in s t ab i l i t y .  
Differences between upland and wetland ecosystems in root growth pat terns ,  
dis t r ibut ion,  and nutrient content may be expected to occur. 

Information about the belowground component of wetlands has for  the most 
part  been confined t o  marshes. Valiela e t  a l .  (1976) and de l a  Cruz and 
Hackney (1977) found that  belowground biomass and production in s a l t  marshes 
areat leas t  as high or higher than aboveground and take place mostly in the 
upper 20-25 cm of sediment. The few belowground studies of forested wetlands 
which have been conducted include those of Montague and Day (1980) in the Great 
Dismal Swamp and Lugo e t  a7. (1978) and Burns (1978) in Florida cypress strands. 
Burns found tha t  90% of roots in a cypress strand were present in the top 30 cm 
of s o i l ,  and that  production of roots was s ignif icant ly less  in a s i t e  with 
a r t i f i c i a l l y  increased drainage. Montague and Day found that  80% of roots in 
a seasonally flooded maple-gum community and 76% of roots in an extensively 
flooded cypress community in the Dismal Swamp were located in the upper 30 cm 
of soi l  and tha t  root biomass decreased with depth. They suggested tha t  
anaerobic conditions brought about by moderate to  poor drainage i n  these two 
stands favored the development of shallow root systems, and hypothesized tha t  
the pattern of dis t r ibut ion of decreasing root biomass with depth may be 
typical of la te ra l  root systems in general. 

SITE DESCRIPTIONS AND METHODS 

The two swamp forests  chosen for  study, Tar Swamp and Creeping Swamp, 
have been described elsewhere in th i s  report (pp .  9-11). The s i t e s  a re  located 
in the floodplains of coastal streams which d i f fe r  in the i r  watershed area,  
discharge, and amounts of transported materi a1 s .  

The canopy of Tar Swamp, the al luvial  swamp fores t  s i t e ,  i s  dominated by 
water tupelo (Nyssa aquatica L. ) with some cypress (Taxodium distichum ( L . )  
Rich.). The understory consists of water ash (Fraxinus caroliniana Mil l . )  
and red maple (Acer rubrum L. ) Density i s  2600 t rees  per ha. The age of the 
stand i s  about 30 yr .  Logging for  cypress took place about 30 yr  ago and 
regrowth of cypress i s  scarce (Brinson 1977). The soi 1 of Tar Swamp has low 



b u l k  density (0.35 g o  cm-3) and high organic matter content (30-40% of dry w t ) .  

Species present in the Creeping Swamp study area,  the headwater swamp 
forest  s i t e ,  include Nyssa sylvatica var. -- bif lora ,  - Acer rubrum L . ,  Fraxinus 
caroliniana Mill.,  Nyssa aquatica L .  and Liquidambar styraciflua and numerous 
shrubs a n d  vines. This stand was par t ia l ly  logged about 40 yr  ago (Yarbro 1979). 
A weir constructed by the U .  S .  Geological Survey i s  located a t  the highway 
bridge and has a s l ight  damming effect  on floodwaters for  a distance upstream 
including the study area. Soil of the Creeping Swamp s i t e  has a bulk density 
of 0.52 g-cm-3; organic matter content i s  17% of dry w t  (Mulholland 1979). 

I n  July and August 1979 four 0.125 m2 quadrats were excavated to  40 cm 
below ground level a t  10-m intervals along a transect in each swamp perpen- 
dicular t o  the stream channel. In Tar Swamp, quadrats were located from 65 to 
105 m from the r ive r ' s  edge, and in Creeping Swamp they were located approximately 
40 t o  80 m from the stream channel edge although here the stream channel i s  
rather diffuse. Quadrats were located a t  leas t  0.5 m from any t ree in order 
t o  obtain only la te ra l  roots, that i s ,  roots n o t  associated with the bole or 
stump of a tree.  Excavations were made by sawing vert ical ly  through soil  and 
roots along the edges of a 0.125 m2 opening in a plywood template. Soil and 
roots were removed in 10-cm increments and each increment placed in a p las t ic  
bag. Soil was then cleaned from the roots by spraying with water. Washed 
roots were stored a t  40C until they were recleaned carefully of any remaining 
soi l  and debris under running tap water and sorted into s ize classes of 0-2, 
2-5, 5-10, 10-20, 20-50, and 50-100 mm diameter. Roots were then oven-dried 
a t  about 85OC t o  constant weight. Although some loss of very f ine roots and 
root hairs undoubtedly occurred in washing, t h i s  was judged to be less  than 
10% of the biomass of <5 mm diameter roots. 

For nutrient analysis a l l  roots of a given s ize class and depth in a swamp 
were combined and representative subsamples ground in a Wiley Mill. Repre- 
sentative subsamples of larger roots (10-100 m m )  were obtained by cutting 
segments of roots from each quadrat approximately proportional to  the weight 
of the roots supplied by that  quadrat and mixing these together. 

After grinding, roots were redried for 24 h .  Total N was determined by 
the Kjel dahl method (Bremner 1965, Scheiner 1976). Determination of ash 
content and preparation for  cation and phosphorus analysis was done by igniting 
samples in a muffle furnace a t  500°C for 3 h .  Ashed samples were acidified by 
the method described in Allen (1974, p .  86) ,  f i l t e r e d ,  and diluted t o  100 ml. 
They were stored a t  40C in polyethylene bot t les ,  and analyzed for  K, Ca, Mg, 
Na and Fe on a Perkin-Elmer Atomic Absorption Spectrophotometer. Analysis for  
total  P was performed by the molybdate blue procedure ( U .  S .  Environmental 
Protection Agency 1976). All analyses were carried out in duplicate. Two 
replicates of standard kale of k n o w n  nutrient content provided by H .  J .  M .  
Bowen, Universi ty of Readi ng , England were a1 so analyzed for  reference. Means 
of resul ts  of replicate analyses are reported. 

RESULTS 

Biomass Distribution of Lateral Roots 

Biomass of la teral  roots t o  40 cm depth was similar in the two swamps 



w i t h  2345 g.m-2 i n  t h e  Tar  Swamp s i t e  and 2702 g*m-2 i n  t h e  Creeping Swamp s i t e  
(Table 14) .  However, v e r t i c a l  d i s t r i b u t i o n  o f  r o o t  biomass showed markedly  
d i f f e r e n t  t rends  f o r  each s i t e  (F igu re  20).  I n  Tar  Swamp, biomass was lowes t  
i n  t h e  t op  10 cm and inc reased  w i t h  depth,  w h i l e  i n  Creeping Swamp biomass was 
r e l a t i v e l y  h i gh  i n  t h e  f i r s t  10 cm, peaked a t  10-20 cm depth, and decreased 
r a p i d l y  w i t h  depth. I n  Tar Swamp about 12% o f  biomass was found a t  0-10 cm, 
i n c r e a s i n g  s t e a d i l y  t o  36% a t  30-40 cm. I n  Creeping Swamp, 34% o f  biomass was 
found a t  0-10 cm, i n c r e a s i n g  s l i g h t l y  t o  38% a t  10-20 cm, and then decreas ing 
t o  about 6% a t  30-40 cm (Table 14).  Observat ions i n d i c a t e d  t h a t  r o o t s  were 
p resen t  i n  Tar  Swamp below t h e  sampl ing l i m i t  o f  40 cm. T o t a l  r o o t  biomass 
i n  Tar  Swamp may thus be underest imated. I n  c o n t r a s t ,  40 cm appeared t o  be 
t h e  maximum depth t o  which r o o t s  extended i n  Creeping Swamp. 

V e r t i c a l  d i s t r i b u t i o n  o f  d i f f e r e n t  s i zes  o f  r o o t s  was a l s o  d i s t i n c t l y  
d i f f e r e n t  between t he  a l l u v i a l  and headwater swamps. I n  Tar  Swamp, t h e  biomass 
of f i n e  r o o t s  (<2  mm diam) was d i s t r i b u t e d  f a i r l y  even ly  th rough  a l l  depths 
w h i l e  l a r g e r  r o o t s  c o n t r i b u t e d  an i nc reas ing  p r o p o r t i o n  t o  biomass w i t h  
i n c r e a s i n g  depth (Table 15) .  I n  Creeping Swamp, biomass o f  t h e  f i n e s t  r o o t s  
(<2  mm diam) was g r e a t e s t  a t  t he  t o p  l e v e l ,  fo rming  a mat densely i n t e r l a c e d  
w i t h  l i t t e r  a t  and j u s t  under t he  surface. Larger  r o o t s  c o n t r i b u t e d  i nc reas -  
i n g l y  t o  biomass a t  t h e  m idd le  l e v e l s ,  b u t  a t  t h e  deepest l e v e l ,  t o t a l  biomass 
o f  a l l  s i z e  c lasses  was very  low. 

A comparison o f  t h e  s i z e  c l ass  d i s t r i b u t i o n  among t h e  t o t a l  r o o t  biomass 
a l s o  revea led  d i f f e r e n c e s  between t h e  two swamps. I n  Tar  Swamp t h e  f i n e s t  
r o o t s  (<2 mm d iameter )  made up 25% o f  t h e  t o t a l  l a t e r a l  r o o t  biomass, and 
c o n t r i b u t i o n  t o  t o t a l  l a t e r a l  r o o t  biomass decreased s t e a d i l y  w i t h  p r o g r e s s i v e l y  
1 a rge r  s i z e  c lasses  o f  r o o t s  (Tab1 e 16) .  I n  Creeping Swamp changes among s i z e  
c lasses  were more complex, w i t h  lower  percentages o f  t o t a l  biomass o c c u r r i n g  
i n  i n te rmed ia te  s i z e  c lasses  (2-5, 5-10, and 10-20 mm) than  i n  t h e  s m a l l e s t  
(<2  mm) and l a r g e r  (20-50 and 50-100 mm) s i z e  c lasses .  However, t h e  percentage 
o f  biomass i n  t h e  sma l l es t  s i z e  c l a s s  was s i m i l a r  f o r  bo th  swamps, 

N u t r i e n t  Concentrat ions i n  Roots 

Resu l ts  o f  n u t r i e n t  analyses suggest t h a t  s i t e ,  d iameter  and depth below 
ground a r e  r e l a t e d  t o  n u t r i e n t  concen t ra t i ons .  N concen t ra t i ons  were g e n e r a l l y  
s l i g h t l y  h i g h e r  i n  Creeping Swamp (0.21-1.02% o f  r o o t  d r y  w t )  than  i n  Tar  Swamp 
(0.6-0.98% o f  d r y  w t ) .  N concent ra t ions  showed a genera l  tendency t o  decrease 
w i t h  i n c r e a s i n g  r o o t  d iameter  a t  a l l  depths i n  each swamp ( F i g u r e  21). I n  
Tar  Swamp, t o t a l  N concen t ra t ions  i n  t h e  f i n e s t  r o o t s  (<2 mm) were g r e a t e s t  
( c l o s e  t o  1%) a t  t h e  sha l lowes t  l e v e l  and decreased by about h a l f  ( t o  about 
0.5%) a t  t h e  deepest l e v e l  ; i n  l a r g e  r o o t s  (20-50 mm) N concen t ra t i ons  were 
lower  and v a r i e d  i n c o n s i s t e n t l y  w i t h  depth. N concen t ra t i ons  of t h e  f i n e s t  
r o o t s  o f  Creeping Swamp decreased w i t h  depth t o  20-30 cm, then  inc reased  a t  
30-40 cm. Large- roo t  N concen t ra t ions  i n  Creeping Swamp showed l i t t l e  change 
w i t h  depth. 

I n  Tar  Swamp, concen t ra t ions  o f  K, Ca, Mg, and Na f o l l o w e d  somewhat 
s i m i l a r  t r ends  (F igu re  22) .  A t  t he  two sha l l owes t  l e v e l s ,  these  elements 
tended t o  be p resen t  i n  h i ghes t  concen t ra t i ons  i n  t h e  f i n e s t  r o o t s  and t o  
decrease i n  concen t ra t i on  as r o o t  d iameter  increased,  w h i l e  a t  t h e  two deeper 



Table 14. L a t e r a l  r o o t  biomass i n  two swamps. 

Tar  Swamp Creeping Swamp 

Depth Diameter Bioma s Percent  o f  B i  omags Percent  o f  
i n t e r v a l  (cm) c l a s s  (mm) (g-m-$) t o t a l  biomass (9-m- ) t o t a l  biomass 

T o t a l  



o TAR SWAMP 

CREEPING SWAMP 

DEPTH (cm) 

Figure 20. Trends of lateral root biomass with depth in two swamps. 



Table 15. Percentage of l a t e r a l  root  biomass of each s i z e  c l a s s  a t  each 
depth in two swamps. 

Tar Swamp 

Diameter ( m m )  

Depth (cm) < 2 2-5 5-10 10-20 20-50 50-1 00 

Total 100 100 100 100 100 100 

Creeping Swamp 

Diameter ( m m )  

Depth (cm) < 2 2-5 5-10 10-20 20-50 50-1 00 

l eve l s ,  these elements showed a more variable pat tern  and were generally in 
high concentration in the 10-20 mm roots.  High concentrations of K, Ca, Mg 
and Na in f ine  roots ( < 2  m m )  of the shallowest depth tended t o  decrease and 
level  off  with g rea te r  depth, while in large  roots (20-50 m m )  the opposite 
trend was found (Figure 2 2 ) .  

In Creeping Swamp, Ca concentrations were somewhat higher general l y  and 
much more variable.  Unexplained high peaks in Ca occurred in 10-20 mm roots 
of the 10-20 and 20-30 cm depths as well as in 50-100 mm roots a t  20-30 cm 
depth. Repeated analyses resul ted  in s imi lar  high values. Concentrations of 
K ,  Ca, and Mg tended t o  decrease with increasing root  diameter a t  the shallowest 
depth, b u t  t h i s  trend was not c l e a r  a t  deeper l eve l s .  

Fe concentrations in roots of both swamps were high and showed a trend 
of decreasing concentration w i t h  increasing root  diameter a t  a l l  depths 



Table 16. Size class distribution of la teral  root biomass i n  two swamps. 

Tar Swamp Creep i  ng Swamp 

Size Class 
2 

% of % of 
(mm) g.m- total  a m - 2  t o  ta 1 

Total 

(Figure 23). In Tar Swamp, Fe levels in f ines t  roots were commonly 10 times 
those of the largest  roots,  and th i s  r a t io  was even higher in Creeping Swamp. 
Fe concentrations also tended to increase with depth in Tar Swamp. In 
Creeping Swamp, Fe concentrations increased with depth in roots of the smaller 
s ize classes. Fe concentrations of the f ines t  roots in Creeping Swamp a t  
depths lower than 10 cm were about 2-5 times as high as those of Tar Swamp. 

Nutrient capital or standing stocks of elements contained in each s ize  
class of roots were calculated by multiplying nutrient concentrations by dry 
weight-m-2 of roots of each s ize class a t  each depth (Tables 1 7  and 18).  Tar 
Swamp had less  N b u t  more P and more K per m2 in roots than Creeping Swamp. 
The amount of N contained i n  roots remained about the same a t  a l l  depths in 
Tar Swamp, while i t  decreased with depth in Creeping Swamp. Both swamps held 
the greatest  proportion of N i n  the f ines t  roots (<2 mm diam). The stock of 
P and K held in roots increased with depth i n  Tar Swamp and decreased in 
Creeping Swamp. Both swamps had the greatest  proportion of P in f ines t  roots,  
b u t  K was more evenly distributed among size classes of roots in Tar Swamp 
and tended to be concentrated in the f ines t  root fraction i n  Creeping Swamp. 

Stocks of Mg and Fe in roots were larger a t  greater depths i n  Tar Swamp; 
in Creeping Swamp Mg and Fe pools were largest  a t  the 10-20 cm depth and 
decreased with increasing depth. The two swamps held about the same to ta l  
amount of Na and Fe in roots, b u t  Creeping Swamp roots held more than twice 
as much Ca as Tar Swamp while Tar Swamp roots contained more Mg than Creeping 
Swamp. 
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Figure 21. Concentrations of N and P in lateral roots. 
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Figure 22. Concentrat ions of K ,  Ca, Mg, and Na i n  l a t e r a l  r o o t s .  
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Figure 23. Concentrations of Fe in la teral  roots. 

DISCUSS ION 

Sampl i ng Variation 

Coefficients of variation calculated for  total  root biomass were 
substantially higher for  Creeping Swamp roots than for  Tar Swamp roots 
(Figure 24) .  These percentages are  an expression of the between-plot varia- 
tion in biomass present a t  each depth in the two swamps and may re f l ec t  
differences in several features.  Species diversity was greater in Creeping 
Swamp than in Tar Swamp, where dominance by one species (Nyssa aquatica) 
was high. Creeping Swamp showed greater spat ia l  var iab i l i ty  than Tar Swamp. 
Excavations in Creeping Swamp revealed a f a i r l y  def in i te  organic layer of 
so i l  underlain by clayey and sandy layers,  varying in depth from one quadrat 
to  another; many roots were generally present in the clayey layers,  b u t  very 
few extended into the light-colored sandy layer under the clay i f  such a layer 
was reached by sampling. Because of small elevation differences in the f loor  
of the swamp, water depth varied by several cm between quadrats in Creeping 



Table 17. Root n u t r i e n t  s tocks (gom-2) i n  Tar Swamp by s i z e  c l a s s  and depth. 

Depth in t e rva l  
and diameter 
c l a s s  of roots  N P K Na C a Mg F e 

0-10 cm depth 
<2 mm 1.35 0.34 0.79 0.41 0.47 0.41 1.67 

2-5 0.44 0.19 0.40 0.22 0.33 0.21 0.76 
5-1 0 0.21 0.12 0.40 0.11 0.11 0.08 0.25 

10-20 - - - - - - - - - - - - - - 
20-50 0.05 0.00 0.00 0.00 0.02 0.00 0.02 
50- 100 - - - - - - - - - - - - - - 

S urn 2.05 0.65 1.59 0.74 0.93 0.70 2.70 

10-20 cm depth 
<2 mm 

20-30 cm depth 
<2 mm 
2- 5 
5-10 

10-20 
20- 50 
50- 100 

Sum 

30-40 cm depth 
<2 mm 0.77 0.31 0.40 0.32 0.46 0.31 6.39 

2-5 0.42 0.25 0.34 0.26 0.33 0.24 4.85 
5-1 0 0.57 0.26 0.49 0.27 0.47 0.29 2.13 

10-20 I 0.45 0.51 1.05 0.38 0.57 0.35 4.10 
20- 50 0.47 0.40 1.00 0.34 0.41 0.32 1.34 
50- 1 00 0.16 0.08 0.24 0.06 0.14 0.08 0.21 

S urn 2.84 1.81 3.52 1.63 2.38 1.59 19.02 

T o t a l f o r a l l r o o t s  10.01 4.66 9.24 4.59 6.89 4.47 37.26 



Table 18. Root nutrient s tocks  i n  Creeping Swamp by s i z e  c l a s s  
and depth. 

Depth i n t e r v a l  
and diameter 
c l a s s  of roo t s  N P K N a C a Mg F e 

0-10 cm depth 
<2 mm 3.72 0.37 1.33 0.49 1.86 0.36 3.94 

2- 5 0.65 0.08 0.41 0.12 0.39 0.12 0.90 
5-10 0.35 0.05 0.28 0.09 0.26 0.08 0.20 

10-20 0.73 0.08 0.47 0.09 0.48 0.13 0.32 
20- 50 0.96 0.10 0.55 0.11 0.61 0.12 0.42 
50- 100 - - - - - - - - - - - - - - 

S um 6.41 0.68 3.04 0.90 3.60 0.81 5.78 

10-20 cm depth 
<2 mm 1.53 0.17 0.58 0.38 0.97 0.26 13.38 

2- 5 0.35 0.05 0.18 0.13 0.18 0.09 1.31 
5-10 0.42 0.06 0.29 0.20 0.25 0.11 0.80 

10-20 0.41 0.03 0.13 0.08 1.21 0.07 0.39 
20- 50 0.97 0.12 0.76 0.45 0.80 0.28 0.68 
50- 100 0.81 0.09 0.95 1.16 1.58 0.41 0.88 

Sum 4.49 0.52 2.89 2.40 4.99 1.22 17.44 

20-30 cm depth 
<2 mm 

30-40 cm depth 
<2 mm 

T o t a l f o r a l l r o o t s  14.34 1.52 7.25 4.56 14.94 2.65 42.29 
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Figure 24. Variation i n  total  biomass of la te ra l  roots a t  each depth. 

Swamp. Tar Swamp, in contrast ,  had a layer of l i t t e r  and organic matter a t  the 
top of the soi l  underlain by f a i r l y  homogeneous organic mud to  the sampling 
l imit  of 40 cm; a sandy layer was not encountered (Bradshaw (1977) reports a 
mineral layer a t  about 75 cm below the surface in Tar Swamp). Water depth in 
Tar Swamp appeared to be f a i r l y  uniform because of the level swamp f loor .  

Re1 i a b i l i t y  of estimates of large (20-100 mm diameter) roots i s  lower 
than tha t  for  smaller root s ize classes. Sampling frequencies tha t  are  
adequate for  the more evenly distributed smaller s ize classes may be inadequate 
for  large roots (Karizumi l968), a factor which needs to  be considered when 
comparing s ize  distribution of roots between the two swamps. 



Observations of the presence of roots below 40 cm in Tar Swamp mean that 
root biomass in th i s  swamp i s  probably underestimated. 

Comparison of Belowground Biomass in Forested Ecosystems 

Differences in methods used by various investigators to  determine root 
biomass l imit  comparisons between values for  biomass i n  these two swamp forests  
and other forested ecosystems. Root biomass has been measured by soi l  coring, 
excavations of so i l  p i t s  or monoliths, excavations of individual t ree  root 
systems, and combinations of these methods; samples taken by so i l  coring and 
p i t  excavation in various studies have differed in the i r  randomness and distance 
from trees .  Harris and coworkers (1977) used so i l  cores taken 260 cm from any 
t ree  and excavation of individual t ree  root systems to  obtain estimates of 
" la teral  " (cored) and "stump" (excavated) root biomass in a Tennessee 
Liriodendron forest ;  the two components contributed approximately equal amounts 
to  the total  root biomass of the stand. In the present study, quadrats exca- 
vated fo r  roots were not always located 260 cm from any t r ee ,  which precludes 
estimation of to ta l  root biomass by th i s  method. Although the e f fec ts  of 
different  sampling methods are  d i f f i c u l t  to  evaluate, la te ra l  root biomass in 
the two swamp forests  appears to  be intermediate in a range of root biomass 
values for  forested ecosystems (Table 19). 

Most fores t  stands i n  which vertical  distribution of roots has been 
observed show a high concentration of roots in the top layer of soi l  and 
decreasing proportions with increasing depth, as was noted in the Introduction 
to th i s  study. Klinge (1976) summarized root zonation in an Amazon rain fores t  
on the basis of so i l  horizons, finding the greatest  concentration of biomass 
in the H horizon a t  a depth of 2-6 cm and decreasing biomass w i t h  depth to  
107 cm. Root excavation s i t e s  in a Florida cypress strand, however, showed 
var iab i l i ty  in vertical  root distribution. Two out of three p i t s  showed a 
trend of rapidly decreasing biomass w i t h  depth, while a third p i t  showed the 
greatest  biomass of roots a t  12-20 cm with a gradual decrease with depth and 
extension of roots to a much greater depth (Lugo e t  a l .  1978). Some ecosystems 
for  which comparable data have been established are  l i s t ed  in Table 20. In 
contrast  to  Creeping Swamp and other forested communities, Tar Swamp shows a 
gradual increase in root biomass a1 location with depth. 

Differences in hydrology and sedimentation of forested wetlands may thus 
a f fec t  the vertical  dis t r ibut ion of roots. Tar Swamp, located on the al luvial  
flood plain of a major r iver ,  appears to  be near the maximum end of a hypo- 
thet ical  gradient of extent and duration of flooding, with a deeper, more 
homogeneous layer of f ine  deposited material. Creeping Swamp, flooded by the 
relat ively sediment-poor waters of a small headwater stream, appears to  retain 
a soi l  profi le  and a vertical  root distribution similar to  that  of an upland 
fores t ,  which suggests tha t  nutrients in the upper so i l  layers are  uti l ized 
more than those i n  the deeper layers. The homogeneity of sediments to  a t  leas t  
40 cm in Tar Swamp, on the other hand, suggests tha t  nutrients may be d is t r ib-  
uted more evenly with depth. A high proportion (48%) of f ine  roots in Creeping 
Swamp was found in the t o p  10 cm with decreasing percentages below th i s  depth, 
while <2 mm roots in Tar Swamp were distributed f a i r l y  evenly with depth 
(Table 15). Cambial oxygen transport ,  which has been demonstrated in the 
flood-tolerant Tar Swamp species Nyssa aquatica and Fraxi nus carol iniana 



Table 19. Root biomass f o r  s e l e c t e d  wetland and upland f o r e s t e d  ecosystems. 

Maxi m u m  Be1 owground 
sampl ing bi omay 

Communi t y  depth (cm) (gem- ) Source 

Wet1 ands 

Cypress s t r a n d ,  Fla .  

Cypress s t r a n d ,  Fla .  

Scrub cypress ,  Fla .  

Dismal Swamp, Va. 
Cypress 
Map1 e-gum 

Me1 a1 euca swamp, 
Cambodi a 

Bog f o r e s t ,  Manitoba 

Tar Swamp, N . C .  

Creeping Swamp, N . C .  

Up1 ands 

Li r i  odendron f o r e s t ,  Tenn. 

Mixed hardwood, Va. 

Mixed deciduous, e a s t e r n  U.S. 

Moist t r o p i c a l ,  Panama 

Latosol r a i n  f o r e s t ,  Amazon 

Tropical  r a i n f o r e s t  (5( of 2 s i t e s )  

Subt ropica l  deciduous (Ti of 
severa l  s t u d i e s )  

Douglas f i r ,  Ore. 

2343-9628a Lugo e t  a1 . 1978 

31 1 - 8 0 8 ~ ~  Burns 1978 
4291 -8358 

783a Brown 1978 

Montague & Day 
1531a 1980 
1 22za 

2280a Reader & Stewart  
1972 

2345a This  s tudy  

2 7 0 2 ~  This  s tudy  

1 600b Har r i s  e t  a1 . 
1977 

3097a Montague & Day 
1980 

121 6-2064a Whi t t a k e r  e t  a1 . 
2349-3220b 1974 

985-1263a Go1 l e y  e t  a1 . 
1975 

1 0 , 1 0 0 ~  Rodin & 
Basi 1 ev i  ch 1967 

8200b Rodin & 
Basi l e v i c h  1967 

20 ,goob Santantoni  o 
e t  a1 . 1977 

a ~ a t e r a l  r o o t s  on ly ,  sampled by p i t  o r  cor ing  technique.  

b ~ o t a l  belowground biomass, inc luding  stump r o o t s .  



Table 20. Vertical distribution of la te ra l  root biomass in several forested 
communities as percent of la teral  root biomass. 

Depth 
interval Mi xed Map1 e- Creeping Tar 

( cm) hardwooda cypressa guma Li r i  odendronb swampc swampC 

a~ontague and Day 1980. These communities represent different  community types 
found in the Great Dismal Swamp of southeastern Virginia. Cypress and 
maple-gum communities are intermittently flooded; mixed-hardwood community 
i s  rarely flooded. 

b ~ a r r i s  e t  a1 . 1977. Upland Li riodendron forest  in eastern Tennessee. 
Biomass estimated here for  10 cm depth intervals from 15 cm intervals reported 
in original study. 

CThis study. 
I 

d ~ ~ t  sampled. 

(Hook e t  a l ,  l972),  may enable these t rees  to  maintain a large biomass of f ine  
roots throughout the anaerobic sediment column in order to  obtain nutrients.  
Effective u t i l iza t ion  of resources may thus demand that  the t rees  of the 
alluvial  swamp al locate  a proportion of the i r  energy to  maintenance of roots 
a t  deep levels resulting in low species diversity and the dominance of 
special i zed t rees .  

Variation of Nutrient Concentrations in Roots 

Root nutrient concentrations have been found to vary for  individual t ree  
species (Likens and Bormann 1970) as we1 1 as with s ize  class  and depth. Cox 
e t  a l .  (1977) found that  N and K levels in roots of a Liriodendron stand in 
Tennessee decreased with increasing root diameter, and  Santantonio e t  a l .  
(1977) showed the same to be true for  N ,  P,  and K levels in roots of old- 
growth Douglas f i r .  Phosphorus levels measured in roots of a cypress strand 
in Florida decreased with increasing depth and showed irregular variation with 
s ize  class (Lugo e t  a l .  1978). Levels of N and K measured in roots of an 
Amazon rain forest  by Klinge (1976), although quite variable, showed no clear  
trend associated with e i ther  class or depth; concentrations of P ,  Ca, Mgy 
and Na were found to vary with s ize class and depth. 



Differences i n  nutrient concentrations in roots may re f l ec t  several 
possible factors .  Species differences in nutrient requirements as well as 
abundance of the nutrient in an available form will a f fec t  uptake. Nutrient 
supplies in the so i l  a t  levels in excess of plant requirements may re su l t  in 
"luxury uptake" by plants and storage in organs such as large roots. 

In the two North Carolina swamp forests ,  nutrient concentrations of 
roots showed substantial variation with s ize class and depth, although trends 
were not always consistent. A t  a l l  levels below ground, concentrations of N in 
roots in both swamps tended to decrease with increasing root diameter from 
the f ines t  roots t o  the 10-20 mm roots (Figure 21 ). This trend probably 
re f lec ts  higher proportions of metabol ical  ly  active,  growing t issue in smaller 
roots and the increasing woodiness of progressively larger roots. A similar 
trend for  P concentrations was apparent only in the two top levels of so i l  in 
Tar Swamp (Figure 21), as was also true of cation ( K ,  Ca, Mg, and Na) 
concentrations generally (Figure 2 2 ) .  Knowledge of nutrient concentrations 
and biomass values for  individual s ize classes of roots i s  important in 
estimating rates  of nutrient cycling, since various s izes  of roots are  l ike ly  
to  turn over a t  different  rates .  Investiqation of mortality ra tes  as well 
as nutrient concentrations of f ine  roots,-in par t icular ,  should be a pr 
in studies of below ground element cycling. 

or i  ty  

Comparison of Nutrient Concentrations and Stocks 
in Roots of Forested Ecosystems 

Concentrations of N in roots of both swamp forests  were within the 
range of N concentrations found in other forested systems, tending to  b e 
lower than those found by Cox in a Tennessee ~ir iodendron fores t  b u t  somewhat 
higher than those of an old-growth Douglas f i r  stand in Oregon (Table 21). 

Concentrations of P i n  Tar Swamp roots were high in comparison to  
Creeping Swamp and roots of a Florida cypress strand and other forested 
ecosystems. Cation concentrations in roots of the two swamps varied in the i r  
rank on the scale of those forested ecosystems studied, b u t  were generally a t  
the high end. Creeping Swamp showed especially h i g h  concentrations of Ca i n  
roots,  even omitting from consideration the unusually high peaks of Ca in 
10-20 mm roots (Figure 2 2 ) .  Na concentrations were also high in Creeping 
Swamp roots ,  while Tar Swamp roots had the highest concentrations of Mg of 
those forests  for  which values were available. The high levels of P i n  Tar 
Swamp in comparison with other forests  may be a reflection of the greater 
mobility of th i s  element in the more constantly flooded sediment. 

Stocks of N in both swamps and stocks of P in Creeping Swamp were rather 
low in comparison t o  roo t  N and P stocks in other forested ecosystems. Stocks 
of K and Ca in the two swamps were intermediate, while stocks of Mg and Na 
were rather high based on a limited comparison (Table 22). 

Findings of unusually high levels of iron in these swamp fores t  t ree  
roots,  particularly f ine  roots ( u p  to  80,000 ug-g- l ;  Figure 23)  are surprising 
in view of the f a c t  that  the presence of much lower levels in plant t issues 
would be highly toxic (Chen e t  a l .  1980; Green and Etherington 1977). 



- - d 
h a w  
ddd 



Table 22. N u t r i e n t  s tocks i n  r o o t s  o f  f o res ted  ecosystems i n  g.m-2. 

Commun i ty N P K  C a  Mg N  a  

M i  xed deci  duous, 18.1b 5.3b 6.3b 10 . l b  1 . 3 ~  0.38b Whi t taker  
N.H. e t  a1 . 1979 

L i r i odend ron  f o r e s t ,  15.9; -- 21. Za - - 
Tenn .. 21.3 -- ~ 3 . 9 ~  - - 

- - - - Cox e t  a l .  
- - - - 1977 

Douglas f ir, 6.4' 1 . l c  1.8' 7. 6C - - - - Santantonio 
Ore. 23b ~ . 4 ~  7.4b 33b - - - - e t  a l .  1977 

La toso l  r a i n  f o r e s t ,  37.gd 0 . 4 2 ~  2.gd 5.3d 2.5d 2.6d K l i nge  
Amazon 1976 

Cypress s t rand,  - - 3. 54a - - - - - - - - Lugo e t  
F la .  a1 . 1978 

Tar Swamp, N. C. 1 0 . 0 ~  4.66a 9.24a 6.8ga 4.47a 4.5ga Th i s  s tudy 

Creeping Swamp, N.C. 14.3a 1.52a 7.25a 14.9a 2.65a 4.56a This  s tudy 

a ~ t o c k s  i n  l a t e r a l  r o o t s  only ,  sampled by p i t  o r  c o r i n g  technique. 

b ~ t o c k s  i n  t o t a l  belowground biomass, i n c l  ud ing stump r o o t s .  

CStocks i n  r o o t s  o f  0-10 mm diameter on ly .  

d ~ t o c k s  i n  l a t e r a l  r o o t s  o f  0-50 mm diameter.  

I r o n  concent ra t ions  o f  upland t r e e  r o o t s  ranged f rom 23-1475 g.g-l (Likens 
and Bormann 1970) i n  a  New Hampshire f o r e s t  and 126-592 ~ g - g - ~  i n  a  l o c a l  
eas tern  Nor th Caro l ina  upland mixed hardwood f o r e s t  sampled f o r  comparison, 
much l e s s  than most values found i n  t h i s  study. The t r e n d  o f  decreasing Fe 
concent ra t ions  w i t h  i nc reas ing  diameter i n d i c a t e s  t h a t  Fe l e v e l s  may be 
p r o p o r t i o n a l  t o  sur face  area and thus t h a t  Fe i s  associated w i t h  t h e  ou te r  
l a y e r s  o f  r o o t s .  

The s i g n i f i c a n c e  o f  h igh  l e v e l s  o f  i r o n  i n  r o o t s  o f  f l ooded  p l a n t s  i s  
unc lear .  Some p l a n t s  p o o r l y  adapted t o  f l o o d i n g  accumulate 1  arge q u a n t i t i e s  
of Fe when grown under f looded cond i t i ons  (Keeley 1979, Jones and Ether ing ton  
1970). However, o x i d a t i o n  o f  reduced compounds such as t h e  s o l u b l e  ~ e + +  
present  i n  t h e  water  and sediments o f  swamp f o r e s t s  and p r e c i p i t a t i o n  o f  t h e  
i n s o l u b l e  ox id i zed  compounds may be brought  about by oxygen t r a n s p o r t  f rom 
aboveground p o r t i o n s  o f  t h e  p l a n t  through t h e  cambium t o  t h e  r o o t s  i n  some 
f l o o d - t o l e r a n t  p l a n t s  such as Nyssa a  ua t i ca ,  Nyssa s y l v a t i c a ,  and r i c e  

-T- (Green and Ether ing ton  1977, Armstrong an Boatman 1967, Hook e t  a l .  1972, 
Keeley 1979, Chen e t  a1. 1980). It has been suggested t h a t  t h e  a b i l i t y  t o  
" o x i d i z e  t h e  rh izosphere"  and t o  o x i d i z e  and p r e c i p i t a t e  i r o n  compounds on 
and i n  t h e  r o o t  co r tex  may prevent  t r a n s l o c a t i o n  o f  t o x i c  excesses o f  i r o n  
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t o  o t h e r  p a r t s  o f  t he  p l a n t  (Armstrong and Boatman 1967, Keeley 1979). 
However, accumulat ion o f  Fe on t h e  c e l l  w a l l s  of t h e  r o o t  co r tex ,  as observed 
by Armstrong and Boatman (1967) i n  t he  r o o t s  o f  Menyanthes i n  bogs, may a l s o  
represent  a  s t r e s s  t o  t h e  p l a n t  by i n h i b i t i n g  gas exchange w i t h i n  t h e  r o o t .  
The i nve rse  assoc ia t i on  of Fe concent ra t ion  w i t h  r o o t  diameter i n  these swamp 
f o r e s t  r o o t s  suggests t h a t  Fe p r e c i p i t a t i o n  may be occu r r i ng  on and i n  t h e  
r o o t  co r tex  as a  r e s u l t  o f  oxygen d i f f u s i o n  through the  cambium t o  t h e  roo ts .  
Whether Fe p r e c i p i t a t i o n  i s  a  means o f  coping w i t h  t he  s t resses  o f  an anaerobic 
subs t ra te  o r  c o n s t i t u t e s  a  s t r e s s  i n  i t s e l f  i s  uncer ta in .  

Comparison o f  N u t r i e n t  Stocks i n  Roots w i t h  those i n  S o i l  

I f  r o o t s  a re  impor tan t  i n  c i r c u l a t i o n  processes, as has been suggested 
by Cox e t  a l .  (l%'7), then de termina t ion  o f  organic  ma t te r  and n u t r i e n t  con ten t  
f o r  var ious  s i z e  c lasses o f  r o o t s  i s  necessary f o r  es t ima t i on  o f  tu rnover  
r a t e s  i n  f o res ted  ecosystems. Standing stocks o f  o rgan ic  ma t te r  (as ash-free 
d ry  we igh t )  and n u t r i e n t s  i n  l a t e r a l  r o o t s  a t  t he  0-10 cm depth can be 
compared w i t h  stocks i n  sediments o f  Tar Swamp (Table 11 ; X o f  unenclosed 
area) and f o r  Creeping Swamp ( s o i l  sampled i n  t he  area o f  t h e  r o o t  excavat ion  
p i t s  i n  January 1979; unpubl ished da ta) .  Resul ts  o f  analyses f o r  t h e  t o p  5  cm 
of s o i l  from which samples were taken were assumed t o  be t r u e  f o r  t h e  t o p  
10 cm. Results repo r ted  i n  terms o f  weight o f  o rgan ic  ma t te r  and n u t r i e n t s  
per  d r y  weight o f  s o i l  were converted t o  an area bas is  by m u l t i p l y i n g  by b u l k  
dens i t y  (0.35 g-cm-3, Tar Swamp; 0.52 g-m-3, Creeping Swamp) t o  make them 
comparable t o  s tanding stocks i n  r o o t s  a t  0-10 cm depth. 

Roots i n  t he  top  10 cm o f  s o i l  comprised a  smal l  f r a c t i o n  o f  t h e  organ ic  
ma t te r  i n  t h e  s o i l  o f  bo th  swamps, b u t  t h i s  was about tw i ce  as h igh  i n  
Creeping Swamp (5%) as i n  Tar Swamp (2.5%). Organic ma t te r  i n  t h e  t o p  10 cm 
o f  s  il i n  Creeping Swamp was about 1.5 t imes as much as i n  Tar Swamp (17,450 

vs. 11,020 gnm-2) (F igure  E a ) .  

Roots made up a  very  smal l  f r a c t i o n  o f  t o t a l  N i n  t h e  sediments o f  bo th  
swamps, b u t  more i n  Creeping (0.8%) than i n  Tar (0.5%). Sediment t o t a l  N  
was tw i ce  as h igh  i n  Creeping as i n  Tar (770 vs. 378 g-m- i n  t h e  t o p  10 cm) 
(F igure  25b). 

About 0.5% o f  t h e  t o t a l  N i n  t h e  sediments o f  Tar Swamp i s  i n  t h e  form 
o f  NH4-N, which i s  t he  major  f r a c t i o n  o f  t o t a l  N a v a i l a b l e  t o  p l a n t s  i n  t h e  
swamp, where N03-N l e v e l s  were very  low because o f  anaerobic cond i t ions .  
Roots i n  t he  t o p  10 cm i n  t h i s  swamp conta ined s l i g h t l y  more t o t a l  N than 
the  NH4-N i n  the  sediments. I n  Creeping Swamp, NH4-N i s  about 0.7% o f  t he  
t o t a l  sediment N; r o o t s  a t  0-10 cm a l s o  conta ined s l i g h t l y  more t o t a l  N  than 
the  NH4-N component o f  t h e  sediment (F igure 25c). 

Root t o t a l  P  stocks were on1 a  smal l  f r a c t i o n  o f  t h e  t o t a l  P  o f  t h e  
sediment i n  both swamps (0.6 g-m-3 o f  41 g-m-2, o r  1.6%, i n  Tar Swamp; 
0.7 g*m-2 of 64 g-m-2, o r  1% i n  Creeping Swamp). The a v a i l a b l e  P (as 
e x t r a c t a b l e  P) i n  each swamp represented about 5% o f  t h e  t o t a l  P  i n  t h e  
sediment (F igure  25c). 

I n  Tar Swamp, values f o r  annual l i t t e r f a l l  i n p u t s  a r e  a v a i l a b l e  f o r  



Tar C ~ P  

ORGANIC MATTER 8 TOTAL N 
INORGANIC MATTER 

Tar Crp Tar C ~ P  

TOTAL N - ROOTS TOTAL P - ROOTS 

Figure 25. Comparison of s tanding stocks of n u t r i e n t s  and organic mat ter  i n  
l a t e r a l  roots  and sediment. 

comparison with est imated roo t  input .  Organic mat ter  in  f i n e  r o o t s  (0-5 mm) 
was 210 gwm-2 in  t h e  top  10 cm of Tar Swamp, and 434 g-m-2 i n  Creeping Swamp, 
represent ing  about 2% of the  sediment organic mat ter  i n  each swamp. Organic 
mat ter  i n  annual l i t t e r f a l l  t o  the Tar Swamp f o r e s t  f l o o r  was 617.7 g-m-2.yr-1 
(Brinson e t  a1 . l98O), based on t o t a l  dry weight of l i  t t e r f a l l  and average 
ash content  of 3.94%). Thus i f  an annual turnover of 0-5 mm roo t s  i s  assumed, 
a r b i t r a r i l y ,  f o r  t h i s  l e v e l ,  t he  roo t  organic mat ter  i n  t h e  top  10 cm alone 
can be considered a s i g n i f i c a n t  cont r ibut ion  t o  sediment organic mat ter  pools 
in  comparison w i t h  l i t t e r .  Assuming an annual t u r n ~ v e r ~ r e t u r n  of N i n  0-5 mm 
roo t s  of 1.79 g-m-2 f o r  t h e  top 10 cm only represents  about 25% of t h e  annual 



litter N input of 7.27 g-m-2-yr-1 reported by Brinson et a1 . Similarly, P 
in 0-5 mm roots, assuming an annual turnover, represents about 10% of the 
amount of P returned annually in litter (5.38 g-m-2-yr-l) reported for this 
swamp. If root mortality which is presumably taking place at lower levels 
in the sediment were also taken into account, the relative contribution of 
roots to sediment pools would become more important. However, the large 
pools of total N and total P present in sediment may render the effect of 
root turnover on circulating forms of these nutrients rather small. 
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